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Purpose: This study aimed firstly to evaluate the flexural strength of 3D-printed 4 

mol% yttria-stabilized tetragonal zirconia (4Y-TZP). Secondly, the shear bond 

strength for veneering porcelain and resin cementation was evaluated with surface 

analysis. 

 

Material & methods: In the flexural strength test, a total of eighty cylindrical 

specimens (15 mm diameter, 1.5 mm thickness) were fabricated. Specimens were 

classified into four groups by fabrication method and yttria content: milled 3Y-TZP 

(Katana HT, Kuraray Noritake, Tokyo, Japan), 3D-printed 3Y-TZP (TZ-3Y-E, Tosoh, 

Tokyo, Japan), milled 4Y-TZP (Katana STML, Kuraray Noritake, Tokyo, Japan), and 

3D-printed 4Y-TZP (3DMAT, Genoss, Suwon, Korea). The biaxial flexural strength 

test was done with the 'Piston-on-Three-Balls' method (n=15). The flexural strength 



was measured, and Weibull modulus (m) and characteristic strength ( 0) were 

estimated from fracture load distribution. Intact and fractured surfaces of specimens 

were observed with scanning electron microscopy (SEM)(n=2). The crystalline phase 

was identified with X-ray diffraction (XRD)(n=5).  

Ninety 4Y-TZP specimens (10 mm diameter, 1.2 mm thickness) were fabricated by 

3D printing and milling for the shear bond strength test. The shear bond strength test 

was done for veneering porcelain (with and without sandblasting) and resin 

cementation. Fifteen samples were assigned for each test (n=15). Porcelain was 

veneered to cylindrical form on the surface of 4Y-TZP specimens with feldspathic 

porcelain powder (CZR dentin powder, Kuraray Noritake, Tokyo, Japan). In the test 

for resin cementation, the surface of the specimen was treated with sandblasting, 

etching, and metal/zirconia primer (Metal Primer Z, GC, Tokyo, Japan) before the 

composite resin (Gradia Direct Anterior, GC, Tokyo, Japan) disk was cemented with 

self-adhesive resin cement (Rely X U200, 3M ESPE, Saint Paul, MN, USA). 

Surface analysis was conducted for specimens of shear bond strength test (n=5). 

Surface roughness was measured by using a 3D surface confocal laser scanning 

microscope. In addition, surface energy was calculated from water and diiodo-

methane contact angle with the Owens-Wendt & Rable-Kaelble (OWRK) method. 

The statistical analyses were performed with statistical software (SPSS version 26, 

IBM Corp, Armonk, NY, USA). The normality of the data for each exam was 

evaluated with the Shapiro-Wilk test. One-way ANOVA, or the Kruskal-Wallis test, 

was applied for significance among groups based on the normality and the sample 

size. Pairwise comparison was performed with Tukey's post hoc test for one-way 

ANOVA or the Mann-Whitney U-test for the Kruskal-Wallis test in case a significant 

difference was found among groups. 



Results: 3D-printed 4Y-TZP showed significantly higher flexural strength than 

milled 4Y-TZP (P<.001), while 3D-printed 3Y-TZP had significantly lower flexural 

strength than milled 3Y-TZP (P<.001). XRD analysis indicated that the tetragonal 

phase was the dominant phase in all groups, and some cubic phase peaks were 

identified. 

The surface roughness of 3D-printed 4Y-TZP was significantly lower than milled 

4Y-TZP (P<.001). Both 3D-printed and milled 4Y-TZP showed significantly higher 

surface roughness after being sandblasted than their initial raw state (P<.001), but no 

significant difference was observed in surface roughness between them (Sa: P=.877, 

Sq: P=.915). 

The surface energy of 3D-printed 4Y-TZP was significantly lower than milled 4Y-

TZP (P=.008). However, the two groups showed no significant difference in surface 

energy after sandblasting (P=.056). The surface energy of 3D-printed 4Y-TZP was 

significantly increased when sandblasted (P=.008), while milled 4Y-TZP was not 

significantly (P=.095). 

In the shear bond strength test for veneering porcelain, the 3D-printed 4Y-TZP 

showed significantly low shear bond strength than the milled 4Y-TZP (P<.001). 

However, as in the case of surface energy, sandblasting on their surface caused no 

significant difference in shear bond strength between them (P=.412). The shear bond 

strength of 3D-printed 4Y-TZP was significantly increased by sandblasting (P<.001). 

In contrast, milled 4Y-TZP showed no significant increase in shear bond strength by 

sandblasting (P=.116).  

No significant difference was observed in shear bond strength for resin cementation 

between the 3D-printed and milled 4Y-TZP when their surfaces were sandblasted 

(P=.811). 



Conclusion: Within the limitations of this study, the results suggest the following 

conclusions. 

1. The flexural strength of 3D-printed 4Y-TZP was significantly higher than milled 

4Y-TZP. 

2. 3D-printed 4Y-TZP showed significantly lower shear bond strength for 

veneering porcelain than milled 4Y-TZP due to lower surface roughness and 

surface energy. 

3. Surface roughness and surface energy of 3D-printed 4Y-TZP significantly 

increased after sandblasting.   

4. 3D-printed 4Y-TZP had similar shear bond strength for veneering porcelain and 

resin cementation with milled 4Y-TZP when they had equivalent surface 

roughness and surface energy with sandblasting. 

 

Conclusively, 3D-printed 4Y-TZP could be the preferable material for zirconia 

restoration with clinically acceptable flexural strength and shear bond strength 

compared to milled 4Y-TZP. 
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I. INTRODUCTION 

Yttrium stabilized tetragonal zirconia (Y-TZP) is a commonly used dental 

restorative material due to its high strength, bio-compatibility, and acceptable 

aesthetics.1, 2 In general, zirconia restorations are fabricated by CAD-CAM, i.e., 

digitally designed by computer and manufactured by milling pre-sintered zirconia 

blocks and sintering them.3 Compared with conventional restorations such as gold, 

PFM which are processed by analog works like lost-wax casting or building up 

porcelain, the fabrication process of zirconia restoration is concise and automated 

by using CAD-CAM system.4-6 

On the other hand, milling is the subtractive machining process of removing 

material from a block to create products, and that causes several inevitable 

disadvantages. These include the difficulty in making complex internal structures 

because of the limitation of tool path, waste of material, and high maintenance cost 

of the instrument due to wear.7, 8 

Additive manufacturing with 3D printing is an alternative method to overcome 

these problems. It can fabricate precise internal structures and reduce material 

consumption by applying successive layers of materials in building objects. 

Therefore, there is an increasing number of attempts to fabricate zirconia prostheses 

by 3D printing instead of milling nowadays.8, 9 

Compared with milled zirconia, 3D-printed zirconia was reported to have lower 

mechanical strength due to a lack of sufficient interfacial bond strength between 

layers.10, 11 Recently, however, with the development of material and printing 

devices, some studies reported that mechanical properties of 3D-printed zirconia 

were comparable to those of milled zirconia except the flexural strength.12 Even 



though 3D-printed zirconia have lower flexural strength than milled zirconia, 

according to the latest research findings, the flexural strength of 3D-printed 3-mol% 

yttria-stabilized tetragonal zirconia (3Y-TZP) was reported to be higher than 500 

MPa which is the minimum recommended value of monolithic ceramic for 3-unit 

prostheses involving molar restoration.13-15 

Although 3Y-TZP has excellent mechanical properties, its low translucency 

makes it challenging to use in the aesthetic site. Thus, Y-TZP, which had a higher 

yttrium content, was developed to increase translucency. 5Y-TZP shows high 

translucency. However, since phase transformation toughening is limited due to a 

higher percentage of cubic phase, its flexural strength and fracture toughness are 

not sufficient for long-span dental prosthesis.16, 17 4Y-TZP, a compromise between 

the 3Y-TZP and 5Y-TZP shows improved translucency without a detrimental loss 

of mechanical properties.18, 19 Because of these properties, 4Y-TZP has become 

widely used in fabricating monolithic zirconia crown.20 

Nowadays, there has been extensive research on 3D-printed zirconia. However, 

most previous studies have focused on 3Y-TZP, making it necessary to investigate 

the properties of 3D-printed 4Y-TZP. Biaxial flexural strength and shear bond 

strength to veneering porcelain or resin cementation are crucial properties for 

zirconia restorations in clinical situations where they will experience heavy 

occlusal forces, especially in the molar area. Additionally, porcelain facing may be 

required to improve aesthetics. 

Against this background, this study was designed to conduct a biaxial flexural 

strength test on 3D-printed 4Y-TZP compared to milled 4Y-TZP. The study also 

planned to compare the flexural strength test results of 3D-printed and milled 3Y-

TZP to those of previous studies and to the results of 4Y-TZP.  



In the preliminary study of this research21, 3D-printed 4Y-TZP had significantly 

lower surface roughness and showed significantly lower shear bond strength for 

veneering porcelain than milled 4Y-TZP. The low surface roughness was 

considered the primary factor that caused the low shear bond strength in 3D-printed 

4Y-TZP. Thus, this study included the surface roughened 3D-printed 4Y-TZP 

group with sandblasting for further study.  

This study aimed firstly to assess the flexural strength of 3D-printed 4 mol% 

yttria-stabilized tetragonal zirconia (4Y-TZP). Secondly, the shear bond strength for 

veneering porcelain and resin cementation was evaluated with surface analysis. The 

null hypotheses for this study were: (1) There would be no significant difference in 

the flexural strength between 3D-printed and milled 4Y-TZP, and (2) There would 

be no significant difference in the shear bond strength for veneering porcelain or 

resin cementation and related surface characteristics between 3D-printed and milled 

4Y-TZP. 

 

 

 

 

 

 



II. MATERIALS AND METHODS 

1. Biaxial flexural strength test 

1) Specimen preparation 

Twenty of each group, a total of eighty cylindrical specimens with a diameter 

of 15 mm and a thickness of 1.5 mm, were fabricated from 4Y and 3Y-TZP using 

3D printing and CAD-CAM milling methods. The test group consisted of 3D-

printed 4Y-TZP specimens (Group PZ4), while the control group consisted of 

milled 4Y-TZP specimens (Group MZ4). Additionally, 3D-printed (Group PZ3) 

and milled 3Y-TZP specimens (Group MZ3) were prepared as reference groups 

in evaluating the flexural strength of 4Y-TZP specimens. Fifteen specimens were 

assigned to the biaxial flexural strength test (n=15). Five specimens were 

subjected to X-ray diffraction (XRD) and scanning electron microscopy (SEM) 

analysis (n=5). The materials' details and usage in the biaxial flexural strength test 

are summarized in Table 1.  

 

 

 

 

 

 

 

 

 



Table 1. The details of the materials used in biaxial flexural strength test. 

Group MZ (Milling) PZ (3D Printing) 

Subgroup MZ3 MZ4 PZ3 PZ4 

Classification 
by Y2O3 (%) 3Y-TZP 4Y-TZP 3Y-TZP 4Y-TZP 

Materials Katana HT Katana STML TZ-3Y-E 3DMAT* 

Manufacturer Kuraray Noritake, Tokyo, Japan Tosoh, 
Tokyo, Japan 

Genoss, 
Suwon, Korea 

Fabrication 
Process 

Dry Milling by 
5-Axis milling machine 

(ZX-5SD, Manix, Anseong, Korea) 

SLA-type 3D printer 
Horizontal printing 

(Veltz SLA, Hephzibah, Incheon, Korea) 

Composition 
(wt %) 

ZrO2 + 
HfO2 

90 -
95 % 

ZrO2 + 
HfO2 

88 -
93 % 

ZrO2 NP ZrO2 
82-
94 % 

HfO2  5 % HfO2  5 % 

Y2O3 5-8 % Y2O3 7-10 % Y2O3 
5.2 0.
5 % Y2O3 6-8 % 

Other 
oxide  2 % Other 

oxide  2 % 
Molding 

aid 
component 

NP 
Molding 

aid 
component 

 5 % 

Size (mm) : 15 mm / h: 1.5 mm 

Sample (n) Biaxial flexural strength test (15),  XRD / SEM (5) 
 

NP, Not provided;  *: Not commercially available 

 

 

 

 

 

 

 



2) Measurement of the flexural strength 

The flexural strength was measured with the biaxial flexural strength test by 

using the 'Piston-on-Three-Balls' method (Fig. 1). The study design followed the 

guidelines specified in ISO 6872:2015.22  

A cylindrical shape specimen with a 15mm diameter and 1.5mm thickness was 

supported by three steel balls arranged equally 120° apart from each other in a 

circle with a diameter of 12mm. The load was applied using a 1.0 mm diameter 

flat-end piston attached to a universal testing machine (TCK-K500, Testone, 

Busan, Korea) with a 5kN load cell at a rate of crosshead speed of 0.5mm/min on 

the center of the specimen until fracture occurred. 

  

Figure 1. A schematic diagram of the biaxial strength test. 

The flexural strength was calculated from the load at fracture with the presented 

formulas. 



3) Weibull Analysis 

Weibull modulus (m) and characteristic strength ( 0) were estimated from 

fracture load distribution by using Weibull statistics and unweighted linear 

regression analysis. In the Weibull distribution, the probability (Pf) that a material 

with flexural strength (  would fracture at stress below this was given with the 

formula (1), the cumulative distribution function. 

(1) Pf = 1 –  

Formula (1) could be converted to linear form (y = am+b) as formula (2)   

(2)  = - m    m   
Where  y  ,  a   ,  b  - m  . 
The cumulative failure probability (Pi) for the strength of that specimen with 

rank i (where the samples were ranked from weakest, i = 1, to most robust, i = N) 

fractured could be obtained from formula (3), the probability estimators suggested 

by Blom.23 

(3) Pi  . .   
Unweighted linear regression was done with the measured flexural strengths (  

and values of Pi. Then, using the result of linear regression and formula (2), 

Weibull modulus (m) and characteristic strength ( 0) were obtained.24  

Graph plotting and data processing was conducted with data analysis and 

graphing software (OriginPro, v2023, OriginLab, Northampton, MA, USA). 

 

 

 



4) SEM Analysis 

The surface of the intact and fractured specimens (n=2) of the biaxial strength 

test was observed with SEM (Apreo S, Thermo Fisher Scientific, Waltham MA, 

USA). Specimens were gold-coated to provide conductivity and improve the 

image's resolution, and the accelerating voltage was 10kV. Images were obtained 

at magnifications of 1,000, 5,000, and 20,000 for the intact specimens, while 

fractured specimens were at 200, 5,000, and 20,000. 

 

5) XRD Analysis 

The crystalline phase was investigated with XRD (AERIS, Malvern Panalytical, 

Malvern, UK). The specimens (n=5) were scanned between 2 = 10 –90 with Cu 

K  radiation ( K 1 = 1.5406 Å, K 2 = 1.5444 Å, K 2/K 1=0.5). The Joint 

Committee on Powder Diffraction Standards - International Centre for Diffraction 

Data (JCPDS-ICDD) card was used in identifying the crystalline phase by 

comparing it with the diffractogram. (Monoclinic: 00-037-148425, Tetragonal: 00-

014-053426, Cubic: 00-027-099727). 

 

 

 

 

 

 

 

 



2. Shear bond strength test with surface analysis 

1) Specimen preparation 

Ninety 4Y-TZP samples with 10 mm diameter and 1.2 mm thickness were 

fabricated with milling for the control group and 3D printing for the test group. 

The shear bond strength test was done for porcelain veneering (with and without 

sandblasting on the 4Y-TZP surface) and resin cementation. Fifteen samples 

were assigned for each test (n=15). The sample number was determined 

following ISO 29022:2013.28 Five specimens were randomly selected from each 

group for surface analysis during the test for veneering porcelain. Surface 

roughness and surface energy were measured with these specimens. A detailed 

overview of the materials is summarized in Table 2. 

 

 

Table 2. The details of the materials in the shear bond strength test. 

Group MZ (Milling) PZ (3D Printing) 

Subgroup MZ4R MZ4S PZ4R PZ4S 

Materials Milled 4Y-TZP 
(Katana STML) 

3D printed 4Y-TZP 
(3DMAT) 

Size (mm) : 10 mm  /  h : 1.2 mm 

Surface Treatment Raw Sandblasted Raw Sandblasted 

Sample  
(n) 

Resin cementation . 15 . 15 

Veneering porcelain 15 15 15 15 

Surface Analysis 5* 5* 5* 5* 
 

* Five were randomly selected from specimens of the shear bond strength test. 

 

 

 



2) Surface Analysis 

A. Measurement of Surface Roughness 

The specimens' 3D surface roughness (Sa, Sq) was measured with a 3D 

surface confocal laser scanning microscope (LSM 800, Carl Zeiss, Oberkochen, 

Germany). Five specimens were evaluated for each group, with measurements 

taken from five different areas per specimen: one at the center and four 

circumferential areas. The measurements were conducted on both untreated 

specimens and sandblasted specimens. The sandblasting process involved using 

50 m Al2O3 particles at a pressure of 2.5 bar for 15 seconds, with a distance of 

10mm. 

 

B. Evaluation of Surface Energy  

Surface energy was calculated from contact angles of water and diiodo-

methane by the Owens-Wendt & Rable-Kaelble (OWRK) method. 29, 30 

Water and diiodo-methane contact angles were measured by a drop shape 

analyzer (DSA-100, KRUSS GmbH, Hamburg, Germany) for five samples in 

each group. The drop size was 10ul for water and 2ul for diiodo-methane.  

 

 

 

 

 

 

 



3) Veneering porcelain to zirconia 

3D-printed and milled 4Y-TZP specimens with 10 mm diameter and 1.2 mm 

thickness were veneered with porcelain in a cylindrical shape of 8±0.1 mm 

diameter and 2 mm thickness. Half were veneered without surface treatment 

(n=15) in each group, and the other half were sandblasted on the surface (n=15) 

before veneering porcelain. 

Ring shape silicon mold with a size of 10mm inner diameter and 3mm thickness 

was used to consistently build up feldspathic porcelain powder (CZR dentin 

powder, Kuraray Noritake, Tokyo, Japan) to cylindrical form on zirconia 

specimen. Then, it was fired in the furnace (Programat P310, Ivoclar-Vivadent, 

Vaduz, Liechtenstein) according to the manufacturer's instructions. The marginal 

area of the sintered specimen was polished using a fine shoulder highspeed 

diamond bur with a 1mm diameter (8836KR-010, Komet, Lemgo, Germany) to 

adjust the size and to remove surface irregularity that occurred by porcelain 

shrinkage in firing. 

The diameter of the veneered porcelain was measured using digital vernier 

calipers (5110-300, Wenzhou Sanhe Measuring Instrument Co., Wenzhou, China) 

in four different axes: 0°-180°, 45°-225°, 90°-270°, and 135°-315°. The average of 

the measured diameters from all four axes was used in calculating the bonded 

surface area. 

Then, the porcelain veneered 4Y-TZP specimen was embedded in PMMA resin 

(ProBase Cold, Ivoclar-Vivadent, Vaduz, Liechtenstein) with a size of 20mm x 

20mm x 20mm to be mounted in a universal testing machine (TCK-K500, 

Testone, Busan, Korea). 

 



4) Resin cementation to zirconia 

One side of the 4Y-TZP specimen was protected using commercially available 

clear tape (Scotch tape, 3M, Saint Paul, MN, USA) when embedded in PMMA 

resin for being mounted in a universal testing machine. After the complete 

polymerization of PMMA resin, the clear tape was removed. Any surface 

irregularities around the exposed surface of 4Y-TZP were removed and polished.  

The 4Y-TZP specimen underwent the following surface treatment procedures 

before cementation of the composite resin (Gradia Direct Anterior, GC, Tokyo, 

Japan) with self-adhesive resin cement (Rely X U200, 3M ESPE, Saint Paul, MN, 

USA). It was air-abraded using 50 m Al2O3 particles at 2.5 bar pressure for 15 

seconds at a 10mm distance. Then, 37% phosphoric acid was applied for 15 

seconds, followed by thorough water rinsing and drying. Finally, metal/zirconia 

primer (Metal Primer Z, GC, Tokyo, Japan) was applied and dried. 

A silicon ring was placed around the bonding surface and secured with clear 

tape for stable positioning of the composite resin disk during cementation. The 

composite resin disk, with an 8mm diameter and 2mm thickness, was then 

cemented onto the treated 4Y-TZP surface with the self-adhesive resin cement 

under a constant 1.96N load, achieved by applying a 200g weight. 

 

 

 

 

 

 

 



5) Measurement of Shear Bond Stress  

Prior to measurement, all specimens were kept in the water bath at 37  for 24 

hours and thermo-cycled between 5  and 55  with a 30-second dwell time. A 

universal testing machine (TCK-K500, Testone, Busan, Korea) with a knife-edge 

chisel was used to apply shear load on the bonding interface at a cross-head speed 

of 1mm/min until failure. The shear load at which failure occurred (N) was 

measured, and the shear bond strength (MPa) was calculated by dividing that 

value by the bonded surface area (mm2). Weibull Analysis was done from failure 

load distribution. Fractured surfaces were observed to identify the failure mode 

using an x10 stereo zoom microscope (300IIX10, Ziecor International, Inc., 

Tokyo, Japan). Failure modes of specimens were classified as cohesive failure 

when the fracture occurred within the porcelain or resin cement, adhesive failure 

at the interface between the specimen and porcelain or resin cement, and mixed 

failure, which consists of cohesive and adhesive failure. 

A schematic diagram of the shear bond strength test is illustrated in Figure 2. 

 

 

 

 

 

 

 

 

 



 

 

 

Figure 2. A schematic diagram of the shear bond strength test 

 

 

 

 

 

 

 

 

 

 

 



3. Statistical Analysis 

The Shapiro-Wilk test was used to evaluate the normality of the dataset for each 

exam. In the flexural strength test, either one-way ANOVA or the Kruskal-Wallis 

test was used to test for significance among groups (Group MZ3, MZ4, PZ3, PZ4), 

depending on whether the normality requirement was met. If a significant 

difference was found among groups, pairwise comparison was performed using 

Tukey's post hoc test for ANOVA or the Mann-Whitney U-test for the Kruskal-

Wallis test. 

In the shear bond strength test of resin cementation, the statistical significance 

between the test (PZ4S) and control group (MZ4S) was evaluated with an 

independent t-test or Mann-Whitney U-test, depending on the normality of the 

dataset. In comparing the shear bond strength of veneering porcelain and surface 

characteristics (contact angle, surface energy, surface roughness) among groups 

(MZ4R, MZ4S, PZ4R, PZ4S), one-way ANOVA or Kruskal-Wallis test was used, 

depending on the normality of the dataset and the sample size of each group. 

Tukey's post hoc test was used for ANOVA, and the Mann-Whitney U-test was 

used for the Kruskal-Wallis test in case of significance among the groups. 

Statistical analyses were performed with statistical software (IBM SPSS, v26; 

IBM Corp, Armonk, NY, USA). 



III. RESULTS 

 

1. Biaxial flexural strength test 

1) Flexural strength & Weibull Analysis. 

One-way ANOVA was applied for significance among groups since the 

normality assumption was satisfied. There was a significant difference among the 

groups in the flexural strength (P<.001), and thus Tukey's post hoc test was 

performed to identify specific pairs of groups that were significantly different. 

Milled 3Y-TZP specimens (MZ3) showed the highest strength and were 

significantly higher than other groups (P<.001). There was no significant 

difference in the flexural strength between the 3D-printed 3Y-TZP (PZ3) and 4Y-

TZP (PZ4) specimens (P=.119). Milled 4Y-TZP specimens (MZ4) showed the 

lowest strength and were significantly lower than other groups (P<.001). The 

specimens with higher flexural strength were fractured into more segments (Fig. 

3). The box and Weibull probability plot of the biaxial strength test were 

presented in Figures 4 and 5. Group MZ3 showed the highest Weibull modulus, 

while group PZ3 showed the lowest Weibull modulus. The overall study results 

and statistical analysis of the biaxial flexural strength test were summarized in 

Tables 3 and 4. 

 

 

 

 



 

Figure 3. The representative images of fractured specimens in a biaxial flexural 

strength test. A higher biaxial flexural strength led to an increased number of 

fractured pieces. MZ3, Milled 3Y-TZP; PZ3, 3D-printed 3Y-TZP; MZ4, Milled 4Y-

TZP; PZ4, 3D-printed 4Y-TZP.  

 

 

 

 

 

 

 



 

Figure 4. A box plot of the biaxial flexural strength test. 

IQR, Interquartile range; MZ3, Milled 3Y-TZP; PZ3, 3D-printed 3Y-TZP; MZ4, 

Milled 4Y-TZP; PZ4, 3D-printed 4Y-TZP. 



 

 

Figure 5. A Weibull probability plot of the biaxial flexural strength test 

Unweighted linear regression was done for the measured flexural strengths and values 

of the cumulative failure probabilities. The Weibull modulus was estimated from the 

slope of the regression line (red line in each group), which describes variability in 

measured material strength.24 MZ3, Milled 3Y-TZP; PZ3, 3D-printed 3Y-TZP; MZ4, 

Milled 4Y-TZP; PZ4, 3D-printed 4Y-TZP. 

 

 

 



Table 3. The study results of the biaxial strength test.  

Group MZ (Milling) PZ (3D Printing) 
P 

Subgroup MZ3 MZ4 PZ3 PZ4 

Flexural Strength 
(MPa) 

1045.3 
108.7 A 

602.1 
70.3C 

936.8 
128.6B 

852.4 
92.0 B < .001 

Characteristic 
Strength* (MPa) 1091.86 632.57 990.56 893.17 - 

Weibull Modulus** 11.93 9.98 8.73 10.16 - 

 

* The characteristic strength in Weibull analysis is the strength value at which the 

cumulative failure probability equals 63.2%.31 

** The Weibull modulus is the distribution shape parameter of the Weibull distribution to 

describe variability in measured material strength.31 

 

 

Table 4. Multiple comparison of groups with Tukey’s post hoc test. 

Pair 
MZ3- 
MZ4 

MZ3- 
PZ3 

MZ3- 
PZ4 

MZ4- 
PZ3 

MZ4- 
PZ4 

PZ3- 
PZ4 

P .000* .026* .000* .000* .000* .119 

 

*: P < .05 for significance 
 

 

 

 

 

 

 



2) SEM image 

The surface of the tested specimen of each group was observed with SEM (Fig. 

6). Milled Y-TZP specimens showed evenly spaced straight lines and 

continuously aligned small half circles between lines at low magnification 

(x1,000). In contrast, 3D-printed specimens showed very smooth and consistent 

surfaces. At high magnification (x20,000), some grains were observed in milled 

Y-TZP specimens. Compared with 4Y-TZP specimens, 3Y-TZP specimens 

showed a smaller grain size, and grains were aligned more densely. 

The low magnification (x200) SEM images of the cross-sectional surface of the 

fractured specimens revealed that the area adjacent to the impacted site was 

rougher than the opposite site. At high magnification (x20,000), grains were 

observed in 3D-printed specimens. In both 3D-printed and milled specimens, the 

3Y-TZP specimen showed a smaller grain size and dense structure (Fig. 7). 

 

 

 

 



 

Figure 6. SEM images of the surface of the tested specimens of each group. MZ3, 

Milled 3Y-TZP; PZ3, 3D-printed 3Y-TZP; MZ4, Milled 4Y-TZP; PZ4, 3D-printed 

4Y-TZP. 

 

 

Figure 7. SEM images of the cross-sectional surface of fractured specimens in the 

biaxial strength test. MZ3, Milled 3Y-TZP; PZ3, 3D-printed 3Y-TZP; MZ4, Milled 

4Y-TZP; PZ4, 3D-printed 4Y-TZP. 



3) XRD Analysis 

XRD patterns of the tested specimens of each group were obtained (Fig. 8). The 

tetragonal phase was the dominant phase in all groups, and some cubic phase 

peaks were identified. The monoclinic phase peak (=11, 2 =28.175) was weakly 

observed only in milled 3Y-TZP specimens. 

 

 

 

 

Figure 8. The XRD pattern of the tested specimens of each group 

MZ3, Milled 3Y-TZP; PZ3, 3D-printed 3Y-TZP; MZ4, Milled 4Y-TZP; PZ4, 3D-

printed 4Y-TZP. 

 

 

 

 



2. Shear bond strength test with surface analysis 

1) Surface Roughness 

The Kruskal-Wallis test was applied to evaluate statistical differences among 

groups since the normality assumption was not satisfied. Pairwise comparison was 

performed with the Mann-Whitney U-test due to significance among groups 

(P<.001). Group PZ4R (Sa: 0.064 0.010 um, Sq: 0.099 0.068 um) showed 

significantly lower surface roughness than the other groups. The surface 

roughness of Group MZ4R (Sa: 0.358±0.130 um, Sq: 0.469±0.151 um) was 

significantly higher compared to Group PZ4R but lower than the sandblasted 

groups, namely MZ4S (Sa: 0.595±0.140 um, Sq: 0.755±0.173 um) and PZ4S (Sa: 

0.582±0.062 um, Sq: 0.742±0.079 um). There was no significant difference in 

surface roughness between Groups MZ4S and PZ4S. Figures 9 and 10 provided 

representative surface images and extracted profiles obtained with a confocal laser 

scanning microscope.  

 

 

 

 

 

 

 

 

 

 

 



 

 

Figure 9. The confocal scanning laser microscope images and extracted profiles of 

milled 4Y-TZP specimens. (Group MZ4R, MZ4S) 

 

 

 

Figure 10. The confocal scanning laser microscope images and extracted profiles of 

3D-printed 4Y-TZP specimens. (Group PZ4R, PZ4S) 

 



2) Surface Wettability 

The Kruskal-Wallis test was utilized to assess the statistical distinctions among 

groups, taking into account a small sample size (n=5). Significant differences 

were found among the groups in all measurements, including water contact angle 

(P=.002), diiodo-methane contact angle (P=.002), and surface energy (P=.004). A 

pairwise post hoc test using the Mann-Whitney U-test was performed for each 

measurement. 

In water contact measurement, Group PZ4 had a significantly higher water 

contact angle with a mean value of 85.00±1.39° compared to the other groups. 

However, there was no significant difference in the mean value of water contact 

angle between the remaining groups, which were PZ4S (66.37±3.02°), MZ4R 

(59.41±4.52°), and MZ4S (58.50±4.47°).  

The mean values and standard deviations of the diiodo-methane contact angle 

were 52.10±2.20° (Group PZ4R), 37.32±0.96° (Group PZ4S), 50.07±2.86° 

(Group MZ4R), and 37.56±2.54° (Group MZ4S). There was no significant 

difference between the groups that share the same surface treatment but differ in 

the fabrication process, i.e., Group PZ4R vs. Group MZ4R and Group PZ4S vs. 

Group MZ4S. While there was a significant difference between the groups with 

the same fabrication process but differed in the surface treatment, which was 

Group PZ4R vs. PZ4S and Group MZ4R vs. MZ4S. 

The representative images of each group's water and diiodo-methane contact 

angle were presented in Figures 11 and 12. 

 

 

 



 

 

Figure 11. The representative images of the water contact angle of each group.  

MZ4R, Milled 4Y-TZP with a raw surface; MZ4S, Milled 4Y-TZP with sandblasted 

surface; PZ4R, 3D-printed 4Y-TZP with a raw surface; PZ4S, 3D-printed 4Y-TZP 

with sandblasted surface. 

 

 

 



 

 

Figure 12. The representative images of the diiodo-methane contact angle of each 

group. MZ4R, Milled 4Y-TZP with a raw surface; MZ4S, Milled 4Y-TZP with 

sandblasted surface; PZ4R, 3D-printed 4Y-TZP with a raw surface; PZ4S, 3D-printed 

4Y-TZP with sandblasted surface. 

 

 

 



The surface energy was determined from the measured contact angles of water 

and diiodo-methane by using the Owens-Wendt & Rable-Kaelble (OWRK) 

method. The resulting surface energy values were 36.26±1.34 mN/m for Group 

PZ4R, 49.70±1.73 mN/m for Group PZ4S, 49.18±3.48 mN/m for Group MZ4R, 

and 53.66±3.17 mN/m for Group MZ4S. Group PZ4R showed significantly lower 

surface energy compared to the other groups. In contrast, there was no significant 

difference between the remaining groups. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



3) Shear bond strength test for veneering porcelain 

The Kruskal-Wallis test was used to identify the statistical differences among all 

four groups, including PZ4R, PZ4S, MZ4R, and MZ4S, due to violating the 

normality assumption in group MZ4S. A pairwise post hoc test with the Mann-

Whitney U-test was performed due to significance among four groups (P<0.001). 

The results indicated that the shear bond strength of group PZ4R, with the lowest 

value of 10.75±0.85 MPa, was significantly lower than the other groups (P<.001). 

Mixed failure patterns, adhesive pattern-like but with a small portion of porcelain 

remnants, were observed in PZ4R. There was no significant difference in the 

mean shear bond strength among the remaining three groups, namely PZ4S 

(14.30±2.38 MPa), MZ4R (14.28±1.94 MPa), and MZ4S (15.48±2.44 MPa). 

Mixed failure patterns were also observed in these groups but closer to cohesive 

failure patterns. The box plot and Weibull probability plot of the shear bond 

strength test were presented in Figures 13 and 14, and overall results were 

summarized in Table 5.  

  

Table 5. The study results of the shear bond strength test for veneering porcelain

Group MZ (Milling) PZ (3D Printing) 
P 

Subgroup MZ4R MZ4S PZ4R PZ4S 

Shear bond 
strength (MPa) 

14.28 
±1.94A 

15.48 
±2.44A 

10.75 
±0.85B 

14.30 
±2.38A < 0.001 

Characteristic 
Strength (MPa) 15.13 16.53 11.14 15.29 . 

Weibull Modulus 7.99 6.29 12.97 7.00 . 



 

 

Figure 13. A box plot of the shear bond strength for veneering porcelain. 

IQR, Interquartile range; MZ4R, Milled 4Y-TZP with a raw surface; MZ4S, Milled 

4Y-TZP with sandblasted surface; PZ4R, 3D-printed 4Y-TZP with a raw surface; 

PZ4S, 3D-printed 4Y-TZP with sandblasted surface. 

 

 

 

 

 

 

 



 
 

Figure 14. Weibull probability plots of the shear bond strength for veneering 

porcelain. MZ4R, Milled 4Y-TZP with a raw surface; MZ4S, Milled 4Y-TZP with 

sandblasted surface; PZ4R, 3D-printed 4Y-TZP with a raw surface; PZ4S, 3D-

printed 4Y-TZP with sandblasted surface. 

 



4) Shear bond strength test for resin cementation 

An independent t-test was used to determine the statistical significance between 

the groups since the normality assumption was satisfied. There was no significant 

difference in shear bond strength between the test group (PZ4S) and the control 

group (MZ4S) for resin cementation (P=.811). The mean shear bond strength of 

group PZ4S was 3.33±0.98 MPa, while MZ4S's was 3.25±0.83 MPa (Fig. 15). 

The characteristic strength of group PZ4S was 3.68 MPa, and for group MZ4S, it 

was 3.56 MPa. The Weibull modulus was relatively low, with a value of 3.68 for 

group PZ4S and 4.39 for group MZ4S, indicating that the variability of the shear 

bond strength was high (Fig. 16). Mixed failure patterns were observed in the 

fractured surfaces for both groups, characterized by an adhesive pattern-like 

appearance but small remnants of resin cement remained. 

 

 

Figure 15. A box plot of the shear bond strength for resin cementation. IQR, 

Interquartile range; MZ4S, Milled 4Y-TZP with sandblasted surface; PZ4S, 3D-

printed 4Y-TZP with sandblasted surface. 



 

 

 

Figure 16. A Weibull probability plot of the shear bond strength for resin 

cementation. MZ4S, Milled 4Y-TZP with sandblasted surface; PZ4S, 3D-printed 

4Y-TZP with sandblasted surface. 

 

 

 

 

 

 

 



The surface analysis and shear bond strength test results were summarized in 

Table 6, and Table 7 presented detailed statistical analyses. 
 

Table 6. The overall results of the shear bond strength test and surface analysis. 

Group MZ (Milling) PZ (3D printing) 
P 

Subgroup MZ4R MZ4S PZ4R PZ4S 

Surface 
Roughness 
(um) 

Sa 0.358 
±0.130B 

0.595 
±0.140A 

0.064 
±0.010C 

0.582 
±0.062A < .001 

Sq 0.469 
±0.151B 

0.755 
±0.173A 

0.099 
±0.068C 

0.742 
±0.079A < .001 

Contact 
Angle (°) 

Water 59.41 
±4.52B 

58.50 
±4.47B 

85.00 
±1.39A 

66.37 
±3.02B .002 

Diiodo-
methane 

50.07 
±2.86A 

37.56 
±2.54B 

52.10 
±2.20A 

37.32 
±0.96B .002 

Surface  
Energy  
(mN/m) 

49.18 
±3.48A 

53.66 
±3.17A 

36.26 
±1.34B 

49.70 
±1.73A .004 

Shear  
Bond 
Strength 
(MPa) 

Resin . 3.25 
±0.83 . 3.33 

±0.98 .811 

Porcelain 14.28 
±1.94A 

15.48 
±2.44A 

10.75 
±0.85B 

14.30 
±2.38A < .001 

 
Table 7. Multiple comparison of groups with the Mann-Whitney U-test. 

Pair 
MZ4R-
MZ4S 

MZ4R-
PZ4R 

MZ4R-
PZ4S 

MZ4S-
PZ4R 

MZ4S-
PZ4S 

PZ4R-
PZ4S 

Surface 
Roughness 

Sa .000* .000* .000* .000* .877 .000* 

Sq .000* .000* .000* .000* .915 .000* 

Contact 
Angle 

Water .841 .008* .056 .008* .016 .008* 

Diiodo-
methane .008* .548 .008* .008* 1.00 .008* 

Surface Energy .095 .008* .841 .008* .056 .008* 

Shear bond strength  
of veneering porcelain .116 .000* .870 .000* .412 .000* 

 

* : P < .05/6 for significance 



IV. DISCUSSION 

1. Biaxial flexural strength test 

The previous studies about 3D-printed zirconia reported that its mechanical 

properties were comparable to milled zirconia except for the flexural strength. 

Inconsistent findings were reported when examining the flexural strength of 3D-

printed zirconia versus milled zirconia.12, 32 Still, there were more studies revealed 

that the flexural strength of 3D-printed zirconia is not strong enough as milled 

zirconia.11, 13-15 Insufficient interlayer bonding and porosity resulting from the 

debinding process were frequently reported as factors limiting the attainment of high 

flexural strength in 3D-printed zirconia.15, 33, 34  

In this study, flexural strength tests were conducted on 3D-printed and milled 3Y-

TZP materials, as well as 4Y-TZP, to compare the results with previous studies and 

establish a reference point for evaluating the flexural strength of 4Y-TZP. The test 

results for 3Y-TZP showed a similar tendency to those reported in previous studies. 

The measured flexural strength of milled 3Y-TZP (Group MZ3) was highest among 

groups, although the mean value (1045.3±108.7 MPa) was slightly lower than its 

specification (Katana HT, 1100 MPa). 3D-printed 3Y-TZP (Group PZ3) exhibited 

significantly lower strength than milled 3Y-TZP (Group MZ3). However, it still 

exhibited sufficient strength. The flexural strength of PZ3 was found to be 

936.8±128.6 MPa, which exceeded the minimum flexural strength requirement of 800 

MPa specified in ISO standard 6872 for monolithic ceramics used in prostheses 

involving partially or fully covered substructures for four or more units. The obtained 

result was similar to the outcome (943.26±152.75 MPa) reported in Osman et al.'s 

study, where the same zirconia powder material (TZ-3Y-E, Tosoh, Tokyo, Japan) was 



used, and a comparable study design was employed, involving a biaxial flexural 

strength test by the 'Piston-on-Three-Balls' method.33 

In contrast, this study found that 3D-printed 4Y-TZP (Group PZ4) had significantly 

higher flexural strength than milled 4Y-TZP (Group MZ4). Moreover, its flexural 

strength value (852.4±92.0 MPa) also exceeds 800 MPa, the minimum requirement 

for multi-unit prosthesis of monolithic ceramic according to ISO 6872. As expected 

from yttria content, the flexural strength of PZ4 was lower than PZ3, but statistically, 

there was no significant difference between them. 

According to Weibull’s weakest link theory, the survival probability of a brittle 

solid can be calculated as the cumulative product of the survival probabilities of 

individual volume elements within the solid.35-37 Some volume elements of the 3D-

printed Y-TZP specimen could fail by the limitation of transformation toughening, 

while others fail due to 3D printing issues. Thus, when enough transformation 

toughening is allowed, as in 3Y-TZP, many of the elements would fail by weak 

interlayer bonds than limitation of transformation toughening. On the other hand, 

when the transformation toughening is not sufficiently allowed, as in 4Y-TZP, more 

elements would fail due to the limitation of transformation toughening. Therefore, the 

issues associated with 3D printing of zirconia might not be significant in 4Y-TZP as 

much as in 3Y-TZP.  

The flexural strength of PZ4 was significantly higher than MZ4. One possible 

explanation for the lower strength of MZ4 is mechanical damage that may have 

occurred during the milling process. Even though milling pre-sintered zirconia is 

easier than fully sintered zirconia, it can still cause microcracks or excessive heat that 

can compromise the strength of the material.38 As in the case of MZ3, MZ4 also 

showed lower flexural strength (602.1±70.3 MPa) than its specification (Katana 



STML, 750 MPa). It was more profound in MZ4 than in MZ3 and could be attributed 

to a lower fraction of the tetragonal phase, which endures the mechanical stress by 

transformation toughening. Another possible factor is the disparity in the yttria 

content between the two materials. According to the manufacturer's specifications, 

MZ4 had a yttria content in the 7-10 weight percent range, slightly higher than that of 

PZ4 (6-8%). It was known that a higher yttria content in Y-TZP increases the fraction 

of cubic phase, leading to reduced overall strength. For reference, the weight 

percentage of yttria in 3Y-TZP is approximately 5.2%.39 In summary, the lower 

flexural strength of MZ4 compared to PZ4 could be attributed to a combination of 

factors, including potential mechanical damage during the milling process and the 

higher yttria content.  

The highest Weibull modulus (11.93) was observed in MZ3, while the lowest (8.73) 

was in PZ3. The higher Weibull modulus in MZ3 is consistent with findings from 

several previous studies11, 32, which means that milled 3Y-TZP is more consistent in 

the strength distribution than 3D-printed 3Y-TZP. Milling is the process of removing 

from a mass that is uniformly formed. Thus, it is more likely consistent in strength 

than 3D printing, which accompanies the process of layer bonding.  

In contrast, in 4Y-TZP, the Weibull modulus was similar (10.16 in PZ4, 9.98 in 

MZ4). The group MZ4 showed increased variability in flexural strength than MZ3. It 

was a possible result since the deleterious effect of the milling process on flexural 

strength could be more profound in 4Y-TZP due to its lower strength. On the other 

hand, issues of 3D printing in processing might be less significant in the case of 4Y-

TZP, contributing to reduced flexural strength variability in 3D-printed 4Y-TZP. 

These could contribute to the reduced difference of the Weibull modulus in 4Y-TZP. 

However, this study investigated only one type of 4Y-TZP material for each 



fabrication process; no other relevant studies have been reported. Therefore, further 

research is necessary.  

During the biaxial flexural strength test, specimens exhibited distinctive radial 

fracture, characterized by radial cracking from the center of the sample toward the 

edge. It was observed similarly across all groups. Specimens that exhibited higher 

strength during the test fractured into more fragments, particularly notable in group 

MZ3. In the study of Inokoshi et al., similar results were identified, which can be 

attributed to the abrupt release of a higher stored strain energy.40 

A distinctive pattern considered traces of the milling process was observed in the 

SEM images of the milled specimens. At a low magnification of x1,000, a regular 

arrangement of evenly spaced lines accompanied by aligned half circles was visible. 

At higher magnifications (x20,000), individual grains were identified. The SEM 

image of MZ3 showed a smaller grain size and a more structurally dense surface than 

MZ4. This result was similar to Bocam et al.'s study result in the tendency of grain 

size.41 In addition, according to Zhang Y and Lawn BR, the typical grain size of 3Y-

TZP falls within the range of 0.5 to 1 m. While, as in 4Y-TZP and 5Y-TZP, 

increasing the content of yttria and cubic phase could lead to an increase in grain size 

up to approximately 1.5 m.39 In the SEM image of MZ3 and MZ4, many grains had 

similar grain sizes to those reported in previous studies. In contrast, the 3D-printed 

group (PZ3, PZ4) showed smooth and consistent surfaces compared to the milled 

specimens. Grains were not identified on the surface of the 3D-printed specimens but 

were observed on a cross-sectional image of a fractured segment. PZ3 had a smaller 

grain size and was more structurally dense than PZ4, as in the milled specimens. 

The X-ray diffraction (XRD) patterns showed that the peaks in each group were 

quite similar and followed a similar pattern. In particular, most of the peaks 



corresponded to those of the tetragonal phase of zirconia, as described in the JCPDS-

ICDD 014-0534 database. However, the prominent peaks of the cubic phase, which 

were described in the JCPDS-ICDD 027-0997, were also found to be closely located 

to the prominent peaks of the tetragonal phase, especially in the vicinity of 30°, 35°, 

50° and 60°. Therefore, the observed peaks in this region were super-positioned peaks 

from both the tetragonal and cubic phase peaks. It suggested that the sample under 

investigation consisted mainly of a tetragonal phase and some cubic phase. 

This study primarily aimed to assess the flexural strength of 3D-printed 4Y-TZP 

and compare it with milled 4Y-TZP, as well as 3D-printed and milled 3Y-TZP. In 

addition, SEM and XRD were employed to analyze associated characteristics. The 

first null hypothesis was rejected, stating that there would be no significant difference 

in flexural strength between 3D-printed and milled 4Y-TZP. 3D-printed 4Y-TZP had 

significantly higher flexural strength than milled 4Y-TZP, while 3D-printed 3Y-TZP 

had lower flexural strength than milled 3Y-TZP as previously reported.  

 

2. Shear bond strength test with surface analysis 

Compared with preliminary research21, this study included surface roughened 

milled and 3D-printed 4Y-TZP groups via sandblasting to achieve the following 

objectives. Firstly, to evaluate the impact of sandblasting on the surface and the 

shear bond strength of veneering porcelain in 3D-printed 4Y-TZP. Secondly, to 

compare the shear bond strength of veneering porcelain between 3D-printed and 

milled 4Y-TZP under similarly controlled surface conditions. 

The sample number of the shear bond strength test was determined to be fifteen, 

following ISO 29022:2013.28 There was no ISO standard for the shear bond 

strength test for zirconia. Instead, ISO 29022:2013 was used as a reference for the 



shear bond strength test since it specifies a shear test method used to determine the 

adhesive bond strength between direct dental restorative materials and tooth 

structure.  

Thermocycling was done as part of the shear bond strength test to simulate the 

oral environment considering the limitation of this study as an in-vitro study. The 

protocol for temperature and dwell time was determined in accordance with 

ISO/TS 11405:2015.42 The number of cycling was determined based on previous 

studies, including literature reviews on thermocycling and adhesion to zirconia.43, 44  

The veneered porcelain was designed to have a cylindrical form with a diameter 

of 8mm for ease of reproducibility in size. Since the diameter of the 4Y-TZP 

specimens was 10mm, a silicon mold with a 10mm inner diameter was used to 

build up the porcelain consistently. The porcelain had contracted on firing, resulting 

in a diminished size, still slightly over 8mm. Fine shoulder diamond bur with a 

1mm diameter was used to remove any excess material and polish any irregularities, 

resulting in a final cylindrical form with a diameter of 8 0.1mm.  

In addition to veneering porcelain, the shear bond strength for resin cementation 

was also evaluated in this study. The same study design was maintained in the shear 

bond strength test for resin cementation to compare the results with each other. 

Therefore, the size of the resin disk, which was cemented onto the 4Y-TZP 

specimens by using self-curing resin cement, was also determined as an 8mm 

diameter. 

The surface roughness and wettability were closely related surface characteristics 

to shear bond strength. Thus, measurements of these properties were also done in 

evaluating the shear bond strength of 4Y-TZP for resin and veneering porcelain. 



The initial surface roughness of 3D-printed 4Y-TZP (PZ4R, Sa: 0.064±0.010 um) 

was significantly lower than that of milled 4Y-TZP (MZ4R, Sa: 0.358±0.130 um). 

The measurement was not taken immediately after sintering. Thus, the difference in 

surface roughness resulted from the fabrication method and post-processing. 

Both groups (PZ4S, MZ4S) exhibited a significant increase in surface roughness 

after sandblasting. The sandblasting process resulted in similar surface roughness 

and surface profile in both groups despite the initial difference in surface roughness 

between the two groups (PZ4R, MZ4R). The surface roughness (Sa) was increased 

to 0.582 0.062 um in PZ4S and 595 0.140 um in MZ4S with sandblasting. The 

result was similar to the study of Abi-Rached et al., in which a similar sandblasting 

protocol was used, i.e., sandblasting was done for 15 seconds at a pressure of 0.28 

MPa and a perpendicular distance of 10 mm using 50 μm Al2O3. Their study 

reported an increase in the surface roughness (Ra) of zirconia from 0.35 μm to 0.52 

μm.45 Other studies also reported that sandblasting increased the surface roughness 

of zirconia with a resulting range of 0.3 μm to 1.3 μm, which depends on the 

particles' size and the pressure utilized during the blasting process.46-49 According to 

Inokoshi et al., the effect of sandblasting on the flexural strength of zirconia was 

determined by the balance between microcrack formation (deteriorating) and 

surface compressive stress build-up (enhancing). Their study showed that 4Y-TZP 

(Katana STML) had increased flexural strength after sandblasting with 50um Al2O3. 

Although subsurface microcracks were observed, the generated surface 

compressive stress compensated for it and enhanced flexural strength.40 Taken 

together, these findings suggest that sandblasting is an effective method for 

increasing surface roughness in zirconia, particularly for surfaces with low surface 

roughness. 



 Surface wettability was also increased by sandblasting. The degree of increase 

depends on the initial surface roughness. Compared with Group PZ4R, the surface 

free energy of PZ4S was significantly increased. However, the surface free energy 

of MZ4S was slightly increased compared with MZ4R, but there was no significant 

difference between them.  

The surface free energy of solid, in this study 4Y-TZP, was the sum of the 

dispersive and polar components. They were calculated from measured contact 

angles of water and diiodo-methane with the Owens-Wendt & Rable-Kaelble 

method. Diiodomethane's surface energy is mostly composed of the dispersive 

component. Therefore, the measured contact angle of diiodomethane is mainly 

related to the dispersive component of the solid's surface free energy. On the other 

hand, water's contact angle is more related to the polar component of the surface 

free energy. The known water's surface free energy is 72.8 mN/m, which consists of 

51.0 mN/m of the polar component and 21.8 mN/m of the dispersive component.50  

The water contact angle of group PZ4R was significantly higher than group 

PZ4S, indicating that the roughened surface by sandblast leads to a decrease in 

water contact angle. However, in the case of group MZ4R, there was no significant 

difference in water contact angle compared to MZ4S. It suggests that beyond a 

certain level of surface roughness, further increases may not significantly reduce 

the water contact angle. This finding is consistent with a previous study conducted 

by Kwon et al.51 In their study, sandblasting on polished zirconia caused a notable 

decrease in the water contact angle (when Ra increased from 0.04 um to 0.63 um, 

the water contact angle reduced from 59.7° to 44.1°). However, when Ra was 

increased to 1.06 um by aggressive sandblasting protocol with higher pressure and 

large particle, the reduced water contact angle was not so much different, with a 



value of 40.9°. On the other hand, MZ4S showed a slightly lower water contact 

angle than PZ4S, but no significant difference existed between them. Thus, no 

significant difference was found between 3D-printed 4Y-TZP and milled 4Y-TZP 

in the polar surface energy when they had similar surface roughness. 

Differently, in the case of water contact angle, the contact angle of diiodo-

methane was significantly reduced by sandblast in both groups, i.e., there were 

significant differences between MZ4R and MZ4S, as well as between PZ4R and 

PZ4S. However, there were no significant differences found between 3D-printed 

and Milled 4Y TZP, regardless of sandblasting. No significant difference was found 

between PZ4R (52.10 2.20° ) and MZ4R (50.07 2.86° ), as well as PZ4S 

(37.32 0.96°) and MZ4S (37.56 2.54°). There was a significant difference in 

surface roughness between PZ4R (Sa: 0.064 0.010 um) and MZ4R (Sa: 

0.358 0.130 um), like PZ4R and PZ4S (Sa: 0.582 0.062 um) or MZ4R and 

MZ4S (Sa: 0.595 0.140 um), but the contact angle of diiodo-methane was not 

significantly different. The findings indicate that, up to a certain threshold, the 

surface roughness had minimal impact on the contact angle of diiodo-methane. 

However, above this level, the influence of surface roughness increased, and the 

contact angle of diiodo-methane was notably reduced in proportion to the surface 

roughness. It indicates that 4Y-TZP's dispersion component of surface free energy 

increased correspondingly with the increased surface roughness. Rudawska et al. 

reported that an increase in surface roughness by sandblast leads to a proportional 

increase in the dispersive component of surface free energy, similar to this study.52 

In essence, the surface wettability of 4Y-TZP was affected by surface roughness. 

Increased surface roughness by sandblast resulted in a significant decrease of the 



water contact angle within the range of low surface roughness. However, beyond a 

certain level of surface roughness, further increases in surface roughness did not 

significantly reduce the water contact angle, which mainly relates polar component 

of surface free energy. In contrast, the influence of surface roughness on the 

dispersion component of surface free energy of 4Y-TZP was increased 

correspondingly with the increased surface roughness. There was no difference in 

surface energy between 3D printed and milled 4Y-TZP with similar surface 

roughness. However, this study result should be used and interpreted cautiously due 

to factors such as the susceptibility of contact angle measurements to laboratory 

conditions (e.g., humidity, temperature)30, limitations in sample size, and 

insufficient supporting studies. 

There was a significant difference in the shear bond strength of veneering 

porcelain between 3D-printed 4Y-TZP and milled 4Y-TZP. However, with similar 

surface roughness via sandblasting, they showed no significant difference in the 

shear bond strength of porcelain. It means that 3D-printed and milled 4Y-TZP had a 

comparable surface binding ability to porcelain if they had similar surface 

roughness.  

The shear bond strength was significantly increased by sandblast in 3D-printed 

4Y-TZP, which has low surface roughness and surface wettability. In contrast, in 

milled 4Y-TZP, it slightly increased but not remarkably, and this tendency was 

similar to the study results of surface energy. These results suggest that as surface 

energy, shear bond strength in porcelain was also affected by surface roughness, 

and they were closely related. 

The measured shear bond strength of veneered porcelain was relatively low 

compared to previous studies.13, 53, 54 The factors that affect the bond strength 



between zirconia and veneering porcelain include surface roughness, mismatch of 

thermal expansion coefficient, flaws or structural defects in the interface, wetting 

properties, and volumetric shrinkage of the veneered porcelain.53, 55 The extent to 

which these factors affect the shear bond strength can vary depending on the 

methodology and protocol used in the study design. Based on the study design, the 

most probable cause of the observed low shear bond strength in this study was 

flaws and structural defects. It is likely because, compared to previous studies13, 53, 

54, the veneered surface area in this study was wider. With porcelain building up 

being a technique-sensitive process, the larger surface area increases the likelihood 

of structural defects occurring at the interface. Still, in the clinical situation, 

zirconia crowns used in anterior restorations were commonly veneered by porcelain 

due to esthetic needs. In such cases, the expected binding area is often more 

extensive than in the model used in this study. Therefore, these study results could 

still be referenceable and provide some insights into the potential challenges and 

factors that may affect the success of veneered zirconia crowns in clinical settings. 

The Weibull modulus of the PZ4R group was higher than other groups. One 

reason might be related to the fracture pattern observed in the specimens. PZ4R 

specimens showed mixed failure patterns but were close to adhesive failure patterns 

with a small amount of porcelain remaining. The other groups with higher shear 

bond strength also displayed mixed failure patterns. However, they were more 

likely to cohesive failure, with many portions of the fracture surface covered by a 

sheet of porcelain remnant. Since cohesive failure occurred not in the ceramic-

zirconia interface where the load was applied but within the ceramic, the failure 

strength is more likely variable than in the case of adhesive failure. Another 

possible factor is the use of PMMA to embed the specimens. As the applied shear 



bond strength increases, there is a risk that microfractures may occur at the 

interface between the PMMA and the zirconia specimen. This could lead to 

unstable shear loading to the specimen and potentially contribute to the observed 

variability in shear bond strength measurements. Thus, to minimize this potential 

source of error, it may be considerable to use a more rigid or firm material for 

embedding specimens, particularly in situations where a higher shear bond strength 

is expected.53 

This study also evaluated the shear bond strength for resin cementation. The 

shear bond strength measured in this study (3.33±0.98 in PZ4S, 3.25±0.83 in MZ4S) 

was lower compared to previous studies43 but higher than a recently reported study 

(1.50±0.51) that employed similar experimental designs, including the use of the 

same self-adhesive resin cement, sandblasting, and thermocycling protocol56. 

Several study design factors influenced the measured shear bond strength of 

zirconia adhesion, such as surface treatment methods, cement types, aging 

protocols, and test methods. In previous studies, the study utilizing a 

physicochemical surface treatment and MDP-based cement without an aging 

protocol reported higher shear bond strength.43 Although physicochemical 

treatment was done by sandblasting and applying zirconia primer, both groups 

(PZ4S, MZ4S) still showed low shear bond strength in this study. The use of self-

adhesive resin cement instead of MDP-based cement, the thermocycling procedure, 

and a larger adhesion area were possible contributing factors for low shear bond 

strength.  

The shear bond strength was approximately one-fourth of that observed in 

veneering porcelain compared to the same study design. These results, with their 

low Weibull modulus, indicate that adhesion to zirconia is still weak and unreliable. 



Again, as in veneering porcelain, with similar surface roughness, there was no 

significant difference in the shear bond strength of resin cementation. 

The second null hypothesis, which states no significant difference in shear bond 

strength and surface characteristics between 3D-printed and milled 4Y-TZP, was 

partially rejected based on the presented results. The study found a significant 

difference in the shear bond strength of porcelain and surface characteristics 

between 3D-printed and milled 4Y-TZP. However, there was no significant 

difference between the two groups in surface wettability and shear bond strength of 

veneering porcelain and resin cementation when they had similar surface roughness 

by sandblasting.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



V. CONCLUSIONS 

Within the limitations of this study, the results suggest the following conclusions. 

1. The flexural strength of 3D-printed 4Y-TZP was significantly higher than 

milled 4Y-TZP.  

2. 3D-printed 4Y-TZP showed significantly lower shear bond strength of 

veneering porcelain than milled 4Y-TZP due to lower surface roughness and 

surface energy. 

3. Surface roughness and surface energy of 3D-printed 4Y-TZP significantly 

increased after sandblasting.             

4. 3D-printed 4Y-TZP had similar shear bond strength for veneering porcelain 

and resin cementation with milled 4Y-TZP when they had equivalent surface 

roughness and surface energy with sandblasting. 

 

Conclusively, 3D-printed 4Y-TZP could be the preferable material for zirconia 

restoration with clinically acceptable flexural strength and shear bond strength 

compared to milled 4Y-TZP. 
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