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Featured Application

This study provides practical guidance for selecting surface treatment protocols for ad-
ditively manufactured definitive restorative materials by evaluating their bond strength
to self-adhesive resin cement. Airborne-particle abrasion with alumina particles may be
recommended before cementation, whereas hydrofluoric acid etching should be used
cautiously for resin-rich materials.

Abstract

Additively manufactured definitive restorative materials have gained popularity recently.
The current in vitro study evaluated the effects of surface treatment and thermocycling on
the shear bond strength (SBS) between four 3D-printed definitive restorative materials and
a self-adhesive resin cement (SARC). Disc-shaped specimens were fabricated from four
printable materials: two composite materials, Crowntec (Crowntec) and CRS Composite
(Custom Resin Solutions), and two ceramic-filled composites, Alias Dental Crown (Alias)
and Permanent Crown (PC) (n = 12 per subgroup). Specimens were divided into four
surface treatment subgroups: control, 9% hydrofluoric acid etching (HF), 50 pm aluminum
oxide (Al,O3) airborne-particle abrasion (S50), and 110 um Al,O3 airborne-particle abrasion
(5110). SARC was applied using Teflon molds (& 3 x 3 mm). After all specimens were
stored in water at 37 °C for 24 h, half of the specimens were subjected to 10,000 thermocy-
cles. Subsequently, SBS testing was performed for all specimens. Data were analyzed using
Kruskal-Wallis and Mann-Whitney U tests (x = 0.05), and failure modes were classified
microscopically. Before thermocycling, compared with control groups, HF significantly
decreased SBS in Crowntec, whereas S110 significantly increased SBS in Alias (p < 0.05).
After thermocycling, surface-treated CRS and Alias groups showed significantly higher
SBS than controls (p < 0.05); Crowntec showed increased SBS after HF and S50, and Perma-
nent Crown only after S50. No significant differences were found among control groups
(p > 0.05). Surface-treated groups exhibited mainly mixed and cohesive failures. Surface
treatments generally improved the SBS after thermocycling.

Keywords: additive manufacturing; bond strength; CAD/CAM; cementation; surface treatment

1. Introduction

In recent years, computer-aided design and computer aided manufacturing (CAD/CAM)
technology has taken on an important role in modern dentistry as the goal has been to stan-
dardize production and achieve more clinically efficient and cost-saving outcomes [1]. While
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subtractive manufacturing provides the advantage of increased quality of new materials, it
also has significant disadvantages with respect to material waste and cost due to the use of
non-recyclable materials used in the manufacturing process [2,3]. The rapid advancement of
additive manufacturing, especially three-dimensional (3D) printing, has revolutionized the field
of prosthodontics due to its ability to make accurate and customized dental restorations [4].
Compared to subtractive methods, 3D printing offers the advantages of material efficiency,
complex geometries, and a digital workflow that integrates intraoral scanning with CAD/CAM
design [5].

Vat photopolymerization (VP) technology, a specific type of additive manufacturing,
has gained widespread acceptance as a method for producing definitive restorative materi-
als due to its accuracy, repeatability, and cost-effectiveness [6]. There has been continual
development and diversification of ceramic and resin-based materials within CAD/CAM
systems [7]. Photopolymerizable resins are among the most extensively used restorative
materials currently available primarily due to their printability and ability to be reinforced
with ceramic fillers to enhance mechanical performance [8-10].

The durability of restorations based on resin is influenced predominantly by the
adhesion quality between the adhesive restorative material and the luting cement [11,12]. A
strong bond reduces post-operative sensitivity and improves the fracture resistance of the
restoration, while also preventing marginal leakage and secondary marginal caries [13,14].

Adhesive bonding is affected by factors such as the composition of the restora-
tive material and the resin cement, the surface treatments, and the type of adhesion
mechanism [15,16]. To improve bond strength, mechanical (airborne-particle abra-
sion/sandblasting, bur grinding) and chemical (silane, primer, acid application) surface
treatments are applied [7,11]. Airborne-particle abrasion cleans and roughens the resin
surface, exposing filler particles and thereby enhancing micromechanical retention. The
exposed filler particles consequently become available for silanization [17]. Hydrofluoric
acid dissolves the glassy phase and preserves the polymer network, leaving behind a
honeycomb-like surface morphology that can micromechanically interlock [18,19].

The adhesive interface is primarily subjected to both chemical and mechanical degrada-
tion induced by mastication, swallowing and bruxism [20]. Chemically, the tooth-material
interface is exposed to water, salivary components, and enzymes of host and bacterial
origin, leading to hydrolysis and plasticization of the resin matrix, followed by leaching
and structural breakdown [21]. Thermocycling has been widely used to simulate intraoral
thermal fluctuations and to assess the aging resistance of adhesive interfaces [22,23]. Shear
bond strength (SBS) testing is commonly employed to evaluate adhesion between restora-
tive materials and dental substrates, as the applied parallel load application approximates
functional masticatory shear forces [24,25]. Despite its limitation of non-uniform stress
distribution, it remains an accepted method for assessing adhesive performance [26,27].

Despite growing research on surface treatments for 3D-printed materials [11,16,23,28,29], the
influence of different treatment protocols on adhesion between various 3D-printed restora-
tive materials and resin cements has yet to be sufficiently explored [19]. These materials
differ in resin matrix composition, filler content, and post-polymerization characteristics.
Therefore, conventional surface treatment protocols developed for CAD/CAM ceramics or
resin-matrix ceramics may not be directly transferable. Establishing material-specific ce-
mentation protocols is essential for improving the clinical reliability of emerging 3D-printed
definitive restorative materials. Thus, the purpose of this study was to investigate the
effects of surface treatment and thermocycling on the bond strength of 3D-printed definitive
restorative materials luted with SARC. The null hypothesis was that bond strength would
not be affected by material type, surface treatment, or thermocycling.
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2. Materials and Methods

Ethical approval was granted by the Cyprus Health and Social Sciences University
Research Ethics Committee (Approval No: KSTU/ /2024 /354).

The relevant properties of all materials evaluated in this study are summarized in
Table 1. The sample size was calculated using G*Power statistical software (version 3.1.9.3;
Heinrich Heine University Diisseldorf, Diisseldorf, Germany). Based on an assumed effect
size of Cohen’s f = 0.36 derived from previous studies [30,31], a statistical power of 99% and
an alpha level of 0.05, the minimum required sample size was calculated as 384 specimens.
Accordingly, 12 specimens per experimental group were included.

Table 1. Contents and manufacturers of the materials used.

Group Code Product-Brand Name Manufacturer Material Composition Shade/Lot Number
Bis-EMA, 30-50% 0.7 pm barium aluminum
T . ‘e -
Saremco, borosilicate glass fillers, 4,4’ -isopropylidiphenol,
- ethoxylated and
Crowntec Crowntec Rebstein, K X . E522
N 2-methylprop—2-enoic acid, silanized dental glass,
Switzerland s S
pyrogenic silica, catalysts, inhibitors and
color pigments.
Custom Resin . . .
Solutions Methacrylated aliphatic urethane oligomer,
CRS CRS Composite ! 3,6,9-trioxaundecamethylene dimethacrylate, CBA102408
Antalya, henyl bis(2,4,6-trimethylbenzoyl)-phosphine oxide
Turkey pheny G Y y!)-phosp
. . Dokuz Kimya, 30-50% inorganic fillers (0.7 um glass filler),
Alias Alias Dental Crown Aydin, Turkey UDMA, glycol methacrylate, and phosphine oxide 240591
Esterification products of 4,4’ isopropylidiphenol,
ethoxylated and 2-methylprop-2-enoic acid;
ethoxylated bisphenol A dimethacrylate (Bis-EMA,
Formlabs, methacrylate polymer), silanized dental glass,
Pc Permanent Crown MA, USA methyl benzoylformate, diphenyl 601400
(2,4,6 trimethylbenzoyl) phosphine oxide (TPO,
photoinitiator), 30-50 wt.%—inorganic fillers
(particle size 0.7 um)
UDMA, 10-MDP, other dimethacrylate monomers,
fluoroaluminosilicate glass, silicon dioxide,
GC Corp., trimethoxysilane, 6-tert-butyl-2,4-xylenol,
— ™
G-CEMONE Tokyo, Japan 2,6-di-tert-butyl-p-cresol, EDTA disodium salt 2312061

dihydrate, vanadyl acetylacetonate, TPO, initiators,
ascorbic acid, camphorquinone, MgO, pigments

For this in vitro study, disc-shaped specimens (& 6 x 3 mm) were designed with
the FreeCAD 0.19 open-source software program and saved as a standard tessellation
language (STL) file for manufacturing. All specimens were printed with 50 pm layer thick-
ness and 0° build orientation. Crowntec and CRS specimens were manufactured with a
DLP-based 3D printer (Asiga Max UV, Asiga, Sydney, Australia). The light source had a
wavelength of 385 nm (high-power UV LED). After printing, specimens were ultrasonically
cleaned in 99% isopropyl alcohol for 10 min at room temperature, air-dried, and post-
polymerized for 10 min in washing and curing units (Elegoo Mercury X Bundle; Shenzhen
Elegoo Technology Co. Ltd., Shenzhen, China). Alias specimens were manufactured with
a masked stereolithography-based (MSLA) printer (Anycubic Photon Mono X, Anycubic,
Shenzhen, China) with a 405 nm LED. Specimens were cleaned for 5 min in an unheated
ultrasonic bath containing 99% isopropyl alcohol, air-dried, and post-polymerized for
5 min in a polymerization unit (ShapeCure UV; RAYSHAPE, Shenzhen, China). Permanent
Crown specimens were manufactured with an SLA-based printer (Form 3B, Formlabs,
Somerville, MA, USA). The light source used was a 405 nm ultraviolet source and a
250 mW laser. After printing, the specimens were cleaned for 3 min by ultrasonic cleaning
with FormWash (Formlabs, Somerville, MA, USA) in a solution of 99% isopropyl alcohol
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before post-polymerization in FormCure (Formlabs, Somerville, MA, USA), an ultravi-
olet polymerization device, for 20 min at 60 °C, twice. A total of 384 specimens were
mounted in aluminum molds (& 15 x 20 mm) using auto-polymerizing acrylic resin
(Imicryl, Konya, Turkey), with cementation surfaces exposed. Surfaces were polished with
600-grit silicon carbide paper under water irrigation and ultrasonically cleaned. For each
material, specimens were randomly assigned to four groups (n = 12) by lottery. The control
group (C) received no surface treatment. Hydrofluoric acid (HF): A 9% hydrofluoric acid
gel was applied to the cementation surface of the specimens for 1 min, then thoroughly
rinsed with water, and dried with oil-free compressed air. 50 pym Al,O3 (S50): Airborne-
particle abrasion was performed on the cementation surface using 50 um aluminum oxide
particles at 2 bar pressure from a distance of 2 cm for 15 s. 110 pm Al,O3 (S110): Airborne-
particle abrasion was performed on the cementation surface of the specimens using 110 um
aluminum oxide particles at 2 bar pressure from a distance of 2 cm for 15 s. The HF etching
and airborne-particle abrasion protocols were selected based on previous studies on resin-
based CAD/CAM and 3D-printed restorative materials [19,30,32,33]. The airborne-particle
abraded specimens were then ultrasonically cleaned in distilled water for 5 min.

After the surface treatments, the specimens underwent the cementation process. Teflon
molds with a cement gap of @ 3 x 3 mm were positioned on the specimen surfaces,
and SARC was applied using an auto-mixing tip, followed by polymerization according
to the manufacturer’s instructions. Subsequently, the specimens were stored in 37 °C
distilled water for 1 day. All the specimens were prepared by a single operator (ICK).
Subsequently, 12 specimens from each group (192 in total) were subjected to thermocycling.
Thermocycling was performed using a thermocycler (SD Mechatronik Thermocycler, SD
Mechatronik; Westerham, Germany) in accordance with ISO 11405. Each cycle consisted of
25 s immersions in distilled water at 5 °C and 55 °C, with a 10 s transfer time. A total of
10,000 thermocycles were applied.

A universal testing machine (Lloyd LRX, Lloyd Instruments Ltd., Fareham, UK) was
used to test the SBS of all specimens. A 1 mm cross head was aligned with the resin cement
material interface, and load was applied at 1 mm/min until failure. The failure load (N)
was recorded digitally. SBS (MPa) was calculated using the formula 0 = P/A, where o is
SBS (MPa), P is the failure load (N), and A is the bonded area (mm?). Following SBS testing,
the fracture surfaces were analyzed under a digital microscope (USB Digital Microscope;
Shenzhen Northvision Technologies Co., Ltd., Shenzhen, China) at x50 magnification, and
the failure modes were recorded. Failure mode analysis was performed as an exploratory
descriptive assessment, and no inferential statistical comparisons were conducted for failure
mode distributions.

The statistical analyses were performed using NCSS software (Number Cruncher
Statistical System, 2007, Kaysville, UT, USA). Descriptive statistics (mean, standard devia-
tion, median, minimum, maximum) were computed, and data distribution was evaluated
using the Shapiro-Wilk test. Group differences were analyzed using the Kruskal-Wallis
test. Pairwise comparisons were performed with the Mann—-Whitney U test. The effect of
thermocycling on SBS within each group was also assessed using the Mann-Whitney U
test, with the significance level set at o = 0.05. A workflow diagram of the study procedures
is presented in Figure 1.
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Figure 1. Diagram representing the experimental workflow.
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3. Results

The median, minimum, maximum, mean, and standard deviation SBS values for all
materials before and after thermocycling are presented in Tables 2 and 3.

Table 2. Median (Med), minimum (min), maximum (max), mean and standard deviation (M + SD) of
shear bond strength (SBS) values for tested materials before thermocycling (MPa).

SBS (MPa) According to Surface Treatment

HF S50 S$110
. Med Med Med Med
Materfal — (vinMay MESD MinMay MESD MinMay MESD Minmay M ESD
149 A 6.7 Ab 13944 13442
Crowntec (9.1-21.5) 15.22 £ 3.36 (4.2-14.6) 8.04 & 3.56 (7.5-21.3) 14.53 £5.32 (8.8-19.3) 12.95 + 3.38
10.6 B 11.3 82 11.6 4 137 Aa
CRS (7.2-19.5) 11.66 + 3.69 (32-182) 10.37 £5.16 (7.4-16.6) 11.84 £2.49 (9.9-18.5) 13.49 +2.88
. 8.5Ba 132 B 12,149 15.24b
Alias (4.3-17.7) 9.49 +3.74 (5.5-20.96) 12.28 £5.77 (7.4-13.6) 11.00 £ 2.34 (11.4-21.6) 15.74 £ 3.76
8.6 B2 13482 9.9 Aa 9.5Ba
PC (5.3-13.6) 9.01 & 3.01 (7.3-21.5) 13.44 +5.16 (6.8-13.3) 9.87 +2.42 (4.9-18.4) 10.34 + 3.59
Different uppercase superscript letters within the same column indicate statistically significant
differences among materials under the same surface treatment.  Different lowercase superscript
letters within the same row indicate statistically significant differences among surface treat-
ments within the same material. = Values sharing the same letter are not significantly different
(p > 0.05), whereas values with different letters are significantly different (p < 0.05). Values are pre-
sented as median (minimum-maximum) and mean and standard deviation values. Crowntec: Crowntec;
CRS: CRS Composite; Alias: Alias Dental Crown; PC: Permanent Crown. C: control; HF: hydrofluoric acid etched;
550: 50 um Al O3 airborne-particle abraded; S110: 110 um Al, O3 airborne-particle abraded.
Table 3. Median (Med), minimum (min), maximum (max), mean and standard deviation (M + SD) of
shear bond strength (SBS) values for tested materials after thermocycling (MPa).
SBS (MPa) According to Surface Treatment
HF S50 $110
. Med Med Med Med
Material (Min—Max) Mean =+ SD (Min—Max) Mean £ SD (Min—Max) Mean =+ SD (Min—Max) Mean £ SD
14.7 Aa 18.0 4P 18.2 Ab 17.14b
Crowntec (8.1-19.6) 14.13 +3.62 (14.6-25.6) 18.53 + 3.04 (10.6-267) 18.38 + 4.83 (10.5-25.1) 17.55 + 4.42
12,149 17.8 4P 17.2 Ab 18.54b
CRS (7.5-20.4) 12.36 £ 2.90 (12.4-22.3) 17.90 £3.77 (11.8-23.6) 17.51 £ 3.40 (10.9-26.1) 17.60 £ 4.42
. 6.96 B2 2024 18.6 4P 18.6 AP
Alias (4.2-13.5) 7.35+254 (13.1-24.3) 19.74 £ 3.33 (10.4-25.9) 18.44 +£4.94 (10.4-25.9) 18.19 £ 3.25
93¢ 13280 17.1 Ac 13.6 5
PC (6.1-13.6) 9.69 + 1.94 (6.7-16.9) 13.20 + 2.88 (10.3-203) 15.57 + 3.42 (64-203) 10.93 + 4.32

Different uppercase superscript letters within the same column indicate statistically significant differences among
materials under the same surface treatment. Different lowercase superscript letters within the same row indicate
statistically significant differences among surface treatments within the same material. Values sharing the same
letter are not significantly different (p > 0.05), whereas values with different letters are significantly different
(p <0.05). Values are presented as median (minimum-maximum) and mean and standard deviation values. Crowntec:
Crowntec; CRS: CRS Composite; Alias: Alias Dental Crown; PC: Permanent Crown. C: control; HF: hydrofluoric acid
etched; S50: 50 um Al, O3 airborne-particle abraded; S110: 110 um Al,O3 airborne-particle abraded.

Before thermocycling, the Kruskal-Wallis test demonstrated that material type had a
statistically significant effect on SBS values in the C (p = 0.001, €2 = 0.33, 95% CI [0.16-0.56]), HF
(p=0.034, 2 =0.13,95% CI [0.01-0.39]), and S110 (p = 0.007, 2 = 0.21, 95% CI [0.04-0.51]) groups,
whereas no statistically significant effect was observed in the S50 group (p = 0.093, 2 = 0.07, 95%
CI [-0.04-0.40]). The Mann-Whitney U test revealed that Crowntec exhibited the highest SBS
values in the C group and the lowest SBS values in the HF group (p = 0.001). Statistically, PC
exhibited significantly lower SBS values in the 5110 group than all other materials (p = 0.001).
The Kruskal-Wallis test showed a statistically significant effect of surface treatments on SBS in
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both Crowntec (p = 0.001) and Alias (p = 0.016), while surface treatments showed no statistically
significant effect in CRS (p = 0.333) or PC (p = 0.152) groups. The results of Mann-Whitney U
testing showed that HF significantly decreased SBS values in Crowntec compared with the C
group, whereas airborne-particle abrasion procedures (550 and 5110) had no significant effect
on SBS values. 5110 significantly increased bond strength in Alias compared with the C group,
whereas the other surface treatments showed no significant effect.

For post-thermocycling, according to the Kruskal-Wallis test, material type had a
statistically significant effect on SBS values in the C (p = 0.001, €2 = 0.48,95% CI [0.24-0.74]),
HF (p = 0.001, €2 = 0.36, 95% CI [0.22-0.57]), and S110 (p = 0.001, &> = 0.28, 95% CI [0.08-0.54])
groups, while no statistically significant effect was observed in the S50 group (p = 0.378,
€2 =0.01,95% CI [—0.05-0.28]). The Mann-Whitney U test revealed that Alias exhibited the
lowest SBS values in the C group, followed by PC, Crowntec, and CRS. PC demonstrated
the lowest SBS values in the HF and 5110 groups (p = 0.001), with no statistically significant
differences observed in SBS values among the remaining materials. The Kruskal-Wallis
test demonstrated that surface treatments had a statistically significant effect on SBS values
in Crowntec (p = 0.048), CRS (p = 0.001), Alias (p = 0.001), and PC (p = 0.001). According to
the Mann-Whitney U test, HF, S50, and S110 surface treatments resulted in significantly
higher SBS values in Crowntec, CRS, and Alias compared with the C group (p = 0.001),
whereas no statistically significant differences in SBS values were detected among these
surface treatments. All surface treatments were associated with increased SBS values in
PC compared with the C group, with the highest SBS values observed following the S50
surface treatment (p = 0.001).

Thermocycling significantly increased SBS values in Crowntec following HF and S110
treatments, in CRS following HF, S50, and S110 treatments, in Alias following HF and S50
treatments, and in PC following S50 treatment (Table 4).

Table 4. Comparison of SBS values before and after thermocycling according to material and surface

treatment.
Val

Material p Yatues

C HF S50 S110
Crowntec 0.514 0.001 * 0.149 0.008 *
CRS 0.326 0.002 * 0.001 * 0.023 *
Alias 0.094 0.003 * 0.001 * 0.133
PC 0.551 0.686 0.001 * 0.908

Crowntec: Crowntec, CRS: CRS Composite; Alias: Alias Dental Crown; PC: Permanent Crown. C: Control; HF:
Hydrofluoric acid etched; S50: 50 pm Al,O3 airborne-particle abraded; S110: 110 pm Al,O3 airborne-particle
abraded. Asterisk (*): Statistically significant difference between before and after thermocycling groups (p < 0.05).
p values were obtained from Mann-Whitney U tests.

Failure mode findings were interpreted descriptively as exploratory observations.
Before thermocycling, failure mode analysis showed that cohesive fractures within the
restorative materials were the most frequently observed failure pattern in all experimental
groups, accounting for approximately 50-80% of the failures, independent of the surface
treatment applied (Figure 2). Adhesive failures occurred less often, generally ranging from
10% to 40%, with comparatively higher frequencies observed in the control and hydrofluoric
acid-treated groups. Mixed failure patterns were uncommon and were mainly detected
in the 5110 airborne-particle abraded groups, where they represented up to 15-30% of
the failures. Cohesive failures within the resin cement were rare across all groups and
consistently remained below 10%. After thermocycling, failure mode analysis demonstrated
that cohesive fractures within the restorative materials continued to be the most prevalent
failure type in all groups, accounting for approximately 45-75% of the observed failures
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(Figure 3). Adhesive failures were more variably distributed after aging, ranging from
20% to 60%, with clearly higher frequencies noted in the control groups. Mixed failures
were observed in all surface treatment groups and accounted for roughly 15-30% of the
recorded failures, with a modest increase noted in the airborne-particle abraded conditions.
Cohesive failures within the resin cement were uncommon and, in all groups, represented
less than 10% of the total failures. Representative failure types are shown in Figure 4.

100%
90%

80% 6 } ‘

0% 7 |

60%

50%

40%

30%

20%

10% I

o . e -

(o HF S50 Sll() S50 5110 550 5110 s10
L s

Percentage of Failures

Crowntec CRS Alias
B Adhesive I Cohesive (Resin) Cohesive (Material) Mix

Figure 2. Distribution of failure patterns before thermocycling. Crowntec; CRS: CRS Composite;
Alias: Alias Dental Crown; PC: Permanent Crown. C: Control; HF: Hydrofluoric acid etched;
550: 50 um Al,Og3 airborne-particle abraded; S110: 110 um Al,Oj3 airborne-particle abraded.

100%

90% |2 5 %]
e 3 4 a o
8
5 7% 3
3
& 60% g 12
S 50% 3 B
9
2 0% 8
£ 4
§ 30%
s l l I
a

10% N | H o

o4 HF S50 S110 HF S50 5110 HF S50 5110 vt HF S50 5110
Crowntec Alias
B Adhesive B Cohesive (Resin) Cohesive (Material) Mix

Figure 3. Distribution of failure patterns after thermocycling. Crowntec; CRS: CRS Composite; Alias:
Alias Dental Crown; PC: Permanent Crown. C: Control; HF: Hydrofluoric acid etched; S50: 50 pm
Aly O3 airborne-particle abraded; S110: 110 pm Al,O3 airborne-particle abraded.

Figure 4. Failure types of tested materials: (A) Adhesive; (B) Cohesive from resin cement; (C) Mixed;

(D) Cohesive from material.
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4. Discussion

In this in vitro study, material type and surface treatment significantly influenced the
SBS of SARC to additively manufactured definitive restorative materials. Accordingly, the
null hypothesis regarding the effects of material type, surface treatment, and thermocycling
on bond strength was rejected.

Water storage is a commonly used artificial aging method for assessing the degrada-
tion of resin-based materials. However, thermocycling simulates temperature changes in
the oral cavity to provide a more relevant measure of bond durability over time [34,35]. In
the current study, 10,000 thermal cycles were applied to half of the specimens, representing
approximately one year of simulated clinical aging [36]. The SBS test is a commonly used
method for evaluating the bonding performance of dental materials after different surface
treatments [16,28,29]. Since the masticatory forces in the oral cavity are predominantly
shear in nature, SBS test is considered a clinically relevant method [25]. Although tensile
bond strength tests theoretically provide a more uniform stress distribution, their reliability
may be compromised by factors such as specimen misalignment [37,38]. The findings of the
current study demonstrated that SBS values increased after thermocycling; however, the
control groups did not show any statistically significant increase. Thermocycling has often
been linked to hydrolytic degradation of adhesive interfaces, as previous studies attributed
thermocycling-related bond strength reductions to dimensional changes caused by ther-
mal expansion mismatch and water sorption of hydrophilic adhesive components [39-41].
However, other studies have reported an increase in SBS after thermocycling in resin-based
adhesive systems [31,42]. This increase in SBS after thermocycling in surface-treated groups
may be related to temperature-induced post-polymerization of the resin cements and
restorative materials, which can occur in those containing residual unreacted methacrylate
groups [31]. In addition, the SARC used in this study contains functional components
such as 10-methacryloyloxydecyl dihydrogen phosphate (10-MDP) and silane-containing
constituents. These components may help support interfacial stability through chemical
interactions with inorganic phases and copolymerization with methacrylate-based materi-
als. The long hydrophobic character of the alkylene component of MDP was suggested to
contribute to hydrophobicity, which may favor long-term bond durability [43]. In addition,
the silane content in SARC may facilitate chemical interaction with inorganic fillers and
improve surface wettability, which may potentially contribute to interfacial adaptation and
micromechanical retention [23]. However, since degree of conversion, interfacial chemistry,
surface morphology, and water sorption were not directly evaluated, these possible expla-
nations should be considered tentative and based on the previous literature rather than
direct findings of the present study [44].

The findings of the current study showed that both material and surface treatment
significantly affected the SBS values of additively manufactured definitive restorative
materials prior to thermocycling assessments in all groups except S50. This may indicate
that the 50 pm airborne-particle abrasion has a more neutral effect on the surfaces of
different materials which yielded similar SBS values in all tested groups [45]. In addition,
the materials were produced using different printing and post-processing conditions.
Therefore the observed differences cannot be attributed solely to resin composition or filler
content. They likely result from a combination of material formulation, printing technology,
and post-processing conditions.

In the present study, the Crowntec HF group showed the lowest SBS values compared
with the control and airborne-particle abrasion groups before thermocycling. The 9% HF
protocol was included as a commonly investigated chemical surface treatment; however, its
effectiveness was expected to be material-dependent [19,30]. Hydrofluoric acid dissolves
the glass matrix of the ceramic materials but it may not be as effective on resin-based
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restorative materials [46]. This may be related to the relatively high resin polymer content
of the material and lower inorganic filler content. Other than material composition, the
manufacturing workflow may have influenced the behavior of Crowntec, which was
fabricated using a DLP-based system and a specific post-polymerization protocol in the
present study. Ersoz et al. reported that both printer technology and surface treatment
significantly affected SBS. Their results showed that DLP-fabricated Crowntec showed
higher SBS values than SLA-fabricated Permanent Crown. This finding is consistent with
the present results, in which Crowntec generally exhibited higher SBS values than PC,
suggesting that the observed bonding performance may be related not only to material
formulation but also to the combined effects of printing technology and post-processing
procedures [19,47].

In addition, the Crowntec material contains barium glass, an inorganic component
which may respond less favorably to HF etching as reported by Niizuma et al. [48]. Consis-
tent with the present study, in previous articles, the SBS of CAD/CAM hybrid ceramic materials
was tested after airborne-particle abrasion and HF etching, and the results showed that HF
etching was not as effective as airborne-particle abrasion [44,49]. In the present study, after
thermocycling, the SBS values of the Crowntec HF group increased. One possible explanation
can be that the temperature changes during thermocycling may have contributed to additional
polymer network maturation at the bonded interface. Lankes et al. [31] tested the SBS after dif-
ferent surface treatments on the resin-based material and found that thermocycling significantly
improved the SBS values, similar to the results of the present study. In contrast Mao et al. [49]
studied different surface treatments on machinable and printable resin-based materials and
found that thermocycling did not show statistically significant differences on the SBS values.

In the literature, various alumina particle sizes have been investigated; however, opti-
mal airborne-particle abrasion parameters for 3D-printed definitive restorative materials
have not yet been established. The present study compared 50 pm and 110 um Al,O3
particles under standardized pressure, distance, and application time to allow controlled
comparison between the two alumina particle sizes. Although the airborne-particle abra-
sion parameters were standardized, the response to abrasion may differ among materials
because manufacturer recommendations and material compositions vary [50,51]. The re-
sults of this study showed that the PC 5110 group demonstrated lower SBS values both
before and after thermocycling when compared to the other materials with S110 surface
treatment. This may be attributed to the reduction in physical properties associated with
the use of larger alumina particle sizes during airborne-particle abrasion. This lower
SBS observed in PC group treated with 5110 may be influenced not only by particle size
but also by the interaction of its material composition and SLA-based fabrication and
post-processing workflow. Previous studies have reported that printing and processing
parameters can significantly affect bonding outcomes [19,47]. A previous study has shown
that increasing alumina particle size adversely affects physical properties of the resin-based
definitive restoration materials [33]. After thermocycling, the PC S50 group demonstrated
a statistically significant increase in SBS. This effect may be attributed to increased surface
roughness and disruption of C—C and C-H polymer chains, which may enhance the mi-
cromechanical interlocking and improves the wettability and penetration of the bonding
agent into the polymer matrix. In addition, free radicals generated by polymer chain
breakage may further strengthen chemical bonding with resin-based adhesive cements
through chain transfer reactions [52].

The results of the present study showed that the Alias S110 group exhibited signifi-
cantly higher SBS values when compared to the Alias C group before and after thermocy-
cling. This may be explained by the material’s resin matrix characteristics. A UDMA-based
resin matrix has been reported to exhibit lower maximum deformation and higher elastic
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recovery under identical loading conditions compared with Bis-EMA-based materials [33].
This characteristic may allow effective surface modification with airborne-particle abrasion
without substantial mechanical degradation, which may explain the favorable bonding
performance observed after S110 treatment.

Failure mode analysis was exploratory. The exploratory analysis showed a majority of
cohesive failures within the restorative materials both before and after thermocycling. This
may suggest that, in several groups, the apparent interfacial bond strength approached or
exceeded the cohesive strength of the tested restorative materials [53]. The higher incidence
of adhesive failures observed in the C and HF-treated groups before thermocycling indicates
that the surface modifications in these groups were less effective. In contrast, the increased
occurrence of mixed failures in the S110 groups may reflect a more balanced distribution of
stress between the adhesive interface and the restorative material. Cohesive failures within
the resin cement were rare, indicating that cement integrity was not the limiting factor in
bond performance. Overall, these findings are consistent with previous studies reporting
that surface treatments enhance durable bonding and shift failure patterns toward cohesive
modes in 3D-printed restorative materials following thermocycling [15,18].

The present study demonstrated that bond strength between SARC and additively
manufactured definitive restorative materials varied according to the type of restorative
material, as materials respond differently to similar surface treatments due to variations
in resin matrix compositions and the type and distribution of fillers. Selection of surface
treatments should therefore be guided by the specific compositional and structural charac-
teristics of the restorative materials. This material-dependent interpretation is supported
by recent evidence showing that the SBS of self-adhesive resin cements is influenced by
the specific cement-substrate combination, with different CAD/CAM ceramic systems
showing different bonding performance after aging [54]. This approach may achieve more
consistent adhesive outcomes and reduce the risk of interfacial complications such as
microleakage or debonding. In this context, material-specific surface treatment protocols
appear critical for ensuring the long-term clinical reliability of 3D-printed definitive restora-
tive materials. The tested materials differed not only in composition but also in printing
technology and post-processing protocols. Because each material was fabricated using a
different printer type and curing procedure, the observed differences should be interpreted
as reflecting commercial material-manufacturing systems rather than material composition
alone. It has been reported that printing and post-curing parameters can significantly
affect the mechanical properties and aging behavior of 3D-printed restorative materials.
Therefore, the findings of the present study likely reflect the combined influence of material
composition and manufacturing workflow [55,56].

This study has several limitations. The in vitro design cannot replicate the full com-
plexity of the oral environment, including saliva, pH fluctuations, masticatory forces, and
long-term degradation. Only one self-adhesive resin cement and a limited number of
surface treatment protocols were evaluated, which restricts generalizability. A critical
limitation is the absence of direct surface characterization after treatment. Bond strength
differences were discussed in relation to surface roughness, micromechanical retention,
wettability, and polymer matrix alteration; however, these mechanisms were not exper-
imentally verified and should be considered literature-based interpretations. Including
SEM imaging, contact angle measurements, and surface analysis in future research would
provide a much deeper insight into the findings. Furthermore, the tested materials differed
in composition and filler content as well as in printing technology, post-processing, and
post-curing conditions. This makes it difficult to attribute findings solely to material com-
position. Future studies should standardize these variables or evaluate identical materials
across different workflows to better isolate their individual effects.
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5. Conclusions

1. Within the limitations of this in vitro study, both material type and surface treatment
significantly affected the SBS of SARC to 3D-printed definitive restorative materials.

2. Airborne-particle abrasion generally improved bond strength and maintained adhe-
sion after thermocycling, whereas the effectiveness of hydrofluoric acid etching was
material-dependent and limited in resin-based materials.

3. Under the experimental conditions, thermocycling was not associated with reduced
bond strength in most surface-treated groups and, in some conditions, resulted in
increased SBS values.

4. These findings emphasize the significance of choosing appropriate surface treat-
ment protocols compatible with material composition to enhance bond strength of
3D-printed definitive restorative materials.
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