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ABSTRACT
Objectives: Universal adhesives (UAs) are marketed as versatile systems for both self-etch (SE) and total-etch (TE) 
modes. While their bond strength has been widely investigated, evidence linking fracture characteristics to bonding per-
formance remains limited. This study evaluated the micro-shear bond strength (μSBS) and failure patterns of three UAs 
applied in SE and TE modes, complemented by fractographic scanning electron microscopy (SEM) analysis.
Methods: Eighteen extracted human molars were sectioned to expose mid-coronal dentin and randomly allocated to SE 
or TE application. Three UAs were tested: Tetric N-Bond Universal, All-Bond Universal, and Single Bond Universal (SBU). 
Composite micro-rods (n = 72) were bonded, thermocycled for 500 cycles between 5°C and 55°C, and subjected to μSBS 
testing. Fracture surfaces were examined under SEM and classified as adhesive, cohesive, or mixed. Data were analyzed 

using two-way analysis of variance, Tukey post hoc test, and Spearman correlation (α = 0.05).
Results: In TE mode, SBU demonstrated the highest μSBS (p < 0.001), whereas no significant differences were observed 
among adhesives in SE mode (p > 0.05). SEM analysis revealed adhesive failures as interfacial fractures, cohesive failures 
with beach marks, and mixed failures involving crack propagation through both dentin and composite. Adhesive failures 
correlated negatively with μSBS (rs = –0.77), while mixed failures correlated positively (rs = 0.81).
Conclusions: Both the etching strategy and adhesive formulation significantly affect bond strength and fracture behavior. 
Fractographic SEM analysis provides critical insights into the mechanical reliability of UAs and informs their clinical ap-
plication.
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INTRODUCTION

The evolution of esthetic dental materials, paired with 

advancements in adhesive technology, has significantly 

reshaped restorative dentistry. Modern composites now 

offer not only lifelike color and translucency but also 

improved mechanical properties, allowing clinicians to 

restore both form and function with remarkable preci-

sion. Yet even the most visually seamless restoration de-

pends on one critical factor: the strength and reliability 

of its bond to tooth structure [1].

Universal adhesives (UAs), classified as eighth-gen-

eration bonding agents, were developed to streamline 

adhesive procedures while maintaining clinical effica-

cy. Marketed as multimode systems, they promise the 

strength of traditional total-etch (TE) adhesives with the 

simplicity and reduced technique sensitivity of self-etch 

(SE) systems [2]. These dual capabilities make them a 

practical choice in daily practice, especially when both 

speed and performance are desired.

In laboratory settings, the micro-shear bond strength 

(μSBS) test has emerged as a reliable tool for evaluating 

dentin–adhesive interfaces. Compared to macro-shear 

tests, μSBS offers a more consistent stress distribution 

and fewer internal flaws, thanks to its smaller bonded 

area [3,4]. Moreover, it allows for multiple specimens 

to be bonded on a single tooth, optimizing the use of 

biological samples and enhancing data precision [5,6]. 

However, μSBS alone provides only a quantitative as-

sessment of bonding performance and does not reveal 

the underlying mechanisms of failure. Fractographic 

analysis, examining the fracture surface post-debond-

ing, has long been a cornerstone in material failure stud-

ies. This technique reveals how a material fractured, of-

fering insight into the mode, speed, and origin of failure 

[7]. While clinical trials provide real-world performance 

data, they often fail to isolate the root causes of failure 

due to the oral environment's complexity. Controlled in 

vitro research, on the other hand, can focus on specific 

variables, making them ideal for analyzing the behavior 

of adhesives under different bonding conditions [8].

Despite its potential, the integration of fractographic 

scanning electron microscopy (SEM) analysis with μSBS 

testing remains largely unexplored in adhesive dentist-

ry. Our study uniquely combines these complementary 

approaches to provide both quantitative and qualitative 

evaluation of UAs, including statistical correlation be-

tween bond strength and failure mode. Therefore, this 

study aims to evaluate the mechanical performance 

and failure characteristics of three UAs applied in both 

SE and TE modes, using μSBS testing and fractograph-

ic SEM analysis to gain deeper insight into adhesive 

behavior at the dentin interface. The null hypothesis 

tested is that there will be no significant difference in 

bond strength among the UAs when applied in SE or TE 

modes.

METHODS

Study design
In this in vitro study, 18 extracted human permanent 

molars were utilized. Each tooth’s dentin surface was 

sectioned into four quadrants, with a composite cyl-

inder bonded to each quadrant, yielding a total of 72 

composite cylinders for μSBS evaluation. The sample 

size calculation was based on a power of 80% and α = 

0.05, in line with previous findings by El-Safty et al. [9]. 

This method enabled the testing of multiple compos-

ite cylinders on a single dentin surface, optimizing the 

use of extracted teeth [5]. Teeth were obtained from 

the Department of Oral Surgery, Faculty of Dentistry, 

Alexandria University, from patients aged 25 to 45 years 

and were extracted exclusively for periodontal reasons. 

Teeth presenting caries, cracks, restorations, attrition, 

abrasion, or erosion were excluded. Extracted teeth 

were thoroughly rinsed under running water, stored in 

a 0.01% (w/v) thymol solution at 4ºC for disinfection 

[10], and polished using pumice and rubber cups. Spec-

imens were subsequently stored in isotonic saline at 

room temperature, with the solution refreshed weekly 

to ensure hydration and minimize bacterial growth until 

testing [10].

Ethical approval was secured prior to the study by the 

Institutional Ethical Committee, Faculty of Dentistry, 

Alexandria University (No. 00010556-IORG 0008839). 

Informed consent agreement was obtained from all 

patients for undergoing an extraction treatment and for 

consent to the use of their teeth for research purposes.
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Preparation of dentin specimens
Each molar was vertically embedded in a rubber mold 

(14 mm internal diameter) containing auto-polymer-

izing acrylic resin, with 2 mm of the root left exposed 

beneath the cementoenamel junction (CEJ) [11]. The 

occlusal surfaces were sectioned with a fine-grit dia-

mond disc under continuous water irrigation to obtain 

a standardized mid-coronal dentin surface and gener-

ate a uniform smear layer, closely simulating clinical 

conditions [12,13]. The cutting disc was replaced after 

every four teeth to maintain efficiency. All surface 

preparations were performed by the same operator to 

minimize variability. After flattening, the specimens 

were removed from the molds and inspected under a 

stereomicroscope (Olympus Optical Co. Ltd., Tokyo, Ja-

pan) to verify the complete elimination of enamel. The 

prepared dentin samples were then randomly divided 

into two experimental groups according to the adhesive 

approach: SE and TE.

Adhesive and composite application
Each main group was divided into three subgroups 

(n = 12 specimens per subgroup) according to the UA 

employed: Tetric N-Bond Universal (TNBU; Ivoclar 

Vivadent AG, Schaan, Liechtenstein), All-Bond Univer-

sal (ABU; Bisco Inc., Schaumburg, IL, USA), and Single 

Bond Universal (SBU; 3M ESPE, St. Paul, MN, USA). In 

total, 12 composite micro-rods were bonded per adhe-

sive subgroup (four rods per tooth, using three molars). 

A summary of the UAs’ characteristics is provided in 

Table 1 [14].

For the TE subgroups, an additional phosphoric acid 

etching step was carried out before adhesive applica-

tion, strictly following the manufacturer’s instructions. 

Composite micro-rods were fabricated with polyeth-

ylene tubes (2 mm in height, 0.9 mm inner diameter, 1 

mm outer diameter) [5,6,9], which were filled with Filtek 

Z250 XT composite (3M ESPE). The tubes were placed 

perpendicularly onto the dentin surface and light-cured 

for 20 seconds using a light-emitting diode curing unit 

(Elipar S10; 3M ESPE) positioned directly against the 

surface to ensure optimal energy delivery, with an out-

put intensity of 1,200 mW/cm² [15,16]. After polymeriza-

tion, the polyethylene molds were gently removed with 

a No. 11 scalpel blade, leaving four bonded micro-rods 

per molar. All prepared specimens were stored in dis-

tilled water at 37°C for 24 hours before being subjected 

to thermocycling. Thermal cycling was performed in a 

custom-built apparatus for 500 cycles between 5°C and 

55°C, with a 5-second dwell time at each bath, to simu-

late intraoral thermal stresses [17].

Micro-shear bond strength testing
All 72 specimens were subjected to μSBS testing using 

a universal testing machine (Instron 3345; Instron, 

Norwood, MA, USA) fitted with a 500 N load cell and 

operated at a crosshead speed of 0.5 mm/min. A stain-

less-steel orthodontic wire loop (0.14 mm in diameter) 

Table 1. Universal adhesives tested in the study, with their respective manufacturers, batch number information, composition, pH, and ap-
plication mode
Adhesive Manufacturer (batch No.) Composition pH Self-etch (SE) protocol Total-etch protocol
TNBU Ivoclar Vivadent, Schaan, 

Liechtenstein (Z031JT)
HEMA, Bis-GMA, ethanol, 

10-MDP, methacrylated 
carboxylic acid polymer, 
camphorquinone, DMAEMA

2.5–3.0 Wash dentin 5 sec, blot dry 
(moist), apply 1 coat, rub 20 
sec, gentle air 5 sec until a 
stable film forms; light cure 
10 sec

Etch 15 sec, rinse 5 sec, blot 
dry, apply adhesive as per SE 
protocol

ABU Bisco Inc., Schaumburg, IL, 
USA (2100005314)

HEMA, 10-MDP, Bis-GMA,  
ethanol

2.5–3.2 Wash dentin 5 sec, blot dry 
(moist), apply 2 coats, rub 20 
sec, air dry 5 sec until a stable 
film forms; light cure 10 sec

Etch 15 sec, rinse 5 sec, blot 
dry, apply adhesive as per SE 
protocol

SBU 3M ESPE, St. Paul, MN, USA 
(2216500068)

HEMA, Bis-GMA, 10-MDP, 
2-propenoic acid, ethanol, 
water, polyalkenoic acid 
polymer, DMAEMA, filler, 
camphorquinone, silane

2.7 Wash dentin 5 sec, blot dry 
(moist), apply 1 coat, rub 20 
sec, air dry 5 sec until a stable 
film forms; light cure 10 sec

Etch 15 sec, rinse 5 sec, blot 
dry, apply adhesive as per SE 
protocol

TNBU, Tetric N-Bond Universal; ABU, All-Bond Universal; SBU, Single Bond Universal; HEMA, 2-hydroxyethyl methacrylate; Bis-GMA, bisphenol A gly-
cidyl methacrylate; 10-MDP, 10-methacryloyloxydecyl dihydrogen phosphate; DMAEMA, N,N-dimethylaminoethyl methacrylate.
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was carefully positioned at the base of each composite 

rod, in contact with the dentin surface, to apply a shear 

force parallel to the bonding interface (Figure 1). The 

μSBS values were expressed in megapascals (MPa) by 

dividing the maximum load at failure by the bonded 

surface area. Failure loads were recorded in newtons 

(N), and μSBS was determined using the formula ‘σ = 

F/A,’ where σ represents μSBS in MPa, F is the failure 

load in N, and A is the bonded surface area in mm2. The 

bonded surface area was calculated as A = πr2, where π = 

3.14 and r is the radius of each composite cylinder (0.9 

mm) [9].

Fractographic analysis via scanning electron microscopy
Following μSBS testing, tooth roots were sectioned at 

the CEJ using a diamond disc under continuous wa-

ter irrigation. The obtained dentin slices were gently 

air-dried to avoid dehydration and minimize the risk 

of extracting residual monomers or incompletely po-

lymerized oligomers from the fractured surfaces [17]. 

Each slice was mounted on a metallic stub and sput-

ter-coated with gold for 1 minute (JFC-1300; JEOL, To-

kyo, Japan). The fracture interfaces were then analyzed 

under a SEM (JSM-IT200, JEOL) operated at 25 kV, 

with magnifications ranging from ×100 to ×1,000, for 

detailed characterization and documentation. Failure 

modes were categorized based on fracture location into 

four types: adhesive failure (at the adhesive–dentin or 

adhesive–composite interface), cohesive failure in den-

tin, cohesive failure in composite, and mixed failure (a 

combination of adhesive and cohesive). The frequency 

and percentage distribution of each failure mode were 

recorded for all groups [18].

Statistical analysis
Data were analyzed using Stata/IC software ver. 13.0 

(StataCorp LLC, College Station, TX, USA). Mean and 

standard deviation were calculated for μSBS values. 

Normality of the data was confirmed using the Shap-

iro-Wilk test. A two-way analysis of variance (ANOVA) 

was performed to evaluate the main effects of adhesive 

system (TNBU, ABU, SBU) and etching mode (SE vs TE) 

on μSBS, as well as their interaction. Tukey honestly 

significant difference test was used for pairwise com-

parisons. Statistical significance was set at p < 0.05. Bar 

charts were generated to illustrate group comparisons. 

Spearman correlation was applied to examine the asso-

ciation between μSBS and failure mode.

RESULTS

Micro-shear bond strength assessment
Two-way ANOVA revealed that both the adhesive system 

and the etching mode significantly affected μSBS (Table 

2). The interaction between the adhesive system and the 

etching mode was significant (p = 0.00321). The mean 

μSBS values for the different adhesives under SE and TE 

modes are presented in Table 3. In SE mode, no signifi-

cant differences were observed among TNBU, ABU, and 

SBU (p > 0.05). In TE mode, SBU exhibited significantly 

higher μSBS compared with TNBU and ABU (p < 0.001). 

Within-adhesive comparisons showed that SBU demon-

strated a significant increase in μSBS when applied in 

TE versus SE mode, whereas TNBU and ABU showed no 

significant difference between the two etching modes.

FIGURE LEGENDS 

 

Figure 1. (A) Occlusal view of the resin cylinders. (B) Stainless-steel wire of the universal testing machine 

positioned perpendicular to the dentin–composite interface. 
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Figure 1. (A) Occlusal view of the resin cylinders. (B) Stainless-steel 
wire of the universal testing machine positioned perpendicular to 
the dentin–composite interface.

Table 2. Two-way analysis of variance for the effects of adhesive 
system and etching mode on micro-shear bond strength

Source of variation Degrees of 
freedom

Sum of 
squares

Mean 
squares F p-value

Etching mode (SE 
vs TE)

1 626.57 626.57 22.46 0.00001*

Adhesive system 2 504.35 252.17 9.04 0.00033*
Adhesive × etching 
interaction

2 349.84 174.92 6.27 0.00321*

F, F-statistic; SE, self-etch; TE, total-etch.
*p < 0.05, statistically significant.
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Failure analysis of debonded specimens
Fractographic evaluation of the fractured specimens 

showed that adhesive and mixed failures accounted 

for 45% of the overall failures each. Cohesive failures 

were observed in 10% of specimens and were limited to 

four subgroups. In the SE application mode, adhesive 

failures were more frequent, whereas in the TE mode, 

mixed failures were more frequent. The percentage dis-

tribution of failure modes across all subgroups is shown 

in Figure 2.

Correlation between the micro-shear bond strength 
and the failure mode
Spearman correlation analysis indicated a negative 

trend between adhesive failures and bond strength 

(rs = –0.77), as well as a positive trend between mixed 

failures and bond strength (rs = 0.81). Cohesive failures 

exhibited a weak positive trend with bond strength (rs = 

0.19). However, none of these associations were statisti-

cally significant (p > 0.05). The ABU subgroup under SE 

application demonstrated the lowest μSBS (12.83 ± 1.72 

MPa) with a predominance of adhesive failures (80%), 

whereas the SBU subgroup in TE mode exhibited the 

highest μSBS (26.94 ± 4.22 MPa) with a higher propor-

tion of mixed failures (80%) (Figure 3).

Fractographic analysis using scanning electron micros-
copy
Fractured composite–dentin interfaces were first exam-

ined under SEM at low magnification (×100) to locate 

relevant regions, followed by imaging of selected areas 

at higher magnifications (up to ×1,000). The analysis 

identified distinct morphological patterns: adhesive 

failures were marked by exposed dentin partially cov-

ered with residual adhesive; cohesive failures exhibited 

beach mark features within either dentin or composite; 

and mixed failures extended across the adhesive layer 

into both substrates, frequently presenting wavy fracture 

surfaces and arrest lines, suggestive of progressive crack 

propagation (Figures 4–6).

DISCUSSION

The μSBS test has been advocated as a reliable method 

for evaluating dentin–adhesive performance, providing 

more uniform stress distribution and fewer internal de-

fects than macro-shear testing due to its smaller bond-

ed area [19,20]. In this study, the null hypothesis was 

partially rejected. SBU exhibited significantly higher 

μSBS in TE mode compared to SE mode, whereas TNBU 

and ABU demonstrated comparable bond strengths 

across both strategies. This indicates that the influence 

of phosphoric acid etching depends on adhesive com-

position. The enhanced performance of SBU under TE 

conditions can be attributed to its specific formulation, 

which includes 10-methacryloyloxydecyl dihydrogen 

phosphate (MDP), a functional monomer that can 

chemically interact with hydroxyapatite to form stable 

MDP–Ca salts [21]. Phosphoric acid etching increases 

surface energy and exposes collagen fibrils, facilitating 

Figure 2. Percentage of failure modes in all study subgroups. TNBU, 
Tetric N-Bond Universal (Ivoclar Vivadent, Schaan, Liechtenstein); 
ABU, All-Bond Universal (Bisco Inc., Schaumburg, IL, USA); SBU, Sin-
gle Bond Universal (3M ESPE, St. Paul, MN, USA).
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Table 3. Comparison of all subgroups according to micro-shear 
bond strength values with pairwise comparisons
Adhesive No. of samples SE TE
TNBU 12 16.53 ± 6.14a 18.98 ± 7.84a

ABU 12 12.83 ± 1.72a 15.96 ± 3.98a

SBU 12 14.82 ± 5.61a 26.94 ± 4.22b

Values are presented as mean ± standard deviation.
TNBU, Tetric N-Bond Universal (Ivoclar Vivadent, Schaan, Liechten-
stein); ABU, All-Bond Universal (Bisco Inc., Schaumburg, IL, USA); SBU, 
Single Bond Universal (3M ESPE, St. Paul, MN, USA); SE, self-etch; TE, 
total-etch.
Superscript letters indicate statistical differences between SE and TE 
modes for each adhesive (different letters mean significant difference).
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greater monomer infiltration [22,23]. The presence of 

bisphenol A-glycidyl methacrylate and 2-hydroxyethyl 

methacrylate further improves wettability and pene-

tration into the demineralized dentin network [24]. In 

contrast, although TNBU and ABU contain functional 

monomers, differences in solvent type, monomer con-

centration, and pH appear to reduce their sensitivity 

to prior acid etching. These findings align with studies 

reporting that the use of UAs in TE mode does not neg-

atively impact dentin bonding and may even enhance 

performance in some formulations [25–27]. Overall, 

these results support the versatile application of UAs in 

both SE and TE modes, while recognizing that certain 

systems, such as SBU, may benefit more distinctly from 

phosphoric acid etching.

Failure pattern analysis further supported the μSBS 

findings. Non-etched dentin predominantly demon-

strated adhesive failures, whereas etched specimens 

exhibited higher proportions of mixed failures, sug-

gesting improved micromechanical interlocking and 

chemical adhesion after etching. Cohesive failures were 

uncommon, appearing in only six specimens. SEM con-

firmed a direct relationship between μSBS and failure 

mode: mixed failures were associated with higher bond 

 

 

Figure 4. (A) Scanning electron microscopy image showing fracture of the adhesive layer, exposing underlying 

dentin; failure likely initiated at the dentin–adhesive interface and propagated through the adhesive, indicating 

adhesive failure. (B) Higher magnification of panel A highlighting adhesive remnants on dentin with no 

composite traces. (A) ×100; (B) ×1,000. A, adhesive; D, dentin. 
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the dentin–adhesive interface and propagated through the adhesive, indicating adhesive failure. (B) Higher magnification of panel A highlight-
ing adhesive remnants on dentin with no composite traces. (A) ×100; (B) ×1,000. A, adhesive; D, dentin.

Figure 3. Correlation between micro-shear bond strength (μSBS) values and adhesive, cohesive, and mixed modes of failure.

 

 

Figure 3. Correlation between μSBS values and adhesive, cohesive, and mixed modes of failure. 

  

Ty
pe

 o
f f

ai
lu

re

μSBS (MPa)

Adhesive failure
Cohesive failure
Mixed failure



Bonding and fractography of universal adhesives

https://doi.org/10.5395/rde.2026.51.e12 7/11

strength, while adhesive failures dominated when μSBS 

values were lower, consistent with mechanistic obser-

vations reported by El-Safty et al. [9] and Sabatini [28]. 

Overall, the predominance of adhesive and mixed fail-

ures over cohesive failures aligns with prior studies by 

Luque-Martinez et al. [29] and Muñoz et al. [30] indicat-

ing effective resistance to interfacial crack propagation 

by the tested adhesives. Pre-etching increased mixed 

failures in SBU, confirming enhanced resin infiltration 

and stable MDP–Ca bond formation. TNBU and ABU 

showed less variation with etching, consistent with 

their comparable μSBS values. Differences from Firat et 

al. [31], who reported more cohesive failures in etched 

groups, likely reflect variations in adhesive chemistry 

and methodology. The occurrence of dentin pull-out in 

some specimens may lead to underestimation of true 

bond strength in μSBS testing, highlighting the impor-

tance of interpreting numerical results alongside fracto-

graphic and mechanistic observations [6].

Fractography serves as an essential tool for relating 

the stress at failure, the nature of the applied stress, and 

the dimensions of initial cracks and surrounding mi-

crotopography. Characteristic fractographic markings 

provide insight into failure mechanisms and support 

more accurate interpretation of adhesive behavior. As 

a well-established method for failure analysis, fractog-

raphy is based on the principle that the entire fracture 

history is recorded on the fractured surface of the tested 

material [32]. SEM was employed in this study for frac-

tographic evaluation, revealing the morphological fea-

tures of dentin and providing insight into failure modes 

and crack propagation. In cohesive failure micrographs, 

beach marks (or tide marks) were observed, which rep-

resent the incremental positions of a slowly advancing 

crack, reflecting intermittent or low-level stress within 

the dentin, as described by Van Meerbeek et al. [8]. Oth-

 

 

Figure 5. (A) Scanning electron microscopy (SEM) image showing a semicircular flaw (arrow), indicating 

cohesive failure within dentin. (B) Higher magnification of panel A revealing typical beach marks at the 

fractured dentin plane, with no composite observed. (C, D) SEM images of the marked area illustrating cohesive 

failure in both dentin and composite, with the fracture line propagating as a separating slope (arrow). (A, C) 

×100; (B, D) ×1,000. D, dentin; C, composite resin. 
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Figure 5. (A) Scanning electron microscopy (SEM) image showing a semicircular flaw (arrow), indicating cohesive failure within dentin. (B) High-
er magnification of panel A revealing typical beach marks at the fractured dentin plane, with no composite observed. (C, D) SEM images of the 
marked area illustrating cohesive failure in both dentin and composite, with the fracture line propagating as a separating slope (arrow). (A, C) 
×100; (B, D) ×1,000. D, dentin; C, composite resin.
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er micrographs indicated that when applied stress ex-

ceeds the material’s strength, cracks tend to propagate 

along paths of least resistance, often following dentinal 

tubules [33]. In such cases, cracks likely initiated at 

weak points along the composite–dentin interface and 

propagated into both dentin and composite, resulting in 

cohesive failure in both substrates. Analysis of the pres-

ent findings further suggests that specimens with higher 

bond strengths exhibited larger fractions of the frac-

tured surface composed of mechanically stronger ma-

terials, such as composite resin or dentin. This indicates 

that cohesive failure occupied a greater area in these 

specimens, consistent with observations by Hashimoto 

et al. [34].

In this study, the presence of separating slopes was 

classified as an indicator of mixed failure, reflecting 

cracks that propagated from the center of the composite 

microrod toward its periphery at varying depths, shal-

lower on one side, exposing the resin composite, and 

deeper on the other, exposing dentin. These patterns 

demonstrate the involvement of both adhesive and 

cohesive components. In multiple mixed-failure speci-

mens, the adhesive layer acted as the weakest link, with 

cracks propagating into both the composite and dentin. 

In some cases, shear forces produced layered separa-

tions within the adhesive region, indicating that bond 

failure was readily initiated in the adhesive zone. In con-

trast, adhesive-failure micrographs typically exhibited 

corner-initiated fractures, where failure likely began at 

the dentin–adhesive interface and progressed through 

the adhesive layer. Crack nucleation generally occurs at 

preexisting flaws within materials or at interfaces, such 

as scratches, voids, or inclusions, which act as stress 

concentrators under applied loads. The presence of 

wavy arrest lines in several specimens further reflected 

localized changes in crack trajectory and transient stress 

Figure 6. (A, B) Scanning electron microscopy (SEM) images of the marked area showing mixed failure mode extending from the adhesive into 
dentin and composite, suggesting the adhesive as the crack origin. (C) SEM image also showing mixed failure beginning with the adhesive and 
propagating into the dentin. (D) SEM of the square-marked area showing a wavy appearance of dentin with arrest lines indicating crack propa-
gation. (A, C) ×100; (B) ×500; (D) ×1,000. A, adhesive layer; D, dentin; C, composite resin.
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redistribution at the adhesive–dentin interface during 

rapid μSBS-induced fracture, rather than gradual crack 

propagation. These observations align with interfacial 

fracture-mechanics principles and recent reports by 

Călinoiu et al. [7] and Pfeifer et al. [35], demonstrating 

that crack initiation and propagation in bonded inter-

faces under shear loading are governed by interfacial 

heterogeneity, local stress intensity, and energy-release 

patterns. Overall, the observed differences in failure pat-

terns between SE and TE modes suggest that the etching 

strategy influences local stress distribution and interfa-

cial interactions, consistent with the μSBS outcomes.

Evaluation of bond strength should be complemented 

by failure mode and fractographic analyses to provide 

a comprehensive understanding of adhesive resin be-

havior. Higher μSBS values are generally associated with 

slower and more stable crack propagation, producing 

characteristic peaks and valleys indicative of cohesive 

features. Conversely, lower bond strengths typically 

correspond to rapid, unstable fractures and a predom-

inance of adhesive failure. These distinctions are con-

sistent with the observations of Hiraishi et al. [36], who 

reported clear morphological differences between spec-

imens exhibiting high and low bond strengths. More-

over, non-uniform stress distribution within the shear 

zone plays a significant role in shaping failure patterns; 

complex interfacial stresses can destabilize crack growth 

and contribute to the occurrence of mixed failures, as 

documented in earlier investigations [37–39].

A key strength of the present study is the combined 

use of conventional failure mode evaluation and 

high-resolution fractographic analysis, enabling de-

tailed visualization of crack initiation and propagation 

paths, providing mechanistic insights into adhesive per-

formance beyond simple bond strength metrics. How-

ever, some limitations must be considered. This in vitro 

study does not fully replicate the dynamic oral environ-

ment, where saliva, occlusal loading, biofilm, and pH 

fluctuations influence adhesive longevity. Only short-

term performance after thermocycling was evaluated; 

no assessment of long-term hydrolytic degradation was 

performed. Although the μSBS method offers consistent 

stress distribution, it does not simulate the complex 

multidirectional forces encountered clinically. The sam-

ple size was appropriate for statistical analysis, but it 

may limit broad generalizability. Finally, only three UAs 

were examined, and findings cannot be extrapolated to 

all commercially available formulations. Future studies 

incorporating long-term durability testing and expand-

ed fractographic evaluation are needed to further eluci-

date how UAs respond to etching strategies and interfa-

cial stresses.

CONCLUSIONS

Acid etching enhances the bonding performance of 

UAs, particularly SBU, resulting in predominantly 

mixed-failure patterns, whereas TNBU and ABU are 

less affected by etching. The integration of fractograph-

ic analysis with conventional failure mode evaluation 

and bond strength testing provides critical insights into 

crack propagation and interfacial integrity, offering a 

comprehensive assessment of adhesive behavior and 

guiding clinical application strategies.
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