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Abstract: The aim of this study was to investigate the viscosity and flow behavior of three
orthodontic bonding agents (3M, B&E and Morley) in relation to their time-dependent
shear bond strength (SBS) in the clinical application. All adhesives exhibited a non-
Newtonian, shear-thinning rheology where solvent viscosity reduction occurs and
increases in response to shear rate. The attributes of the flows were found to follow the
power law model which was applied on the study sites. Chemical structure and functional
groups in each adhesive were identified using Fourier-transform infrared spectroscopy
(FTIR) analysis. For Morley composite resin, adhesives exhibited the following
decreasing viscosity (at low shear rate) order: highest 3M, B&E, then Morley.
Nonetheless, at a greater shear rate (60 s™'), viscosity trends were reversed, as 3M and
B&E maintained their shear-thinning properties, and Morley sintered showing fully shear-
thickening behavior. In addition, SBS values were inversely correlated to viscosity, with
lower viscosity adhesives exhibiting higher bond strength. The viscosity measurements,
as well as the corresponding SBS results, showed good correlations with flow index (n)
and viscosity constant (k). These results delineate the importance of rheology in designing
the properties of orthodontic adhesives, which may be pivotal for obtaining the desired
outcome in terms of bonding and clinical performance, and ultimately viscosities similar
to that of the adhesive used in this study should be targeted.

Keywords: shear bond strength, rheology, non-newtonian fluids, orthodontic adhesives,
flow curve modeling.

1. INTRODUCTION

This is because the bond between the orthodontic brackets and the enamel must be
strong enough to obtain the therapeutic objectives of orthodontic treatment (Kiryk et al.
2025). The braces must be removed after the treatment period is over. Therefore, the
retainers must be able to withstand the forces applied to the orthodontic braces during the
treatment period without causing damage to the tooth after the separation process (Condod
et al. 2021; Yan et al., 2025). The assessment of adhesion strength serves as a standard
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procedure to evaluate the performance and reliability of dental adhesive materials (Kux et
al., 2022). The shear bond strength depends on various factors such as the drill material,
bracket type; adhesive, photo curing units and restoration materials have been reported
(Zaki et al., 2023; Sayed, 2025). variety of orthodontic adhesives are currently utilized for
securing brackets, bands, and other appliances. Composite adhesives are widely
preferred due to their superior mechanical performance, reduced failure rates, and
favorable aesthetic outcomes (Barkmeier and Cooley,1992). Among these, flowable or
low-viscosity composites have gained attention for orthodontic purposes. In these
composites, some fine-size particle hybrid concept is retained as in such hybrid-landed
composites while with reduced filler concentration, so lowing viscosity (Bilen and
Cokakoglu, 2020). Research indicates that dental resin composites can release certain
components — such as diluents (e.g., triethylene glycol Dimethacrylate or TEGDMA),
plasticizers (e.g., dicyclohexyl phthalate and bis(2-ethylhexyl) phthalate), and other
additives — which may compromise the stability of collagen and proteins in the oral
environment by enhancing enzymatic degradation. Additionally, TEGDMA has been
associated with mutagenic potential in vitro studies (Carreau, 1972; Cross, 1965). For this
reason, things that are easily dissolved or broken down chemically might not be good for
therapy. This is the reason why it is necessary to conduct an assessment of the possible
mechanical and characteristics of new adhesive materials in order to ensure that they are
biocompatible and behave in a secure manner within the oral cavity. There are variations
in viscosity and filler particle content among the orthodontic resins that are available for
commercial use (Par et al., 2025). Because of its flow characteristics and its capacity to
efficiently permeate enamel rods, the polymer component is an essential part of the
bonding process. For the purpose of adhering brackets to the enamel surface, it engages
in a synergistic relationship with orthodontic adhesives (Wiertelak-Makata et al., 2023;
Hussein and Yassir, 2024). Additionally, low-viscosity primers are able to facilitate better
adaptation to the enamel surface, which is an important role that the adhesive primer plays
in the process of optimising the interface between the enamel and the composite resin.
Mechanical interlocking, which is essential to bond strength, is improved as a result of this
(Kim et al., 2025). Using a primer with a lower viscosity allows for more uniform spreading,
which in turn increases the contact area and enables more precise bracket replacement
(Brantley and Eliades, 2001). Modifications to the monomeric and filler compositions of
adhesive resins and primers have resulted in significant advancements in the
development of superior adhesive resins and primers. At the interface between the
bracket and the tooth, the bonding effectiveness is directly influenced by the viscosity of
the adhesive (Sharifi et al., 2022). There is better followability is linked to deeper
penetration into enamel microstructures and stronger adhesion in general. this link was
found to exist. When compared to their counterparts with a higher viscosity, cements with
a low viscosity display a greater capacity to penetrate the pores of enamel (Aboujaoude
et al.,, 2022). Numerous researchers have used nanoparticles in an effort to enhance
adhesion qualities, which has been made possible by the development of nanotechnology
(Nikpour et al., 2021). Nanotechnology plays a vital role in the prevention of dental caries
via two mechanisms. The firstis to put in substances with properties that kill germs, such
as nanoparticles of zinc oxide (ZnO) and titanium dioxide (TiO2). The second type of
materials are calcium fluoride (CaF,) and Ca hydroxyapatite (Ca;q(PO4)s(OH)), which
provide F~ and Ca?* ions, respectively (Ahmadian et al., 2018). Hydroxyapatite particles
have a long history of use in the medical and dental professions (Hasan, 2021). Calcium
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hydroxyapatite NPs can create micropores in the enamel of teeth by releasing inorganic
ions (Priyadarsini et al.,, 2018). Tthe ions will seep between the leaflets and at
remineralization they are converted into hydroxyapatite crystals (Fierascu, 2022). In
addition, those nanoparticles have good antibacterial activity for the quick degrading
process and ion release and reactive oxygen species generation (Seyedmajidi et al.,
2018; Hwang et al., 2022). The purpose of this work is to study the relationship between
SBS and rheological characteristics (including shear viscosity, shear stress and flow type)
of orthodontic adhesives. Three commercial adhesives, 3M, B&E and Morley were
compared by a cone-plate viscometer. The major aim is to investigate whether predicting
shear bond strength using rheology parameters can be used as a low-cost, time-saving
and chairside test for the most suitable adhesive in clinical orthodontics.

2. MATERIALS AND METHODS
2.1. Materials Used

Table 1
Materials that used in this study.
Product Name Properties Country of manufacture
Unfilled primer, provides high
Transbond™ XT Primer bond strength, used with United States
Transbond Adhesive
Provides good bonding
B&E Light Cure Orthodontic strength, easy to use,

. . . South Korea
Primer compatible with most

reinforcing adhesives
It features convenient
Morley Orthodontic Primer working time and good China
bonding strength,

2.2. Specimens Preparation
A 2% modified micro-hydroxyapatite addition to dental adhesive was prepared according
to the following formula (Adnan and Agha, 2024).

Weight of micro-particles = Weight of adhesive x 2% (1)

The micro-hydroxyapatite particles were accurately weighed on an analytical balance and
mixed with adhesive in a lightproof room. The mixing was performed with a plastic spatula
on a glass slab to obtain a uniform color and smooth consistency. The modified adhesive
resin thus obtained was placed in a sterile disposable syringe and covered with black
tape to shield it from light (Hadi et al., 2025). The current ex vivo study was conducted
on 36 non-carious human premolar teeth extracted for orthodontic purpose. The extracted
teeth showed no evidence suggestions of caries, fluorosis, structural defects, fractures,
chemical bleaching previous history or surface wear. All specimens were cleaned until
residual soft tissue and any detritus was removed. The extracted teeth were kept in 0.1%
thymol solution at room temperature to simulate clinical conditions and to maintain
aseptic and dry sample storage. They were housed in sealed containers to prevent
leakage during storage or transport. Before bonding, the tooth surfaces were conditioned
with 37% phosphoric acid for 30 seconds to create surface roughness, followed by a 20-
second rinse with distilled water and air-drying until a chalky white appearance was
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observed. Three adhesive systems (3M, B & E and Morley) were also bonded to enamel
surfaces for 5 sec., air blasted for another 5 sec., and light cured for 30 seconds. The 2%
Cas(PO,)s(OH)(HA)/Morley resin composite was used to orthodontic brackets bonding
on the enamel surface. Both sides of the bracket were then light-cured for 60 seconds to
ensure total polymerization.

2.3. Characterization

2.3.1. Cone-plate Viscometer

The flow behavior was evaluated using a "BROOKFIELD" cone-plate viscometer at a
temperature of 25 degrees Celsius, two milliliters of each primer were withdrawn using a
syringe and placed in the device for testing.as shown in Figure 1a, b. This instrument
provides a uniform shear rate and enables direct measurement of initial normal stress.
Widely regarded as a standard tool for characterizing non-Newtonian fluids, the cone-
plate viscometer allows for straightforward calculation of shear stress and shear rate.
Using this device, both viscosity and flow curves of the adhesives were generated across
a range of shear rates.

3T
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)

o Q
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Where: R is the radius of the cone (m), T is the applied torque (N-m), Q is the angular
velocity (rad/s), a is the cone angle (rad), and y is the shear rate (s).

3Ta
K= ma )

Where y is the shear viscosity.

Fig. 1. (a) Cone-and-plate viscometer setup. (b) Schematic of cone-and-plate geometry.

2.3.2. Mathematical Models

Rheology lite for window, an app. for rheology analysis of the flow behavior of materials
was used to understand how the shear rate affects the viscosity of a non-Newtonian
material. This Rheology Lite for Windows software is created, programmed and published
by Sumanta Raha. Common viscosity models include the Cross model, Carreau model,
Carreau-Yasuda model, and the power law model were applied to the flow curves of the
three bonds. The following rheological properties of the material can be obtained
(Frankenberger et al., 2002).
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2.3.2.1. Zero Shear Viscosity

The limiting value of the viscosity of a material effectively at rest. This important parameter
helps us understand the storage stability of suspensions, the molecular weight of
polymeric materials, and the deformation behavior of materials under low stresses such
as brushing.

2.3.2.2. Shear Thinning Index n

A measure of non-Newtonian materials - how much its viscosity changes from low shear
conditions to high shear conditions. A value less than one means a shear thinning material
(i.e., the viscosity reduces as the shear rate increases), a value more than one means a
shear thickening material (i.e., the viscosity increases as the shear rate increases), and a
value equal one means a Newtonian material (i.e., the viscosity is constant irrespective of
the shear rate).

2.3.2.3. Infinite Shear Viscosity
For some shear thinning materials, the initial decrease in viscosity reaches a final constant
value at very high shear rates.

2.3.3. Fourier Transform Infrared Spectroscopy FTIR

Fourier Transform Infrared (FTIR) spectroscopy of the adhesive samples was conducted
using the KBr pellet technigue with a Type IR Affinity-1 spectrometer (Kyoto, Japan). Each
adhesive — 3M, B&E, and Morley — was mixed with potassium bromide (KBr) in a 1:10
mass ratio. The mixtures were finely ground, pressed into pellets, and mounted onto the
FTIR sample holder. The system aligned the reconstructed infrared beam with the
specimen and directed it toward the detector. FTIR spectroscopy operates by analyzing
the absorption, emission, or scattering of infrared radiation, enabling the identification and
quantification of functional groups in bimolecular structures. It is widely employed in the
characterization of biomaterials. Spectral data were recorded within the mid-infrared
range of 500 to 4000 cm™.

2.3.4. Shear Bond Strength (SBS)

Shear bond strength (SBS) is defined as the amount of force required to deboned an
orthodontic bracket from the tooth surface, normalized by the bracket’s base area. In this
study, SBS was assessed 24 hours after bracket placement at the University of Babylon,
College of Materials Engineering, Department of Polymer and Petrochemical Industries.
A universal testing machine as shown in the Figure 2 was employed, utilizing a chisel-
shaped blade positioned at the adhesive—tooth interface in an occlusion-gingival direction.
Force was applied at a crosshead speed of 0.5 mm/min until bond failure occurred. SBS
was calculated using the following formula: SBS (MPa) = Applied force (N) / Bracket base
area (mm?2) (Knox et al., 2000).
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Fig. 2. Shear bond strength test mechanism.

3. RESULTS AND DECISION

3.1. Rheology (Viscosity Curve and Flow Curve)

Viscosity curve shows the relationship between shear viscosity and shear rate, while flow
curve presents the relationship of shear stress and shear rate. Figure 3 displays the shear
viscosity profiles of the 3M, B&E, and Morley adhesive bonds over a shear rate range of
0 to 100s™" at 25°C. All three bonds exhibited non-Newtonian flow behavior. The 3M and
B&E bonds demonstrated shear-thinning characteristics, while the Morley bond showed
shear-thickening behavior.

—— B&E
—— Morley

200 -

150 -

100 -|

viscosity (Pa*®)

50 -|

0 I 50 I 160
Shear rate(s™)

Fig. 3. Shear viscosity profiles of 3M, B&E, and Morley adhesives at 25°C.

Viscosity curves for all bonds can be divided into three distinct zones. In the first zone (0—
10s™), the shear viscosity, molecular weight, and storage stability ranked from highest to
lowest as follows: 3M, B&E, and Morley. The second zone (10-60 s™), corresponding to
the brushing application range, revealed pronounced shear-thinning for the 3M and B&E
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bonds, whereas the Morley bond exhibited shear-thickening. In this zone, the viscosity
values were approximately 10 Pa-s for 3M, 30 Pa's for B&E, and 32 Pa-s for Morley. This
variation is attributed to the increasing shear rate during application. Finally, in the third
zone (60-100s7™), the viscosity of all three bonds approached an asymptotic value,
representing the infinite shear viscosity region.

Figure 4 illustrates that the shear stress of all three adhesives increases with rising shear
rate. The 3M and B&E bonds exhibit higher shear stress compared to the Morley bond,
which can be attributed to their differing viscosity behaviors, particularly around the
brushing shear rate of approximately 60 s™.
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Fig. 4. Flow curves of 3M, B&E, and Morley adhesive bonds at 25°C.

3.2. Non-Newtonian Mathematical Model (Curve Fitting)

The flow index (n) and viscosity consistency (k) for all adhesives were determined using
the Rheology Lite program, which applied Power Law, Herschel-Bulkley, Casson, and
Bingham models. Among these, the flow behavior of the adhesives best fit the Power Law
model. Table 1 presents the n and k values derived from the data shown in Figures 5, 6,
and 7. The Power Law Model:

n=k(y)n -1 ®)
T=k(y)" (6)
Where:
n- is viscosity (Pa. s).
7- is the shear stress (pa).
y- is the shear rate (1/s).

n- Flow index.
k- viscosity consistency.
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Fig. 7. Curve fitting of the flow behavior of Morley bond at 25°C.

Table 2
Flow index (n) and consistency coefficient (k) of the tested bonding agents.
Adhesive Flow index (n) Consistency index (K)
3M bond 0.558 2.4296
B&E bond 0.643 1.3332
Morley bond 1.26 0.090422

Table 2, show that the flow index n of 3M bond was 0.558. This suggests that the viscosity
is lower for greater shear rate, implying the bond becomes more fluid-like when stirred or
poured. K = 2.4296 suggests that with low shear rates, viscosity is high which shows a
thick texture at rest and becomes easier to flow with applied stress. The flow index of B&E
was 0.643 which is higher than 3M which means it is less viscous overall and K = 1.3332
constancy B&E viscosity lower than 3M, meaning less resistance to flow at low shear
rates. B&E has lower initial viscosity and is easier to flow than 3M under similar conditions.
Both bonds exhibit shear thinning behavior. Morley bond flow index of 1.26 was indicative
for a shear thickening (Dilatant) fluid. This also means that the viscosity increases with
shear rate, thus the bond becomes more solid-like when being agitated or strained. The
viscosity constant K was 0.090422, indicating low viscosity at rest. 3M is at its most
viscous when it remains still but, when stressed, flows readily. It is this that makes 3M
good for adhesives. B&E is similar to 3M but has less viscosity, and therefore better
suited for cosmetic purposes. Morley is the contrast to the other two; it exhibits thickening
under stress, making it useful for coatings or protective materials that are impact resistant.

3.3. FTIR

In Figure 8, the FTIR spectrum of the Morley bond shows a broad O—H/N-H stretching
region between 3757-3873 cm™ and strong C—H/C=0 peaks at 2926 and 1720 cm™. It
also exhibits multiple sharp peaks in the fingerprint region (600—1500 cm™), indicating the
highest bond energy absorption. The 3M bond displays O—-H/N-H stretching around
3400-3448 cm™ and C-H/C=0 absorptions near 2970, 2677, and 2075 cm™, with fewer
sharp peaks in the fingerprint region compared to Morley. In contrast, the B&E bond shows
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O—H/N-H stretching from 3749-3950 cm™, with generally lower peak intensities and most
absorptions occurring in lower energy regions.
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Fig. 8. FTIR spectra showing transmittance percentages for 3M, B&E, and Morley bonding

agents.

3.4. SBS

According to Table 3, the shear bond strengths of the 2% Cas(PO,);(OH)/Morley
composite using 3M, B&E, and Morley adhesives were 15 MPa, 13.65 MPa, and 11 MPa,
respectively. These results demonstrate that shear bond strength increases as shear
viscosity decreases and shear stress increases at a shear rate of 60 s™ — conditions that
simulate the brushing or application of the adhesive onto the tooth surface. The 3M
adhesive exhibited the highest shear bond strength and the lowest viscosity, suggesting
better flow and penetration into the composite. In contrast, the Morley adhesive had the
lowest bond strength and highest viscosity, indicating reduced flow and weaker adhesion
performance, this matches with (Al-Saleh et al., 2021).

Table 3
Shear bond strength of 2% Cas(PO,);(OH) composite with 3M, B&E, and Morley adhesives.
Name of Composites Shear bond strength
2% Ca5(P0O4)3(OH) adding to Morley 15 Moa
composite, with 3M bond P
2% Ca5(P0O4)3(OH) adding to Morley
. . 13.65M
composite, with B&E bond 3.65 Mpa
2% Cab5(P04)3(0OH) adding to Morley
. . 11 Mpa
composite, with Morley bond

As illustrated in Figure 9, which shows the failure surface after the adhesion test, it was
concluded that the effect of the 3M adhesive did not leave a trace on the tooth surface,
which reduces the problems caused by that effect after the end of the period of wear. The
amount of adhesive remaining on the tooth surface varied among the three tested bonds.
3M adhesive showed the least material remnants compared to B&E and Morley bonds,
and this matches with (Bukhari et al., 2025).
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Fig. 9. Adhesive residues on tooth surfaces after shear bond test where
2%Cas(P0O.)s(OH)/Morley composites was used and bonded with A) 3M Adhesive, B) B&E
Adhesive, C) Morley adhesive.

This trend is related to its lower shear viscosity what allowed it to penetrated deeper inside
the composite. Better penetration, on the other hand, increases adhesive contact between
the bracket and enamel surface, resulting in a relatively uniform stress distribution and
higher SBS. Therefore, the lower the viscosity, not only leads to better adhesive
performance but also less post-debonding residues which is advantageous for enamel
integrity and clinical use.

4. CONCLUSIONS

Primers with lower viscosity show better flow characteristics as well as better penetration
into the micro porosities of the etched enamel, resulting in a thinner and more uniformly
applied adhesive layer. This uniform distribution of the adhesive effectively eliminates
internal voids in the resin and allows for a better bond strength during the procedure and
a more efficient clean deboning. Also, we outlined that low viscosity products tend to leave
less residual adhesive on the enamel surface after the brackets are deboned. Thus, the
time necessary for mechanical resin removal (and with that the risk of iatrogenic enamel
loss) is less. These refinements further support the clinical significance of the rheological
observations and their consequences on the preservation of enamel.

In the present work, a new methodology for optimizing the orthodontic bonding system
was investigated by examining the correlation between the flow properties of adhesive
and shear bond strength. Viscosity curves and flow curves combined with mathematical
fitting by rheological models were used to examine this relationship. The
Cas(PO,.);(OH)/Morley (2% by mass) composite systems with 3M and B and E adhesives
all exhibited shear thinning (pseudo plastic) behavior, while that using Morley adhesive
showed shear thickening behavior. There was an interesting change of shear viscosity
as a function in shear rate, such that from the lower shear rate to 60 s™.

The shear viscosity went from 3M to B and E to Morley in order of lowest to biggest. A
reverse relationship between the viscosity and shear bond strength was found, hence a
lower viscosity allowed better adhesive penetration into the composite resulting in higher
bonding values. For all three adhesives, the Power Law model offered the best match.
The 3M adhesive exhibited the lowest degree of shear-thinning characteristics, based on
flow behavior index (n), and high consistency index (k) values consistent with being more
resistant to changes in viscosity. A higher k value was associated with increased bond
strength. FTIR testing revealed that adhesives with stronger O-H and N-H bonds had
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higher viscosity. Functional groups interact differently, impacting the rheological and
bonding properties of orthodontic adhesives.
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