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Chapter
Bonding Polycarbonate Brackets to Ceramic:

Effects of Substrate Treatment on Bond Strength

This chapter is in press for publication as:
Özcan, M., Vallittu, P.K., Peltomäki, T., Huysmans, M-Ch., Kalk, W.: Bonding
Polycarbonate Brackets to Ceramic: Effects of Substrate Treatment on Bond
Strength. American Journal of Orthodontics and Dentofacial Orthopedics, (in
press, 2003). (reproduced with permission of Mosby Inc.)
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ABSTRACT
This study evaluated the effect of five different surface conditioning methods
on the bond strength of polycarbonate brackets bonded to ceramic surfaces
with resin based cement. Six disc-shaped ceramic specimens (feldspathic
porcelain) with glazed surfaces were used for each group. The specimens in
each group were randomly assigned to one of the following treatment
conditions of the ceramic surface: (1) Orthophosphoric acid+primer+bonding
agent, (2) Hydrofluoric (HF) acid gel+primer+bonding agent, (3) Tribochemical
silica coating (SiOx, 30µm)+silane, (4) Airborne particle abrasion (Al2O3,
30µm)+silane, (5) Airborne particle abrasion (Al2O3, 30µm)+silane+bonding
agent. Brackets were bonded to the conditioned ceramic specimens using a
light-polymerized resin composite. All specimens were stored in water for 1
week at 37ºC and then thermocycled (1000 cycles, 5ºC-55ºC, 30 s). The shear
bond strength values were measured at a universal testing machine at a
crosshead speed of 1 mm/min. Silica coating together with silanization (13.6
MPa) exhibited significantly higher (P=0.01) results than those of
orthophosphoric acid (8.5 MPa). There was no significant difference (P=0.97)
between the bond strengths obtained after airborne particle abrasion with
aluminium trioxide particles followed by silanization (12 MPa) and HF acid
application (11.2 MPa) (ANOVA and Tukey`s test). While orthophosphoric acid
conditioning exhibited only adhesive failures of the luting cement from the
ceramic surface, other conditioning methods showed mixed type of failures.
Airborne particle abrasion with aluminium trioxide or silica coating followed by
silanization demonstrated the most favourable bond strengths. The type of
failures observed after debonding indicated that the critical parameter was the
strength of the adhesive joint of the luting cement to both the bracket and the
ceramic.
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INTRODUCTION

With the increased demand for adult orthodontics, the clinician is often faced
with the problem of luting brackets and retainer wires to metal-ceramic fixed
partial dentures, crowns, veneers or even full ceramic restorations.1-4

Recently, more esthetic and relatively invisible brackets have gained popularity
in orthodontics. These brackets are generally either polycarbonate or ceramic
and the latter are either mono or polycrystalline. Ceramic brackets can have an
epoxy or a polycarbonate base. The bases of polycarbonate brackets are
reported to be sufficiently flexible to allow plastic deformation at levels similar
to that of metal brackets.5-7 However, lack of durable bonding between the
brackets and ceramic restorations is still a major problem in adult
orthodontics.8,9 Because bonding in orthodontics is semi-permanent in nature,
bond strength should be high enough to resist accidental debonding during the
whole course of treatment but also low enough so that excessive force need
not be applied during debonding at the end of the treatment.10

In order to achieve sufficient bond strength of brackets to ceramics,
pretreatment of the ceramic surfaces is a prerequisite. Numerous options have
been suggested that were generally combinations of various mechanical and
chemical conditioning methods.11-15 Roughening of the surface is generally
regarded as compulsory for reliable bond strength.8,9,15 Etching the ceramic
surfaces with either orthophosphoric or HF acid followed by the application of
primer and bonding agent are recommended methods.16,17 The use of HF
acid in the laboratory may be recommended but it is hazardous in clinical use.
However, the failure rate on ceramic surfaces is still reported to be as high as
9.8% even when HF acid is used followed by silane application.4

Advances in silane coupling agents during the last two decades appear to
enhance the bond strength by promoting a chemical bond between the resin
composite and the ceramic. Silane molecules after being hydrolized to silanol,
can form polysiloxane network or hydroxyl groups to cover the silica surface.
Monomeric ends of silane molecules react with the methacrylate groups of the
adhesive resins by free radical polymerization. One system, in which silanes
are also used, is tribochemical silica coating that provides ultrafine mechanical
retention by airborne particle abrasion. The surfaces are abraded with 30 µm
grain size aluminium trioxide modified with silisic acid. The blasting pressure
results in embedding of silica particles on the surface rendering the surface
chemically more reactive to resin via silane. Silica coating has been tried in
different applications in dentistry.18-20 Although the literature contains many
reports on bonding of brackets to ceramic surfaces, this method has not been
widely investigated for bracket bonding purposes.21
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Review of relevant literature also indicates that little research has been carried
out to quantify the bond strength of polycarbonate brackets.22-25 Due to the
inert polycarbonate matrix of plastic brackets, adequate adhesion is difficult to
achieve.26,27 The manufacturing method of such brackets is based on injection
molding, where the dispersion of fillers in a polymer is forced into the mold at
controlled temperature. The fillers added to each plastic bracket are fairly well
distributed with a limited part of the filler exposed on the bracket surface. In
view of this component information, and since silanes are frequently used as
coupling agents to bond glass fillers to polymers, it was hypothesized that if
silica coating was as efficient as it was reported in other dental applications,
its use especially on the ceramic parts of restorative materials could be
considered as a conditioning method prior to bracket bonding.

The objectives of this study were twofold, namely to identify the effect of
five different surface conditioning methods on the shear bond strength of
polycarbonate brackets bonded with a resin composite luting cement to
ceramic surfaces that simulate ceramic restorations and to evaluate the failure
types after debonding.

MATERIALS AND METHODS

Thirty feldspathic ceramic specimens with a diameter of 6 mm and a thickness
of 2 mm (Shade A3, VMK68, Vita Zahnfabrik, Bad Säckingen, Germany) were
fabricated with glazed surfaces in disc forms according to the manufacturer`s
recommendations. Six specimens were used for each experimental group. Five
surface conditioning methods were assessed for the ceramic materials after
water storage and thermocycling. Table 1 summarizes the characteristics of
surface conditioning methods and manufacturing company names. Before
initiating the bonding procedure, the specimens were embedded in acrylic
resin blocks ensuring that one surface of the disc remained uncovered for
bonding procedures. The exposed surface of each specimen was cleaned for
10 min in an ultrasonic bath (Quantrex 90 WT, L&R Manufacturing, Inc.,
Kearny, NJ, USA) containing ethylacetate and then air-dried. Subsequently, the
specimens were randomly assigned to one of the following five conditioning
methods:
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Table 1. Characteristics of five surface conditioning methods to ceramic.

Conditioning principle Manufacturer

Method 1

Orthophosphoric acid (37%, 60 s) Ultradent® Ultraetch, South Jordan, USA

Primer Ormco, Glendora, USA

Bonding agent Transbond XT, 3M, USA

Method 2

Hydrofluoric acid (9.5%, 90 s) Ultradent Porcelain Etch, South Jordan, USA

Primer Ormco, Glendora, USA

Bonding agent Transbond XT, 3M, USA

Method 3

Air particle abrasion (30 µm aluminium trioxide, Korox, Bego, Bremen, Germany

250 kPa, 10 mm, 4 s)

Silane coupling agent 5 min ESPE-Sil, 3M ESPE AG, Seefeld, Germany

Method 4

Tribochemical silicacoating (CoJet®-Sand, 30 µm SiOx 3M ESPE AG, Seefeld, Germany

250 kPa, 10 mm, 4 s), 

Silane coupling agent 5 min ESPE-Sil, 3M ESPE AG, Seefeld, Germany

Method 5

Air particle abrasion (30 µm aluminium trioxide, Korox, Bego, Bremen, Germany

250 kPa, 10 mm, 4 s)

Silane coupling agent 5 min ESPE-Sil, 3M ESPE AG, Seefeld, Germany

Bonding agent Transbond XT, 3M, US

Surface conditioning methods

In the first group, the ceramic substrates were etched with 37%
orthophosphoric acid for 60 s. In the second group, 9.5% HF acid gel was
applied for 90 s and rinsed. After both etching procedures, the substrates were
washed and rinsed thoroughly to remove the residual acid and then air-dried.

In the third group, silica coating process was achieved using an intraoral
air abrasion device (Dento-PrepTM, RØNVIG A/S, Daugaard, Denmark) filled
with 30 µm SiOx (CoJet®-Sand), from a distance of approximately 10 mm at
a pressure of 250 kPa bar for 4 s.

In the fourth and fifth groups, airborne particle abrasion was performed
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using aluminium trioxide particles in the same device under the same
conditions with silica coating.

Bonding procedure 

Throughout the experiments, the bonding procedures were carried out by the
same operator (M.Ö.) in accordance with the manufacturer`s instructions. In
the acid etched groups, following the application of primer, bonding agent was
applied a thin layer, excess resin was removed with air and it was light
polymerized (Elipar, 3M ESPE) for 20 s according to the manufacturer`s
instructions. In the third and fourth conditioning groups, only silane coupling
agent was applied and allowed to evaporate for 5 min. In the fifth group,
bonding agent was applied in addition to aluminium trioxide and silane
application.

A total of 30 polycarbonate brackets designed for mandibular incisors
(Ormco Spirit MB, Glendora, USA) were bonded to each conditioned ceramic
surface with a light polymerized resin composite luting cement (3M Unitek,
Monrovia, CA, USA). The surface area for the bracket base was 10 mm2

according to the manufacturer. The bracket was placed onto the ceramic
surface using a bracket plier under manual control. Before light polymerization,
excess resin was removed from the bracket periphery and polymerization of
the luting resin was performed for 40 s from two directions. Light-intensity was
800 mW/cm2. The irradiation distance between the exit window and the resin
surface was maintained at 10 mm to obtain adequate polymerization.

Storage and testing procedure 

The specimens were first stored in water for 1 week at 37ºC and then
subjected to thermocycling (custom made by NIOM-Scandinavian Institute for
Dental Materials, Haslum, Norway) for 1,000 cycles between 5ºC and 55ºC in
deionised grade 3 water. The dwelling time at each temperature was 30 s.
Transfer time from one bath to the other was 2 s.

Specimens were mounted in a jig (Bencor Multi-T shear assembly,
Danville Engineering Inc., San Ramon, CA) of the universal testing machine
(Lloyd LRX, Lloyd Instruments Ltd, Fareham, UK) and a shear force was
applied to the adhesive interface until fracture occurred (Fig.1).The specimens
were loaded at a crosshead speed of 1.0 mm/min.

After debonding, the fracture sites were examined visually to determine
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the location and the manner of the failure and classified according to the
modified Adhesive Remnant Index (ARI) system of Årtun and Bergland.28,29

Ceramic specimens and the bracket bases were further examined under
scanning electron microscopy (SEM; Cambridge Instruments Streoscan,
Electron Microscopy Ltd) after debonding.

Statistical analysis was performed using SAS System for Windows,
release 8.02/2001 (Cary, NC, USA). Shapiro Wilk`s test was used to test the
normality of the data. The means of each group were analysed by one-way
analysis of variance (ANOVA) determine the significant differences between
the conditioning methods and Tukey`s test was used for multiple comparisons.
P values less than 0.05 are considered to be statistically significant.

RESULTS

The results of the shear bond strength test for five conditioning methods are
presented in Fig 2. Mean bond strengths for each group along with their
minimum, maximum  values, standard deviations and standard errors are
shown in Table 2. The data were normally distributed and variances were
equal in each five groups. ANOVA showed significant influence of the
conditioning methods on the bond strength values (P=0.03).

The highest bond strength of 13.6 MPa was obtained with silica coating
and silanization that was significantly higher than with phosphoric acid
treatment (8.5 MPa) that exhibited the lowest bond strengths (P=0.01).
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being submitted to a shear force.

binnenwerk  17-11-2003 11:13  Pagina 98



Bonding agent application did not increase the bond strength (10.9 MPa) when
compared with the group where only silane was applied after airborne particle
abrasion with aluminium trioxide (12 MPa) (P=0.93). There were no significant
differences (P=0.40) between HF acid (11.2 MPa) and phosphoric acid gel (8.5
MPa) treated group.

Table 3 displays a tabulation of the modes of failure for the brackets after
different surface conditioning methods. In the phosphoric acid etched group,
the brackets failed mainly at the ceramic/resin interface with all of the luting
cement remaining on the bracket base. In the HF acid treated group,
predominantly less than half of the composite was left on the ceramic surface
after debonding. In both airborne particle abraded groups, more than half of
the luting cement was left adhered to the ceramic surface and the bracket
base. On the contrary, in the silica coated group, luting cement was mainly
debonded from the bracket base being left adhered to the ceramic surfaces
with distinct impression of bracket mesh (Fig 3a-d).

No fracture in the body of the bracket was observed in any of the groups
tested, but two incidents of ceramic fractures after silica coating, one after HF
acid and one after air particle abrasion+silane treated group were
experienced.
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Fig. 2. Shear bond strengths after surface conditioning methods in thermocycled conditions.
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Table 2. Mean shear bond strength (X), minimum (Min), maximum (Max) values, standard deviations (SD), standard errors (SE)

and number of specimens (N) for each group.

Groups N X Min Max SD SE

Group 1 6 8.5 3.5 11.2 2.8 1.15364

Group 2 6 11.2 7.8 12.8 2.3 0.91860

Group 3 6 13.6 10.2 17.7 2.2 0.89329

Group 4 6 12 8.7 15.6 2.9 1.22155

Group 5 6 10.9 6.6 15.4 2.8 1.16226

Table 3. Modes of failure of polycarbonate brackets bonded with light-polymerized resin composite luting cement to feldspathic

porcelain after various surface treatments. All samples were stored in water for 1 week at 37ºC and then subjected to 

thermocycling for 1.000 cycles between 5ºC and 55ºC.

Adhesive Remnant Index Score

Dislodged† 0 1 2 3 Ceramic fracture

Orthophosphoric acid+primer+bonding agent - 6 - - - -

Hydrofluoric acid gel+primer+bonding agent - 1 4 - - 1

Tribochemical silicacoating+silane - - - - 4 2

Airborne particle abrasion+silane - - - 5 - 1

Airborne particle abrasion+silane+bonding agent - 1 - 5 - -

*Adhesive Remnant Index (ARI) 

score 0= no composite left on ceramic surface.

score 1= less than half of composite left.

score 2= more than half of composite left.

score 3= all composite left on ceramic surface, with distinct impression of bracket mesh.

†During thermocycling or testing
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DISCUSSION

Bonding of brackets to the ceramic substrates has two adhesion aspects:
adhesion of the luting cement to the conditioned ceramic substrate and
adhesion of the luting cement to the bracket base. In fact, there are a number
of other factors that might also influence bond strength such as the
architecture of the bracket base, the composition and elastic modulus of the
adhesive. In this study, brackets for the mandibular incisors were used due to
their flat bases that ensure optimal adaptation to the ceramic surface. The
bracket base used relied on entirely mechanical interlocking principle. No
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Fig. 3a Fig. 3b

Fig. 3a-d. SEM micrograph of a) the base of a debonded bracket after orthophosphoric acid

treatment. Note that the ceramic surface is devoid of the composite luting cement. b) the base of

a debonded bracket after airborne particle abrasion+silane. Note that more than half of the resin

is left adhering to the bracket base. c) the base of a debonded bracket after airborne particle

abrasion+silane+bonding agent. d) the ceramic surface following debonding after silica coating

and silanization. Note that all resin luting cement is left adhering to the ceramic with distinct

impression of bracket mesh.

Fig. 3c Fig. 3d
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conditioning or adhesive was used on the bracket base.
It has been frequently suggested that clinically adequate bond strength for

a metal orthodontic bracket to enamel should be between 6 to 8 MPa.2,3,9,10

The mean shear bond strengths of polycarbonate brackets to ceramic surfaces
achieved in this study do fall within this range or exceed these limits and
therefore could be considered sufficient for clinical applications.

Among the conditioning methods tested, conventional acid-etching with
37% orthophosphoric acid revealed the lowest values. It has been previously
proved that phosphoric acid is relatively ineffective for providing mechanical
retention on ceramics when they are used in combination with the resin
composite.9 Although in the phosphoric acid etched group, adhesive failures of
the luting agent from the ceramic surface was experienced after debonding,
the bond strength was higher than it was reported. The possible contribution of
the primer and the bonding agent may have had an impact on the results. This
may also be due to the differences in luting agent used. The least favourable
bond results were obtained with 8.5 MPa in this group but the type of failures
was desirable.

HF acid is well recognized to have hazardous effects in vivo since it was
found to be a harmful and irritating compound for soft tissues. Nevertheless, its
efficiency in improving the bracket bonding on ceramics has been widely
accepted.8,17,27 When the two acid agents were compared, higher bond
values were obtained in the HF acid treated group. This indicated that HF acid
was more effective than phosphoric acid in dissolving the crystalline and
glassy phase of the ceramic and therefore facilitates better micromechanical
retention however the results were not statistically significant.

In this investigation, no statistically significant differences were found in
the bond strengths between the two aluminium trioxide particle abraded group
followed by either only silane or bonding agent plus silane application. In a
recent study on the survival rate of the brackets on ceramic surfaces,
Zachrisson postulated that air-particle abrasion did not provide clinically
acceptable bond strengths when it was used in combination with a chemically
cured resin composite luting cement.4 In the case of aluminium trioxide
treatment, the silica layer is missing and therefore although this bond may be
considered clinically sufficient, it should require constant monitoring.

The recommended duration for air abrasion application was 2 to 4 s.5

Since it has been previously shown that variation within this time interval has
little effect on the bond strength,8,15 in this study, air abrasion was applied for
4 s. As the restorations generally remain in the mouth after debonding the
brackets, damage to the ceramic due to extreme roughening of the surfaces
during the pretreatment should be avoided. Longer application time might
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result in more material loss from the ceramic surface creating more roughness
than it is desired. Therefore, the duration of air abrasion still remains to be
investigated.

Tribochemical silica coating followed by silanization evidently enhanced
the bond between the ceramic surfaces and the luting cement. The silica layer
left by silica coating on the ceramic surface provides a basis for silane. In the
ceramic composite bond, silane functions as a coupling agent, which adsorbs
onto and alters the surface of the ceramic, thereby facilitating interaction.31,32 

One important requirement in bracket bond is that there should be no or
minimal risk of iatrogenic damage to the ceramic surface during debonding.
Failures at the bracket/composite interface could be expected to be more
favourable. No matter how one applies the load on a configuration that consists
of two different materials, the stresses at the interface will not be uniform. In
the orthophosphoric acid etched group, only adhesive failures of the luting
cement from the ceramic occurred. This demonstrates a weak connection
between the resin composite and the ceramic. In order to avoid ceramic
fractures at the time of debonding, Cochran9 suggested solely etching the
ceramic with HF acid, however there was also one incident of ceramic fracture
in this group.

In general, increased bond strength resulted in failures within the resin
such that some resin was left on both the bracket and the ceramic surfaces.
This was the typical case in air particle abraded groups. When bonding agent
was used after air particle abrasion, notably there were no cohesive failures
within the ceramic. Therefore, the cohesive failure occurred within the resin
with all or most of the resin remaining on both the ceramic and the bracket
base indicated the influence of the cohesive strength of the resin luting
cement.

Only in the silica coated and silanized group after debonding the resin was
predominantly left adhered on the ceramic surface. This type of failure in the
adhesive-bracket interface reveals the fact that the chemical bonding was
equal to or exceeded the mechanical retention provided by the bracket base
and the bond strength to the ceramic surface was greater than the cohesive
strength of the luting resin. When some remnants of the luting agent is left on
the ceramic surface, clinicians need to polish the ceramic surface.

Some studies reported that the use of silanes without removing the glaze
from the ceramic surface resulted in the least damage to surface with
acceptable bond strength values.1,25,33 In this study, no additional attempt was
made to remove the glaze. This study also did not deal with conditioning the
bracket base but this may be important for clinical performance.

Although in many in vitro studies, high bond strengths were obtained, in
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vivo failures of debonding are still being reported at a considerable rate.4 One
reason for this could be the differences between the experimental set-up in
various in vitro studies. Durability evaluation in wet environment is necessary
to judge the performance of adhesive interface. Most of the earlier studies
have included neither long-term water storage, nor thermocycling regimens
before testing.2,7,9,30,34 This makes it difficult to make a direct comparison
between previous studies and the present one in which 1000 thermocycling
was applied. When no or limited thermocycling was performed, high bond
strengths may be found that may not correspond to the chair side experiences.
Such studies might also offer figures that misinterpret the long-term in vivo
bond strength and therefore should be evaluated with caution. If the specimens
were only stored in water without thermocycling, the bond strengths to
ceramics, as well as the incidence of cohesive ceramic fractures were found to
be excessively high.2,11,27,35 Therefore the clinical relevance of some of the
previous studies appears limited. Since controversial findings exist in the
literature, whether longer periods of thermocycling regimens are needed
remains a matter of discussion.

Bond strengths are influenced by several other factors one of which is the
luting cement type. In many of the studies, a chemically polymerized, large
filler particle adhesive, namely Concise was used as a luting resin in
combination with metal brackets.4,8,12,16 In contrast to metal brackets, it is
possible to bond the polycarbonate brackets with light polymerized resin
composites that exhibit markedly less porosity than chemically polymerized
resins. In this study, heavily filled luting cement with inorganic filler content
varying from 67-80% in weight was used. Further investigations could also be
addressed with other resins.

The present study did not find an ideal conditioning method without
limitations. Because many factors affect the bond strengths of brackets,
caution must be exercised to understand the characteristics of the surface
conditioning methods in accordance with the cements and brackets to be
chosen when comparing in vitro studies and furthermore when extrapolating
the in vitro measurement to the clinics.

Recently, alternative methods for conditioning ceramics have been
developed, that may become important replacements of the conventional
methods. There are however insufficient clinical data available at this time to
predict the clinical performance, which also cannot be interpreted from in vitro
studies.
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CONCLUSIONS

Within the limitations of the present study, the following conclusions were
made:
1. Bond strengths of the polycarbonate brackets luted with resin composite

cement tested on the dental ceramics after surface conditioning
techniques varied in accordance with the conditioning methods.

2. By using air particle abrasion with aluminium trioxide for the ceramic
surfaces, the critical parameter was found to be the strength of adhesive
joint of the luting cement to the bracket rather than to the ceramic.

3. The air-particle abrasion either with SiOx or aluminium trioxide together
with silanization eliminated the need for acid etching, primer and/or
bonding agent applications with sufficient bond strengths.

4. The use of HF acid would be still appropriate for orthodontic reasons, if the
critical aspect was accepted to use this chemical agent intraorally.
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