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ABSTRACT 

 

 

 This study examined the effect of simulated oral and clinical conditions on the tie-

wing fracture strength of a polycrystalline and a monocrystalline bracket.  Fracture strength 

was measured for brackets as-received (control) and after 7- or 21-day exposure to phosphate 

buffered saline solution (PBS) with or without repetitive ligation.  Scanning electron 

microscopy was used for qualitative evaluation of the fractured brackets. 

 Based on a two-factor ANOVA and Dunnett’s post hoc test (  = 0.05), 

monocrystalline bracket tie-wing fracture strength was significantly decreased as a function 

of PBS storage over time with and without ligation, while there was no significant effect on 

the polycrystalline bracket tie-wing fracture strength.  With monocrystalline brackets, tie-

wing fracture origin appeared to differ between brackets exposed to repetitive ligation and 

those with no ligation.   

 The results suggest that monocrystalline bracket tie-wing fracture strength is more 

susceptible to degradation in the oral environment.   
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CHAPTER 1 

INTRODUCTION 

 

 There has been a trend for orthodontic appliances to become increasingly less 

noticeable.  In addition to a modern population that is conscious of appearance, a growing 

population of adult patients seeking orthodontic treatment has largely contributed to the 

demands for esthetic orthodontic appliances (Russell 2005).  Orthodontists are faced with the 

challenge of providing patients with an acceptable appliance from both esthetic and 

functional standpoints.   

 Multiple solutions to the demands for esthetic and functional appliances have been 

explored, but this has proven to be difficult as many of the most esthetic materials have been 

inadequate from a functional standpoint (Russell 2005).  Size reductions of stainless steel 

brackets have provided adequate technical performance, but esthetic benefits are minimal.  

Conversely, lingual braces provide an excellent esthetic benefit, but clinical efficiency and 

performance have been less than that with conventional braces.  Clear plastic aligners can be 

used to treat simple cases, but cannot accomplish difficult tooth movement needed in 

complex cases.  The use of esthetic brackets made of clear or tooth colored materials has 

been a popular option as many aspects of the clinical utility are the same as stainless steel 

brackets (Russell 2005). 

Ceramic and Other Orthodontic Brackets 

General 

 The function of the bracket in orthodontic treatment is to serve as an attachment to 

the tooth so that forces transmitted from a wire can be efficiently transferred to the 
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surrounding periodontium and produce tooth movement.  Functional components of the 

bracket include the base, slot and tie-wings.  The base is the location of the bond between the 

bracket and the tooth.  The bracket slot is a horizontal groove in the bracket where the 

archwire is inserted.  The tie-wings are projections around the slot used to secure the 

archwire in the bracket slot with metal or elastic ligatures.  Due to the general bracket 

morphology, mechanical stresses are often increased around the tie-wings and bracket slots, 

predisposing them to failure (Ghosh et al. 1995).  

Bonded stainless steel brackets have been the standard appliance used by most 

clinicians since the development of successful bonding techniques in the 1980s (Proffit et al. 

2007).  Stainless steel has proven to have nearly ideal mechanical properties, but is limited in 

its ability to provide an acceptable appearance for esthetically conscious patients due to the 

color discrepancy between the metal bracket and tooth structure.   

Esthetic Brackets 

 Options for patients seeking an esthetic alternative to metal alloys include polymer 

and ceramic brackets, both of which provide a much closer color match to tooth structure 

than stainless steel (Kusy 1998; Russell 2005).  Polycarbonate brackets have not 

demonstrated acceptable mechanical properties as the material tends to deform with the 

application of clinical forces (Harzer et al. 2004).  In dealing with deformation of 

polycarbonate brackets, manufacturers have attempted to reinforce the material with ceramic 

or fiberglass fillers and metal slots.  These modifications have improved the mechanical 

characteristics, but problems with slot deformation have persisted (Nishio et al. 2009).  Of 
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the esthetic brackets available for clinical use, ceramic brackets offer the best mechanical 

properties; these properties as well as limitations are described in the following paragraphs. 

Ceramics are materials which are first shaped and then hardened by heat.  Examples 

of ceramics include clays, glasses, some precious stones and metallic oxides (Swartz 1988; 

Birnie 1990).  The majority of the ceramic brackets in clinical use are manufactured from 

aluminum oxide (Al2O3) also known as alumina (Swartz 1988).  In comparison to stainless 

steel, the primary advantage to using alumina for orthodontic brackets is the esthetic 

improvement of a close color match between tooth structure and bracket.   

 Alumina brackets available for clinical use are classified as either polycrystalline or 

monocrystalline.  Polycrystalline alumina is a multicomponent material formed through 

sintering.  Sintering is the process where aluminum oxide grains are mixed with a resin 

binder into a desired shape and heated to temperatures in excess of 1800˚C.   During 

sintering, the alumina grains increase in size from approximately 0.3 microns to 20-30 

microns and most of the binder is burnt out (Swartz 1988).  The product is a ceramic 

characterized by alumina grains bound together by the remnants of the binder called the 

intergranular structure.  Polycrystalline brackets are manufactured by machining the alumina 

to specific dimensional requirement after sintering (Swartz 1988; Viazis et al. 1993).  

Machining damages the bracket surface which weakens the material by creating stress 

concentration sites (Kusy 1988).  The most common defects observed in polycrystalline 

brackets are surface pores produced by pluck-out of the alumina grains (Kusy 1988).  The 

manufacturing process needs to be carefully controlled as the size of the alumina grains and 

the presence of impurities in the binder can negatively affect mechanical properties.  
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Mechanical properties decline as the grains become larger than 30 microns and impurities in 

the binder have been found to be susceptible to corrosion (Swartz 1988; Naito et al. 2001).   

 Monocrystalline brackets are manufactured through carefully controlled cooling and 

crystallization of a liquid mass of alumina heated in excess of 2100˚C (Swartz 1988).  The 

product of the process is a single alumina crystal that can be milled into the dimensions 

specified for each bracket (Swartz 1988).  The surfaces of monocrystalline brackets are 

smooth in contrast to the rough and porous surfaces of polycrystalline brackets and therefore 

contain fewer stress concentration sites (Viazis et al. 1993).  Because monocrystalline 

alumina is composed of a single component, impurities and variations in grain sizes do not 

contribute to material weakness as they do in polycrystalline alumina.  

Despite the esthetic appeal of ceramic brackets, there are several properties which 

render them problematic.  From a manufacturing perspective, ceramic brackets are more 

difficult to produce compared to metal brackets (Birnie 1990). From a clinical perspective, 

ceramic brackets have several disadvantages.  Monocrystalline alumina is almost nine times 

harder than enamel and stainless steel, and while the hardness imparts a clinical benefit as the 

brackets exhibit resistance to deformation, it confers a major disadvantage in that these 

brackets can cause severe enamel wear (Viazis et al. 1989; Viazis et al. 1990).  Other 

disadvantages of ceramic brackets in comparison to stainless steel are:  an increased risk of 

damage to enamel during debonding, have higher frictional coefficients, more bulk material 

required to compensate for material limitations, and propensity to fracture under clinically 

induced stresses (Gibbs 1992; Karamouzos et al. 1997).    
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Ceramic Bracket Fractures 

Because the bracket serves as the attachment to transfer orthodontic forces to the 

tooth, it is vitally important that brackets be able to withstand force application for the 

duration of treatment.  Clinicians have reported multiple problems with ceramic brackets, but 

the most common complaint is premature fracture of the tie-wings (Gibbs 1992).    

Bracket fractures during the course of treatment pose a problem to both patients and 

orthodontists.  From a patient perspective, bracket failure results in potential for increased 

treatment time, compromised outcome, inconvenience, and health risks should fragments be 

aspirated (Skidmore et al. 2006).  In addition to all the above mentioned potential problems, 

the orthodontist is also burdened with the increased expense of replacement.  Little can be 

done to improve the mechanical properties of current ceramics.   

 Like all materials, the mechanical properties of ceramics stem from the nature of their 

chemical bonds.  The ductility of metals is owed to metallic bonds which permit molecular 

shifting to occur under stress, thus allowing for a considerable amount of plastic deformation 

to occur prior to catastrophic failure.  In contrast, ceramics are characterized by highly 

localized ionic and covalent bonds which do not allow for molecular flexibility.  Ceramics 

show very little elastic deformation under stress, instead, fracture occurs when stresses 

surpass a critical level (Swartz 1988; Flores et al. 1990).  The elongation of ceramics at 

fracture is approximately 1% compared to 20% for stainless steel (Scott 1988; Karamouzos 

et al. 1997).  Thus fractures of metals are characterized by ductile fracture and ceramics by 

brittle fracture.  In clinical situations where stainless steel brackets will deform, but not 
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fracture in the presence of excessive force, ceramic brackets fracture and require immediate 

attention (Flores et al. 1994). 

The mechanism of fracture differs between polycrystalline and monocrystalline 

alumina.  This is due primarily to the surface characteristics and material composition of 

each.  The surface of polycrystalline alumina appears rough on Scanning Electron 

Microscope (SEM) images (Kusy 1988).  The roughness is due to the granular nature of the 

material and the presence of surface pores formed through pluck-out of alumina grains (Kusy 

1988).  Surface pores and other flaws reduce the fracture strength of the material by 

functioning as stress concentration sites (Kusy 1988; Johnson et al. 2005).  Defects known as 

subcritical cracks are often found in association with these material flaws (Naito et al. 2001).   

A subcritical crack may eventually lead to catastrophic failure of the material by functioning 

as the location of further crack propagation (Swartz 1988).  Cracks tend to proceed through 

the intergranular structure once they have formed as this is the path of least resistance in 

polycrystalline alumina (Kusy 1988).  After subcritical cracks reach a certain size, material 

failure is likely with the application of stress. (Scott 1988). 

Conversely, SEM examination reveals that the surfaces of monocrystalline brackets 

are smooth, conferring higher fracture strengths upon the material as the surface is not 

characterized by microflaws and stress concentration sites (Flores et al. 1990).  

Monocrystalline brackets do not contain alumina grains or intergranular structure and do not 

fracture according to an intergranular mechanism.  These material characteristics are 

responsible for a tensile strength of monocrystalline brackets that is reported to be over four 

times that of polycrystalline brackets (Birnie 1990; Johnson et al. 2005).  
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Beyond the limitations of the material, there are additional factors that affect ceramic 

bracket fracture strength.  These factors include bracket morphology, external forces, 

processing imperfections, scratches and damage incurred through treatment and the oral 

environment.   

Bracket Morphology 

Primary among morphologic contributions to bracket fracture strength are material 

thickness and abrupt changes in geometry.  Both factors play a role in determining fracture 

strength of an individual bracket as they can impart increased fracture susceptibility to the 

application of orthodontic force by reducing the bulk of material at a site or concentrating 

stress.   

In a study evaluating contributions of bracket design to material performance, 

brackets with an isthmus connecting the tie-wings were strengthened by better stress 

distribution in comparison to brackets without an isthmus (Ghosh et al. 1995).  The 

incorporation of an isthmus and the added material bulk helped dissipate stress and 

contributed to increased fracture resistance (Ghosh et al. 1995; Johnson et al. 2005).  

Partially due to reduced material bulk at the tie-wings, true-twin brackets without an isthmus 

tend to concentrate stress, predisposing those locations to fracture (Ghosh et al. 1995).    

According to a computer model, application of secondary and tertiary wire activations 

to ceramic brackets produced high stress levels at areas of abrupt changes in bracket shape 

(Ghosh et al. 1995).  Brackets that were designed with sharp angles concentrated stress, 

whereas brackets with rounded angles distributed stresses (Ghosh et al. 1995).  Although 

important information can be gained from tests on raw materials, the contribution of 



 

 

8 

morphology to the fracture strength of a specific bracket design requires that clinically 

meaningful tests be performed on the brackets and not raw materials. 

External Forces 

External forces can be considered to act upon brackets through the intentional 

application of orthodontic forces and normal oral forces.  Ceramics can fracture when 

exposed to prolonged loads that are below the critical stress required for fracture, and this is 

termed delayed failure.  If the load is applied and removed cyclically, it is called cyclic 

fatigue (McCauley 2004).  Ceramic fracture is often preceded by the formation and growth of 

subcritical cracks (McCauley 2004).  Subcritical crack growth often occurs at stress levels 

below the critical stress required for material fracture.  Subcritical crack growth is 

accelerated by applied stress and chemical interactions of the environment with stressed 

bonds at the crack tip.  This interaction is termed stress corrosion cracking.  Removal of 

either the external load or the reactive environment will help prevent crack growth according 

to the stress corrosion cracking model (McCauley 2004). 

Bracket failure according to a cyclic fatigue model can occur with orthodontic force 

application from archwire activations.  The forces applied to the bracket vary as the tooth 

moves and are oftentimes adjusted by the clinician at subsequent appointments.  Several 

studies have indicated that the fracture strength of ceramic bracket tie-wing complexes can 

be surpassed with wire adjustments to correct tooth positioning, but such force levels are 

beyond clinically acceptable magnitudes needed for efficient tooth movement (Holt et al. 

1991; Rhodes et al. 1992; Lindauer et al. 1994; Aknin et al. 1996).  Fracture of maxillary 

central incisor ceramic brackets was found to occur between 3706 gm-mm and 9316 gm-mm, 
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which is more than the estimated moment of 1000 gm-mm to 3500 gm-mm required to 

torque maxillary incisors (Holt et al. 1991; Aknin et al. 1996).  Despite this finding, 

clinicians are consistently reporting problems with ceramic bracket fracture and activations 

of rectangular wire to correct torque are suspected as a primary cause (Gibbs 1992; 

Karamouzos et al. 1997).  From a loading perspective, this discrepancy suggests that 

clinicians are either applying more force than necessary to move teeth and surpassing the 

fracture strength of the material, or delayed failure is occurring with prolonged force 

application and subcritical crack growth.   

Material Imperfections and Damages 

Surface imperfections introduced through manufacturing and clinical use contribute 

to reduced fracture strength by functioning as stress concentration sites and potential 

locations of subcritical crack growth.  This is important because propagation of a crack 

beyond a critical level will lead to material failure with the application of stress (Scott 1988). 

Manufacturing Damage   

Defects produced through the manufacturing process commonly include pores and 

machining interferences, and both can dramatically reduce the fracture resistance of ceramic 

brackets (Viazis et al. 1993).  A study linking the fracture strength of polycrystalline alumina 

to the density of large pores in the material discovered that the alumina with the highest 

density of pore defects had the lowest fracture strength (Naito et al. 2001).  Furthermore, the 

largest pores were found to be responsible for the origins of the fracture leading to failure 

(Naito et al. 2001).  Internal pores were the most common primary cause of failure in a study 

examining the fracture modes of single crystal brackets (Viazis et al. 1993).  Although these 



 

 

10 

factors cannot be controlled by the clinician, such defects are present in ceramic brackets and 

are thought to contribute to premature failure. 

Clinical Damage 

The clinician can inadvertently introduce surface defects through instrumentation of 

brackets during the course of treatment.  Due to the brittle nature of ceramics, surface flaws 

have the potential to reduce dramatically the fracture strength of ceramic brackets, whereas 

the same flaw on a metal surface has little or no effect (Scott 1988; Naito et al. 2001).   

The effect of introduced surface damage on the fracture strength of polycrystalline 

and monocrystalline brackets was studied previously (Flores et al. 1990).  Interestingly, 

polycrystalline and monocrystalline brackets do not respond the same to surface damages.  

Experimentally introduced cuts in the base of the bracket slot were found to produce 

significant reductions in the mean fracture strengths of monocrystalline alumina brackets of 

approximately 20-47% of the control brackets that were not scratched (Flores et al. 1990).  In 

comparison, polycrystalline brackets maintained approximately 98% and metal brackets 

120% of the non-scratch strength (Flores et al. 1990).  The difference in response to surface 

damage is due to the intergranular structure of polycrystalline alumina functioning as an 

interference to crack propagation (Flores et al. 1990).  After a crack is formed in 

monocrystalline alumina, the defect propagates through the material without interruptions as 

there is no intergranular structure to inhibit the propagation. 

No study has examined potential contributions to ceramic fracture produced by 

normal clinical manipulation, such as repetitive ligation and ligature removal with sharp 

stainless steel instruments.  In a previous study, a uniform cut was made with a rotary 
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diamond cutting disk along the base of the bracket slot (Flores et al. 1990).  Although the 

study demonstrated notable differences in the way ceramic brackets respond to surface 

damages, the cuts introduced to the experimental brackets could not be considered to be an 

accurate representation of damages that may occur during orthodontic treatment.  The 

contribution of normal clinical use on the fracture strength of ceramic brackets is therefore 

presently unknown.  

Corrosion 

Alumina Corrosion 

The oral environment contributes to reductions in ceramic bracket fracture resistance 

through the process of corrosion.  Corrosion can be defined as a chemical interaction of a 

material with its environment that generally produces a deleterious effect (McCauley 2004).  

Alumina, being a material composed of ionic bonds is susceptible to corrosion in polar 

solvents.  The Al-O bond reacts with polar water molecules and other ions dissolved in 

solution.  The reaction is controlled by a dissociative chemisorption of electron donor/proton 

donor species at the Al-O bond (Michalske et al. 1986).   

In general, corrosion of ceramics with acidic character is accelerated in basic 

solutions and corrosion of ceramics with basic character is accelerated in acidic solutions.  

Alumina is amphoteric, containing both acidic and basic components, and as such could 

exhibit susceptibility to corrosion in environments with a wide range of pH (Fang et al. 

1997).  In a study evaluating the fracture resistance of several ceramics used for industrial 

purposes, alumina was found to have the lowest corrosion resistance when exposed to an acid 
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mixture of 1.5% HF and 5% HCl (Fang et al. 1997).  Corrosion and slow crack growth of 

alumina also occurs within neutral solutions (Barinov et al. 2000).  

In addition to aqueous effects, the ionic composition of the environment has been 

found to contribute to alumina corrosion.  Crack propagation rates of monocrystalline 

alumina rods were investigated after exposure to Ringer’s solution, an isotonic solution of 

sodium chloride, potassium chloride, calcium chloride and sodium lactate that is similar to 

the ion concentrations found in blood (Asoo et al. 2000).  Under cyclic stress testing 

conditions, the monocrystalline rods tested in Ringer’s solution showed an accelerated 

subcritical crack growth rate in comparison to rods tested in a humid environment (Asoo et 

al. 2000).  Degradations in fracture strength to approximately 50% of the strength observed 

in air were measured following exposure of monocrystalline alumina rods to an isotonic 

NaCl solution (Kimura and Takubo 2000).  Statistically significant reductions in fracture 

strengths of monocrystalline bracket tie-wings were observed following exposure to 

experimental fluoride treatments (Sanchez et al. 2008).  Brackets exposed to deionized water 

had a mean fracture strength of 248 MPa whereas brackets exposed to the experimental 

fluoride treatments had a mean fracture strength of approximately 190 MPa, a 23% reduction 

in fracture strength  (Sanchez et al. 2008).  Strain between the Al-O bond of the alumina was 

hypothesized to result from a reaction between both the fluoride and chloride ions in solution 

as they are both highly electronegative ions capable of interacting with an ionic bond 

(Sanchez et al. 2008).  The decreased fracture strength of alumina following exposure to 

physiologic concentrations of selected ions is important because these ions are present in 

saliva, dispersed within an aqueous media with a highly variable pH.    
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Intergranular Corrosion 

The corrosion process can target sintering agents and molecular impurities contained 

within the intergranular structure, making polycrystalline alumina susceptible to an 

additional form of corrosion.  High performance alumina typically contains MgO as a 

sintering aid and other molecular impurities such as SiO2 are segregated to the intergranular 

matrix during the sintering process (Schacht et al. 2000).  The ionic Mg-O bonds are reactive 

to water and other corrosive substances and SiO2 is easily attacked by acidic solutions 

(Barinov et al. 2000; Schacht et al. 2000).  Following dissolution of the intergranular 

structure, the alumina grains are exposed to the environment and are susceptible to pluck-out, 

leaving surface flaws and stress concentration sites (Schacht et al. 2000).  Thus, the corrosion 

occurring at grain boundaries would seem to be a critical factor contributing to subcritical 

crack growth in polycrystalline alumina (Barinov et al. 2000).  However, no significant 

differences in the weight or surface characteristics assessed by scanning electron microscopy 

(SEM) were detected following exposure of polycrystalline brackets to topical fluoride (Kula 

et al. 1994).     

The fracture strength of polycrystalline ceramics are not affected by exposure to 

corrosive environments despite susceptibility of the intergranular structure to corrosion 

(Kimura and Takubo 2000; Sanchez et al. 2008).  The grain boundaries within the 

polycrystalline alumina are actually thought to inhibit crack propagation, essentially acting to 

offer protection against fracture strength reductions as a propagating crack must travel 

around or through the alumina grains (Sanchez et al. 2008).  Following exposure to 

experimental fluoride, the mean fracture strength of one manufacturer’s polycrystalline 
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bracket showed a statistically insignificant increase relative to a control maintained in 

deionized water from approximately 81 MPa to 89 MPa, whereas another manufacturer’s 

polycrystalline bracket showed a statistically insignificant decrease from 125 MPa to 

118MPa (Sanchez et al. 2008).  In contrast, monocrystalline brackets exposed to the same 

experimental fluoride showed statistically significant reductions in fracture strength of 

approximately 25% relative to the control brackets (Sanchez et al. 2008). 

Combined Effects 

Both corrosion and surface damages are known to contribute individually to 

reductions in fracture strength of alumina, but the combined effect of both occurring together 

may produce a magnified response.  Clinically, both corrosion and surface damages affect 

brackets that may be handicapped by weaknesses in design and are exposed to external loads 

for prolonged durations.   

In a study evaluating the effects of corrosion and erosion on the fracture resistance of 

alumina rods a synergistic effect of corrosion and erosion that degraded the ceramic was 

described (Fang et al. 1997).  The proposed mechanism was that the surface layer of the 

alumina becomes weakened by exposure to the corrosive substance, and that this corroded 

surface layer was subsequently eroded at a greatly accelerated rate compared to a surface 

layer that had not been exposed to the corrosive agent.  This accelerated erosion rate lasted 

until the corroded surface layer was consumed, at which point the erosion rate slowed to that 

observed in the sample that was not previously corroded (Fang et al. 1997).  This laboratory 

observation could serve as a model for the conditions occurring throughout orthodontic 

treatment.  Ceramic brackets are exposed to a corrosive oral environment for an extended 
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period of time, often for the duration of 2 or more years.  During treatment, the brackets are 

constantly bathed in saliva, a secretion containing proteins and ions such as chloride known 

to accelerate the corrosion of alumina.  Additionally, the pH of the oral environment can 

rapidly fluctuate with intake of food and fluids.  The corrosive actions of the oral 

environment could be expected to weaken the alumina surface layer, leaving the material 

susceptible to the accumulation of damages with instrumentation.   

During orthodontic appointments, elastic ligatures are removed and replaced with 

sharp stainless steel instruments and wires are forced into and out of the bracket slot.  The 

cumulative effect of these actions could be expected to produce flaws on bracket surfaces 

weakened by the effects of corrosion.  Subcritical cracks accumulate near surface damages, 

allowing for the penetration of corrosive substances beyond the surface where they can cause 

chemical strain in the alumina bonds at the crack tip and further subcritical crack growth 

(Barinov et al. 2000).  This entire process leaves ceramic brackets susceptible to fracture 

upon application of external forces according to a stress corrosion cracking model.  

Problem Statement 

The purpose of this study was to evaluate the effects of storage time in an ionic 

solution, phosphate buffered saline, simulating the oral aqueous environment, and repetitive 

ligation on the fracture strength of polycrystalline and monocrystalline ceramic bracket tie-

wings. 
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Hypotheses 

1.  There will be significant effects on tie-wing fracture strength as a function of 

exposure to phosphate buffered saline solution with or without repetitive ligation as 

compared to the control group, and these effects will increase with time. 
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CHAPTER 2 

MATERIALS AND METHODS 

 The effects of two independent variables on the fracture strength of both 

polycrystalline and monocrystalline ceramic bracket tie-wings were examined in this study.  

The independent variables included storage in phosphate buffered saline solution (PBS) at 

37˚ C and repetitive ligation.  Storage in PBS at 37˚C was chosen to simulate reasonably 

conditions in the oral environment.  A repetitive ligation protocol was designed to simulate 

normal clinical manipulation.  Thus, the research design involved the assignment of 2 bracket 

types to control and 4 experimental groups (see Table 1 for a schematic outline). 

 Two different alumina ceramic brackets, a polycrystalline bracket with a metal slot
1
 

and a monocrystalline bracket (no metal slot)
2
 were used (Fig. 1).  These brackets were 

chosen because they both have true-twin tie-wing configurations and because they are 

representative of popular ceramic brackets available for clinical use.  Maxillary right central 

incisor brackets with a slot size of 0.018 X 0.025 inch were used. 

 PBS was made by mixing 9.6 grams of powder
3
 with 1 L of sterile, deionized (DI) 

water.  The powder was composed of 83 % sodium chloride, 12 % anhydrous sodium 

phosphate, 2 % potassium phosphate and 2 % potassium chloride.   

                                                 
1
 Clarity

TM
, 3M Unitek Orthodontic Products, 2724 South Peck Road, Monrovia, CA 91016 

2
 Inspire Ice

TM
, Ormco, Sybron Dental Specialties, 1717 West Collins Ave, Orange, CA 92867 

3
 Dulbecco’s Phosphate Buffered Saline, Sigma-Aldrich, 3050 Spruce St., St. Louis, MO 63103 
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TABLE 1 

RESEARCH DESIGN 

Bracket Type Experimental Groups (N=15 per group) 

Polycrystalline 

Control: No PBS storage or ligation 

7-day PBS storage without ligation 

21-day PBS storage without ligation 

7-day PBS storage with ligation (3x/day) 

21-day PBS storage with ligation (1x/day) 

Monocrystalline 

Control: No PBS storage or ligation 

7-day PBS storage without ligation 

21-day PBS storage without ligation 

7-day PBS storage with ligation (3x/day) 

21-day PBS storage with ligation (1x/day) 
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 Conventional grey elastic ligatures
4
 of the same size and from the same lot were used 

for the repetitive ligation protocol.  Ligatures were placed with the same needle hemostat 

plier
5
 and removed using a #23 explorer

6
.  Wires used for the ligation protocol were straight 

stainless steel, 0.017 X 0.025 inch cross-section, each cut to a length of approximately 10 

mm. 

Specimen Preparation 

 Each ceramic bracket was bonded to the center of the flat superior surface of a 

stainless steel cylinder (Fig. 2) for tensile fracture strength tests.  Prior to bonding, the 

superior surface of the cylinders were roughened with a laboratory microabrasion system
7
 

using 50-µm Al2O3 particles.  A ceramic primer
8
 was coated on both the cylinder and bracket 

base with a brush and allowed to dry for 1 minute.  An activator
9
 was applied to the cylinder 

with a brush and air dried for 5 seconds, then a multipurpose primer
10

 was applied to the 

cylinder and air dried for 5 seconds.  A catalyst
11

 was applied to both the metal cylinder and 

the bracket base.  Composite resin cement
12

 was then applied to the bracket base and the 

bracket placed firmly on the cylinder.  Resin was intentionally extended from the base onto 

the facial surface of the bracket to enhance the bond strength, but care was taken to prevent 

any resin from collecting under the tie-wings or in the bracket slot.  The resin cement was 

                                                 
4
 3M Unitek Orthodontic Products, 2724 South Peck Road, Monrovia, CA 91016 

5
 Mathieu Plier 678-330, Hu-Friedy, 3232 N. Rockwell, Chicago, IL 60618-5982 

6
 Quala Explorer SE #23 Carson Dental, 130 Jason Pond Way, Jefferson GA 30549  

7
 Micro-Cab, Danville Engineering & Materials, 3420 Fostoria Way, Suite A-200, San Ramon, CA 94583 

8
 Scotchbond Ceramic Primer

TM
, 3M ESPE Dental Products, 3M Center, St. Paul, MN 55144 

9
 Scotchbond Multi-purpose Plus Activator

TM
, 3M ESPE Dental Products, 3M Center, St. Paul, MN 55144 

10
 Scotchbond Multi-purpose Primer

TM
, 3M ESPE Dental Products, 3M Center, St. Paul, MN 55144 

11
 Scotchbond Multi-purpose Plus Catalyst

TM
, 3M ESPE Dental Products, 3M Center, St. Paul, MN 55144 

12
 Transbond

TM
, 3M Unitek Orthodontic Products, 2724 South Peck Road, Monrovia, CA 91016 
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light polymerized
13

 from 5 directions (facial, mesial, distal, incisal and gingival) for 40 

seconds each.  Each bracket/cylinder specimen was maintained in a dry environment at 37˚ C 

for 24 hours after bonding to allow for complete polymerization of the cement. 

Each bracket/cylinder specimen to be stored in PBS was assigned to an individual 25 

mL plastic specimen vial
14

 cut to a height of approximately 15 mm (Fig. 3A).  PBS was 

added to each vial and each cylinder fit in a vial so that the bracket was submerged in the 

solution (Fig. 3B) and no air bubbles were present.  Each bracket assigned to the repetitive 

ligation group was ligated to a wire segment 21 times with a new elastic ligature each time 

(Fig. 4).  The wire segment was removed and replaced during each ligation procedure for 

each bracket.   During ligation, the needle hemostat was used to engage the elastic over the 

mesio-gingival tie-wing, then sequentially stretched over the mesio-incisal, the disto-incisal 

and then the disto-gingival tie-wings.  During removal, the explorer was dragged vertically 

along the middle of the mesio-distal dimension of the bracket base from the bracket slot 

towards the incisal edge.  As the explorer engaged the ligature it was removed from contact 

with the bracket base to free the ligature.  This procedure was completed with a consistent 

magnitude of force by the primary researcher.   

Brackets were assigned to storage in PBS at 37˚ C for 7-days or 21-days either with 

or without repetitive ligation.  The solution was maintained at 37˚ C for the length of storage 

and was replenished every day to maintain ion levels for all brackets assigned to PBS 

storage.  Brackets assigned to the 7-day PBS storage combined with repetitive ligation were 

                                                 
13

 Ortholux
TM 

LED Curing Light, 3M Unitek Orthodontic Products, 2724 South Peck Road, Monrovia, CA 

91016 
14

 Fisher Scientific, 4500 Turnberry Drive, Hanover Park, IL 60103 
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ligated 3 times per day at approximately 7:00 AM, 12:00 PM and 5:00 PM.  Brackets 

assigned to the 21-day PBS storage combined with ligation group were ligated once per day 

at approximately 5:00 PM.  The first ligation procedure was started 24 hours after bonding, 

prior to the beginning of storage protocol.  Brackets were returned to PBS storage 

immediately after each ligation procedure.  After the respective storage periods, brackets 

were rinsed with deionized H20 (d H2O) and tested immediately.  The control group included 

brackets that were neither exposed to PBS nor the ligation protocol, but simply removed 

from packaging, bonded and tested following 24 hour dry storage at 37˚ C.   

Experimental Research Design 

The statistical design of this study was a two-factor (PBS storage and repetitive 

ligation) non-repeated measures design for each type of alumina bracket.  The dependent 

variable (tie-wing fracture strength) was measured at the interval/ratio level. A schematic 

representation of the research design is illustrated in Table 1. 

Sample Size 

Based upon limitations of the number of brackets available for use, a convenience 

sample of 15 brackets per experimental condition was used. 

Instrumentation and Measurement 

Mechanical Testing 

The tensile fracture strengths of the disto-incisal bracket tie-wings were tested using a 

universal testing machine
15

.  A 0.014 inch diameter stainless steel ligature wire
16

 was placed 

                                                 
15

 Model 5967, Instron Corporation, 825 University Ave., Norwood MA 02062-2643 
16

 3M Unitek Orthodontic Products, 2724 South Peck Road, Monrovia, CA 91016 
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under the disto-incisal tie-wing and tied around a grooved steel pulley attached to the 

mechanical tester load cell (Fig. 5).  The tie-wings were tested to failure at a crosshead speed 

of 10 mm/min.  The tensile force applied to the bracket was recorded with commercial 

software
17

.  The fracture stress or strength (MPa) was calculated by dividing the force (N) 

registered at fracture by the contact area between the ligature wire and tie-wing.  

Scanning Electron Microscopy 

 After tensile fracture strength tests were conducted, three representative samples were 

randomly selected from each group for SEM analysis.  Each bracket was analyzed for visible 

damage to the bracket surface.  An attempt was made to locate the origin of the crack that led 

to failure of the tie-wing for the monocrystalline brackets.  For the polycrystalline brackets, 

characterization of the fracture pattern as being transgranular or intergranular was 

accomplished.  This depended on if the fracture involved the alumina grains (transgranular) 

or if the fracture propagated around the grains (intergranular).  The brackets were imaged 

with a field-emission SEM
18

 at various magnifications.     

Data and Statistical Analyses 

Mean tie-wing fracture strength and standard deviation (SD) values were calculated 

and analyzed using a two-way analysis of variance (ANOVA, α = 0.05, 1-β = 0.80) for each 

bracket type to determine if a statistically significant difference existed among experimental 

groups and if any interactive effects were present among the independent variables.  Where a 

statistical difference was detected, a Dunnett’s post-hoc analysis was used to compare each 

                                                 
17

 Bluehill software, Instron Corporation, 825 University Ave., Norwood MA 02062-2643 
18

 Philips XL30, Philips Electron Optics, 5350 NE Dawson Creek Drive, Hillsboro, OR 97124 



 

 

23 

experimental group to the respective control.  Analyses were carried out with statistical 

analysis software program
19

.   
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 SPSS Inc., 233 S. Wacker Drive, Chicago, IL 60606-6307 
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Fig. 2.  Close up view of polycrystalline bracket bonded to metal testing cylinder.  A. View 

of distal surface.  B. View of facial surface.  The disto-incisal tie-wing was fractured during a 

tensile test.   

B 

A 
B 

A 

B 

Fig. 1.  Ceramic brackets used in the study.  A. Views of facial surfaces of polycrystalline 

bracket (Clarity, left) and monocrystalline bracket (Inspire Ice, right).  B.  Views of mesial 

surfaces.  Dot indicates distogingival tie-wing. 
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A 

 

 

 

 

 

 

 

 

 

 

  

B 

A 

 

Fig. 4.  View of wire ligated to bracket with elastic ligature.  A. View of incisal surface. 

B. View of facial surface. 

A Fig. 3.  Experimental set-up for storage protocol.  A.  Superior views of plastic specimen 

vial and metal testing cylinder with bonded bracket (right) B. Side view with 

bracket/cylinder specimen fit inside plastic specimen vial filled with PBS. 



 

 

26 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.  Ligature wire engaged to disto-incisal tie-wing for fracture strength test.  A. View of 

distal surface of bracket.  B.  View of incisal surface of bracket.  C.  Universal mechanical 

tester, load cell and pulley used for tie-wing fracture tests. 
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CHAPTER 3 

RESULTS 

Mechanical Testing 

 Descriptive statistics were calculated, including means ± standard deviations, from 

tensile fracture strength tests of ceramic bracket tie-wings for each of control and 4 

experimental groups per bracket type (Table 2).  Monocrystalline brackets had higher mean 

tie-wing fracture strengths without ligation (n = 45), 177.5 MPa ± 65.5, compared to 

polycrystalline brackets without ligation (n = 45), 87.6 MPa ± 7.9.  As a consequence of 

ligation, monocrystalline bracket tie-wings had a significant reduction in mean fracture 

strength (n = 30), 75.2 MPa ± 26.1 compared to polycrystalline brackets (n= 30), 86.9 MPa ± 

11.8.  There was greater variance, as determined by standard deviations, in tie-wing fracture 

strength of monocrystalline compared to polycrystalline brackets (Table 2).  The tensile 

stress at fracture of the monocrystalline bracket tie-wings ranged from 17.0 MPa to 278.9 

MPa.  In comparison, the tensile stress at fracture for the polycrystalline brackets ranged 

from 69.6 MPa to 109.2 MPa. 

Results of the 2-factor ANOVA for the polycrystalline brackets showed that neither 

the duration of storage in PBS (p = 0.24) nor the presence of ligation (p = 0.56) yielded a 

statistically significant effect on tie-wing fracture strength (Table 3).  However, there was a 

statistically significant interactive effect of duration of storage in PBS and presence of 

ligation on bracket tie-wing fracture strength (p = 0.02).  Partial eta squared was calculated at 

0.08 for the interactive effect.  An inverse interaction existed among PBS storage and ligation 

such that longer times in PBS storage resulted in lower fracture strengths unless ligation was 
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included, in which case the opposite was true.  However, Dunnett’s post-hoc test revealed no 

statistically significant differences between the control and experimental groups (Table 2).  

Results of the ANOVA for the monocrystalline brackets showed that both duration of 

storage in PBS (p = 0.00), and presence of ligation (p = 0.00) yielded statistically significant 

effects (Table 4).  That is, storage in PBS for 21-days produced lower fracture strength 

relative to 7-day PBS storage for both the ligation and non-ligation groups (Table 2).  For 

each of the 7-day and 21-day PBS storage groups, the groups exposed to ligation showed a 

lower fracture strength compared to the groups that were not ligated (Table 2).  Partial eta 

squared was calculated at 0.26 and 0.44 for the independent variables PBS storage and 

ligation, respectively.  As well, there was a statistically significant interactive effect (p = 

0.04) of these independent variables as the ligation protocol and 21-day PBS storage 

produced the largest reduction in fracture strength (Table 2).  Partial eta squared was 

calculated at 0.06 for the interactive effect.  A Dunnett’s post-hoc analysis indicated that 

storage of monocrystalline brackets in PBS for 7 days did not produce significantly different 

tie-wing fracture strength compared to the control group.  However, the brackets assigned to 

21-day PBS storage, 7-day PBS storage with ligation and 21-day PBS storage with ligation 

had significantly lower tie-wing fracture strengths compared to the control group (Table 2).   

The null hypothesis for Levene’s test of equality of equal variances was rejected for 

the monocrystalline brackets (p = 0.00).  To confirm the results obtained from the ANOVA 

on the original data, the data were transformed to a natural log and an ANOVA was then 

performed followed by a least squares means post-hoc analysis.  The data were also analyzed 

using a Kruskal-Wallis test followed by a pairwise Mann-Whitney test with Bonferroni 
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adjustment as a post-hoc test.  The results from the both tests confirmed the results obtained 

from the ANOVA on the original data.    

Based upon the results, the hypothesis that there will be significant effects on tie-wing 

fracture strength as a function of exposure to phosphate buffered saline solution with or 

without repetitive ligation as compared to a control group was not supported for the 

polycrystalline bracket.  Although the mean tie-wing fracture strength of the 7-day PBS 

storage group for monocrystalline brackets did not differ significantly from that of the 

control group, the hypothesis was largely supported for the monocrystalline brackets as the 

mean results for the remaining experimental groups differed significantly from the control 

group.  Furthermore, the data suggested that with increased time in PBS solution, irrespective 

of whether or not ligation was included as part of the protocol, monocrystalline bracket tie-

wing fracture strength was significantly reduced.   
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TABLE 2 

TIE-WING FRACTURE STRENGTH: MEANS AND STANDARD DEVIATIONS 

Bracket Type Experimental Group 

(N = 15 per group) 

Fracture Strength 

MPa 

 

 

Polycrystalline 

Control 86.3 ± 8.0 

7-day PBS storage without ligation 89.4 ± 9.2 

21-day PBS storage without ligation 87.2 ± 6.5 

7-day PBS storage with ligation 82.1 ± 12.3 

21-day PBS storage with ligation 91.8 ± 9.4 

 

 

Monocrystalline 

Control 208.0 ± 48.9 

7-day PBS storage without ligation 197.5 ± 60.7 

21-day PBS storage without ligation *127.1 ± 57.2 

7-day PBS storage with ligation *85.9 ± 24.4 

21-day PBS storage with ligation *64.5 ± 23.8 

 *Dunnett’s post-hoc test indicates significantly different from control, p ≤ 0.05. 
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TABLE 3 

POLYCRYSTALLINE TIE-WING FRACTURE STRENGTH: TWO-WAY ANOVA 

Source Sum of Squares dF Mean Square F Sig. * Partial Eta  

Squared 

PBS 250.51 2 125.26 1.46 0.24 0.04 

Ligation 28.98 1 28.98 0.34 0.56 0.01 

PBS x Ligation 538.20 1 538.20 6.28 0.02* 0.08 

Error 6001.56 70 85.74    

Total 579164.71 75     

      *(α = 0.05) 

TABLE 4 

MONOCRYSTALLINE TIE-WING FRACTURE STRENGTH: TWO-WAY ANOVA 

Source Sum of Squares dF Mean Square F Sig. * Partial Eta  

Squared 

PBS 52488.64 2 26244.32 12.49 0.00* 0.26 

Ligation 113770.02 1 113770.02 54.16 0.00* 0.44 

PBS x Ligation 8986.61 1 8986.61 4.28 0.04* 0.06 

Error 147046.66 70 2100.67    

Total 1796734.23 75     

    *(α = 0.05) 
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Scanning Electron Microscopy Fracture Analysis 

 The images obtained from the representative fractured disto-incisal tie-wings of 

polycrystalline brackets demonstrated similar fracture patterns across all groups, control and 

each of 4 experimental conditions (Figs. 7 through 11).  The pattern was characterized by a 

predominantly intergranular fracture mode with occasional locations of transgranular 

fracture.  Manufacturing microflaws in the form of pores were observed along the fracture 

surfaces of all the polycrystalline brackets imaged.   

The polycrystalline brackets assigned to repetitive ligation protocol demonstrated a 

mild degree of damage in the form of grain pluck-out between the mesio-incisal and disto-

incisal tie-wings where the explorer was dragged during ligature removal.  Polycrystalline 

brackets not exposed to ligation protocol did not demonstrate this type of damage (Figs. 7, 8 

and 10 versus Figs. 9 and 11). 

 Images obtained from the representative fractured disto-incisal tie-wings of 

monocrystalline brackets showed that there was noticeable damage between the mesio-incisal 

and disto-incisal tie-wings on all brackets exposed to repetitive ligation (Figs. 14 and 16).  

The damage presented as chipping of the ceramic along the incisal edge of the bracket base 

between the tie-wings.  The degree of damage appeared to be of a similar magnitude for all 

brackets exposed to the ligation protocol irrespective of how long the brackets were stored in 

PBS.  Damage at this location did not occur on brackets not exposed to repetitive ligation 

protocol (Figs. 12, 13 and 15). 
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The origin of the fracture was found to vary amongst the monocrystalline bracket 

control, 7-day PBS storage without ligation and 21-day PBS storage without ligation groups.  

In these groups the origin was located at the disto-incisal area of the disto-incisal tie-wing in 

5 of the 9 (55.6%) samples and at the mesio-incisal area of the disto-incisal tie-wing in 2 of 

the 9 (22.2%) samples.  The fracture origin was between the two locations in 2 of the 9 

(22.2%) samples.  Among the brackets imaged from the 7-day PBS storage with ligation and 

the 21-day PBS storage with ligation groups, the fractures originated at the mesio-incisal area 

of the disto-incisal tie-wing in 6 of the 6 (100%) samples imaged.  This area of fracture 

origin was in close proximity to the damage produced by the repetitive ligation. 
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Fig. 6.  SEM of the fractured surface of a polycrystalline bracket.  The arrow on the left is 

indicating a location of intergranular fracture and the middle arrow transgranular fracture.  

The arrow on the right is indicating a pore. 
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Fig. 7.  SEM of a polycrystalline bracket from the control group.  A) The fractured disto-

incisal tie-wing is in the upper left corner of the image.  B) The bracket was not exposed to 

ligation and there is no damage on the base between the tie-wings.  C) The fracture mode is 

predominantly intergranular. 
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Fig. 8.  SEM of a polycrystalline bracket from the 7-day PBS storage group.  A) The 

fractured disto-incisal tie-wing is in the upper left corner of the image.  B) The bracket was 

not exposed to ligation and there is no damage on the base between the tie-wings.  C) The 

fracture mode is predominantly intergranular. 
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Fig. 9.  SEM of a polycrystalline bracket from the 7-day PBS storage with ligation group.  

A) The fractured disto-incisal tie-wing is in the upper left corner of the image.  B) The 

arrow is pointing to damage produced by ligation protocol.  C) The fracture mode is 

predominantly intergranular. 
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Fig. 10.  SEM of a polycrystalline bracket from the 21-day PBS storage group.  A) The 

fractured disto-incisal tie-wing is in the upper left corner of the image.  B) The bracket was 

not exposed to ligation and there is no damage on the base between the tie-wings.  C) The 

fracture mode is predominantly intergranular. 
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Fig. 11.  SEM of a polycrystalline bracket from the 21-day PBS storage with ligation group.  

A) The fractured disto-incisal tie-wing is in the upper left corner of the image.  B) The arrow 

is pointing to damage produced by ligation protocol.  C) The fracture mode is predominantly 

intergranular. 
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Fig. 12.  SEM of a monocrystalline bracket from the control group.  A) The fractured 

disto-incisal tie-wing is in the upper left corner of the image. B) and C) Arrows are 

pointing to the origin of the fracture. 
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Fig. 13.  SEM of a monocrystalline bracket from the 7-day PBS storage group.  A) The 

fractured disto-incisal tie-wing is in the upper left corner of the image. B) and C) Arrows are 

pointing to the origin of the fracture. 
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Fig. 14.  SEM of a monocrystalline bracket from the 7-day PBS storage with ligation 

group.  A) The fractured disto-incisal tie-wing is in the upper left corner of the image.  

The arrow is pointing to damage caused by ligation protocol.  B) and C) Arrows are 

pointing to the origin of the fracture. 
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Fig. 15.  SEM of a monocrystalline bracket from the 21-day PBS storage group.  A) The 

fractured disto-incisal tie-wing is in the upper left corner of the image.  B) and C) Arrows 

are pointing to the origin of the fracture. 
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CHAPTER 4 

Fig. 16.  SEM of a monocrystalline bracket from the 21-day PBS storage with ligation group.  

A) The fractured disto-incisal wing is in the upper left corner of the image.  The arrow is 

pointing to damage caused by ligation protocol.  B) and C) Arrows are pointing to the origin 

of the fracture. 
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DISCUSSION 

Mechanical Testing 

 Ceramics used for orthodontic brackets have demonstrated susceptibility to corrosion 

processes in the presence of ionic solutions despite the commonly held belief that ceramics 

are relatively inert materials.  Reductions in the fracture strength of monocrystalline alumina 

have been reported following exposure to sodium chloride and Ringer’s solutions (Asoo et al. 

2000; Kimura and Takubo 2000).  Statistically significant reductions of approximately 23% 

of the tie-wing fracture strength of monocrystalline brackets were reported following 

exposure to topical fluoride (Sanchez et al. 2008).  In comparison, the exposure of 

polycrystalline brackets to topical fluoride did not affect tie-wing fracture strength (Sanchez 

et al. 2008).  Additionally, surface damage introduced to polycrystalline and monocrystalline 

brackets have different effects on the fracture strength that appear to be a function of the 

material composition of each type of alumina.  After purposeful scratching, mean fracture 

strength of monocrystalline brackets was reduced between 53% and 80% depending on the 

manufacturer (Flores et al. 1990).  In comparison, the same protocol applied to two 

manufacturers’ polycrystalline brackets produced between a 10% reduction and a 12% 

increase in fracture strength (Flores et al. 1990).  The contribution of corrosion and clinically 

introduced surface damages may be expected to affect the fracture strength of ceramic 

brackets, and furthermore, affect polycrystalline and monocrystalline brackets differently. 

Polycrystalline Brackets 

Despite susceptibility of the intergranular structure to corrosion, the polycrystalline 

brackets were largely unaffected by storage in PBS as no statistically significant differences 
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were detected between the groups (Table 3).  This result was in agreement with another study 

examining the effect of topical fluoride application in which polycrystalline brackets from 

two manufacturers had non-significant changes in mean tie-wing fracture strength (Sanchez 

et al. 2008).  In the current study, both experimental groups exposed to PBS had higher mean 

fracture strengths compared to the control group, but the difference was not statistically 

meaningful (Table 2).   

The lack of response following exposure of polycrystalline brackets to a potentially 

corrosive substance was theorized to result from the intergranular structure which inhibited 

the propagation of subcritical cracks that would normally reduce fracture strength.  Previous 

studies examining the surface characteristics of polycrystalline brackets did not find surface 

changes as a result of exposure to topical fluoride, suggesting that any corrosion of the 

intergranular structure did not result in visible structural damage (Kula et al. 1994; Sanchez 

et al. 2008).  Even if corrosion of the intergranular structure was occurring, the granular 

nature of the material prevented development of surface or subsurface flaws from affecting 

tie-wing fracture strength. 

 The ligation protocol used in this study produced visible damage on the bracket 

surfaces in the form of grain pluck-out (Figs. 9B and 11B).  However, fracture strengths were 

not significantly affected by the accumulation of surface damage introduced though ligation 

procedures (Table 3).  This finding was supported by statistically insignificant changes in 

polycrystalline brackets from 2 manufacturers following purposeful cutting of the bracket 

base with a diamond disc and application of torque until fracture (Flores et al. 1990).  The 

lack of effect of surface damage on the tie-wing fracture strengths of polycrystalline brackets 
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was explained by the intergranular structure inhibiting propagation of subcritical cracks 

associated with surface flaws accumulated through ligation.   

 A statistically significant interactive effect of PBS storage and ligation was detected 

for the polycrystalline brackets that accounted for approximately 8% (η² = .08) of the 

variability in tie-wing fracture strength (Table 3).  Interestingly, the polycrystalline brackets 

with the highest mean tie-wing fracture strength were those assigned to 21-day storage in 

PBS with ligation.  In comparison, the 21-day storage in PBS with ligation group had the 

lowest fracture strength among the monocrystalline brackets (Table 2). 

 Differences in SD values across the polycrystalline groups were not as large as 

differences in SD values across the monocrystalline groups (Table 2).  The SD values were 

quite similar across all the polycrystalline groups.  This was likely due to the effect of the 

intergranular structure of polycrystalline brackets to ameliorate the consequences of 

manufacturing flaws, different exposures to PBS and ligation procedures. The end result was 

that there was no evidence of statistically detectible differences in fracture strength amongst 

the polycrystalline bracket groups.  

Monocrystalline Brackets 

 Data from the current investigation suggested that in terms of the corrosion process 

attributable to PBS incubation, there seemed to be a point between 7 and 21 days of PBS 

storage where a significant decrease in tie-wing fracture strength occurred for 

monocrystalline brackets.   Exposure to a simulated therapeutic dose of topical fluoride also 

produced statistically significant reductions in monocrystalline bracket tie-wing fracture 

strength in another study where the effect of time was not evaluated (Sanchez et al. 2008).   
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Considering the harsh and variable conditions within the oral environment, the PBS solution 

used in this study probably underrepresented corrosiveness of the mouth.  The typical 

variations of pH, and the presence of additional electronegative ions such as fluoride, which 

are commonly present in saliva, were not accounted for in the design.  Thus, the finding of a 

39% reduction in monocrystalline tie-wing fracture strength relative to the control following 

21 days of storage in PBS was important considering that the oral environment is more 

corrosive than the experimental conditions, and that orthodontic treatment commonly lasts 

for 2 or more years.  

The 39% reduction in monocrystalline tie-wing fracture strength due to the effect of 

21 days storage in PBS was greater than the previously reported 23% reduction in fracture 

strength of monocrystalline brackets exposed to topical fluoride and deionized water 

(Sanchez et al. 2008). This result was surprising as fluoride is a more electronegative ion 

than the chloride ion in PBS.  In theory the fluoride solution would be considered more 

corrosive.  However, the control brackets of the study reported by Sanchez et al. were 

maintained in deionized water, while the control brackets in the current study were tested 

after maintenance in air at 37˚C for 24 hours.  The differential treatment of the control groups 

does not allow for an inter-study comparison of changes in fracture strength because of the 

storage of control brackets in deionized water which may have reduced tie-wing fracture 

strength.  However, the similarity of reduced magnitude of the fracture strength in both 

studies suggested that the contribution of ionic corrosion to monocrystalline tie-wing fracture 

strength was noteworthy.  With respect to the current study, approximately 26% (η² = 0.26) 

of tie-wing fracture strength variability was explained by storage in PBS (Table 4).   
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Damages accumulated at the bracket surface as a result of exposure to the ligation 

protocol yielded further reductions in monocrystalline bracket tie-wing fracture strength 

(Table 2).  This was in agreement with a previous study which documented monocrystalline 

bracket fracture strength reductions as a result of torque application following purposeful 

cutting of the bracket base with a diamond disc (Flores et al. 1990).  Such a design does not 

reasonably simulate the clinical condition of conventional orthodontic appointments. The 

design of the current study was intended to represent more accurately the in-vivo situation.  

The protocol used in this study was intended to simulate the most basic of orthodontic 

procedures that could be expected to occur under all circumstances, that is, the insertion and 

removal of an archwire and the placement and removal of elastic ligatures.  The protocol did 

not account for other common clinical manipulations, such as the placement of steel ligatures 

or the placement of activated archwires which may further reduce tie-wing fracture strength.  

If an assumption is made that larger degrees of damage result in a greater reduction in 

fracture strength, it would be important for clinicians to handle monocrystalline brackets with 

the greatest degree of care in order to benefit from fewer tie-wing fractures.       

In comparing the fracture strength reductions of monocrystalline brackets that 

occurred as a result of ligation, the 7-day group experienced a 57% reduction in tie-wing 

fracture strength as a consequence of ligation while the 21-day group experienced a 49% 

reduction.  In comparison, mean fracture strength reductions of between 80% and 53% were 

measured following damage introduction in monocrystalline brackets from 2 manufacturers 

in a previous study (Flores et al. 1990).  Although the protocols used to incorporate surface 

damages were different in the current and previous studies, the comparable reductions in 
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fracture strengths demonstrated the dramatic effect surface flaws have on the fracture 

strength of monocrystalline brackets.  It was not possible to compare qualitatively the degree 

of damage produced by the scratching protocol of both studies as SEM images were not 

available from the previous work (Flores et al. 1990). However, it was noted that the clinical 

simulation protocol used in the current study produced a noticeable degree of damage on the 

bracket surface (Figs. 14A and 16A).  Almost 44% (η² = 0.44) of tie-wing fracture strength 

variability was explained by the presence of ligation (Table 4).   

While the significance of the interactive effect was not as large as the contribution of 

each independent variable alone to the explanation of fracture strength, 6% (η² = 0.06) of the 

variability in fracture strength was explained by an interaction of the independent variables 

(Table 4).  Not surprisingly, the 7-day PBS storage without ligation was the only 

experimental group that did not differ significantly from the controls (Table 2).  Examination 

of the data presented in Table 2 suggested that the combination of 21-day storage in PBS and 

ligation protocol produced the greatest reduction in mean tie-wing fracture strength for the 

monocrystalline brackets.   

Interestingly, the SD values of monocrystalline brackets assigned to the control, 7 and 

21-day PBS storage without ligation were higher than the SD values in the 7-day storage in 

PBS with ligation and the 21-day storage in PBS with ligation groups (Table 2).   Following 

PBS incubation, some brackets maintained tie-wing fracture strengths near that of the 

controls whereas other brackets were considerably weakened.  The unpredictability of the 

response to PBS incubation is potentially due to differences in the surface quality of each 

bracket.  The incorporation of surface flaws on each bracket during manufacturing was likely 
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to be inconsistent and could yield different responses of each bracket to storage in PBS 

according to a stress corrosion cracking model, thus producing the high SD values.  Brackets 

with sizable surface flaws from manufacturing would be more susceptible to corrosion, as the 

ionic bonds at the crack tip would be easily compromised by the penetration of corrosive 

ions.  Conversely, brackets without such flaws could be considered to be less susceptible to 

the processes of corrosion, and consequently less affected by storage in PBS over time.   

The ligation protocol appeared to equalize the surface quality of all the 

monocrystalline brackets assigned to ligation groups by incorporating similar degrees of 

surface damage on all the brackets (Figs. 14 and 16).  This effectively eliminated variability 

in bracket quality due to the manufacturing process as a confounding variable, helping to 

reduce the SD values of the groups assigned to ligation (Table 2).   

An important point to note was that the mean tie-wing fracture strengths of the 

monocrystalline brackets exposed to storage in PBS and ligation were of similar magnitude 

compared to the mean tie-wing fracture strengths of all the polycrystalline bracket groups.  

This finding was interesting considering that monocrystalline brackets have been reported to 

exhibit fracture strengths up to 4 times greater than polycrystalline brackets (Birnie 1990).  In 

the current study the tie-wing fracture strength of the monocrystalline control brackets were 

more than 2 times larger than the polycrystalline control brackets (Table 2).  The 

monocrystalline brackets exposed to 7-day storage in PBS with ligation had mean fracture 

strength within the range of fracture strengths measured for the polycrystalline bracket 

groups (Table 2).  However, the monocrystalline brackets exposed to the 21-day storage in 

PBS with ligation group had a mean fracture strength that was smaller than those measured 
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for the polycrystalline bracket groups (Table 2).  This finding illustrates the discrepancy 

between fracture strengths measured on monocrystalline brackets in the as-received condition 

to those exposed to simulated clinical conditions.   

Scanning Electron Microscopy Fracture Analysis 

Polycrystalline Brackets 

 The overall classification of fractures as being predominantly intergranular or 

transgranular was accomplished using SEM.  Fracture patterns were the same across the 

control and experimental groups and were predominantly intergranular with occasional 

locations of transgranular fracture (Figs. 7C-11C).  The same fracture pattern was also 

observed following exposure of polycrystalline brackets to the combination of topical 

fluoride and deionized water (Sanchez et al. 2008).  Observation of an intergranular fracture 

pattern was expected as cracks tend to proceed through a path of least resistance, and thus 

though the intergranular structure as opposed to through the alumina grains. (Kusy 1998).  

 Surface and subsurface pores were observed along the fracture edges of all brackets 

imaged.  Most pores were of a similar size and no obvious correlation was made between the 

location or presence of pores and tie-wing fracture strength.  

 The accumulation of damage produced by conventional ligation procedures on 

polycrystalline brackets was verified in this study.  Surface damage in the form of grain 

pluck-out was observed on the brackets exposed to ligation protocol (Figs. 9B and 11B), but 

was not present on brackets assigned to the control or storage in PBS groups (Figs. 7B, 8B 

and 10B).   Despite the verification of damages produced though ligation, a statistically 
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significant difference in tie-wing fracture strength as a result of accumulated damages was 

not detected (Table 3). 

Monocrystalline Brackets 

 Differences were noted in the origin of the cracks presumed to lead to the fracture of 

the tie-wings of the monocrystalline brackets.  As modeled by a computer program, the 

contribution of bracket geometry as it relates to material bulk and stress concentration largely 

dictates locations of structural weakness (Ghosh et al. 1995).  The sites of structural 

weakness were the most likely locations of bracket fracture and due to general bracket 

morphology, these locations were often the tie-wings (Ghosh et al. 1995).  Because tensile 

force was applied to the disto-incisal tie-wing in this study, the fracture origin was limited to 

that general location.  However, the point on the disto-incisal tie-wing where the fracture 

originated tended to vary among the brackets imaged.   

 The fracture origin varied between the mesio-incisal point and the disto-incisal point 

of the tie-wing in the control, 7-day and 21-day storage in PBS groups.  Although the origin 

is located in the disto-incisal point of all the images in Figures 12B, 13B and 15B, the point 

of origin varied along the incisal edge of the tie-wing in the other samples imaged from those 

groups that were not displayed.  Variation in origin of the fracture is likely due to variation in 

the location of surface flaws on each bracket and the associated position of stress 

concentration sites.  Exposure of the monocrystalline brackets to storage in PBS did not 

produce a definitive change in the location of fracture origins relative to the origins of 

fracture of the control group.  This finding was not surprising as exposure to corrosive 

substances has not been found to initiate new surface damage that was detected using SEM 
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(Sanchez et al. 2008).  However, the exposure to corrosive substances may be expected to 

weaken locations of pre-existing manufacturing flaws by preferential attacking of the 

strained ionic bonds at crack tips (Barinov et al. 2000).  Therefore, the exposure to PBS 

would not be expected to uniformly localize or alter the position the fracture origin.   

 Application of the ligation protocol resulted in the accumulation of a similar 

magnitude of damage at a consistent location in all the brackets assigned to ligation (Figs. 

14A and 16A).  The fracture origin in all brackets assigned to ligation protocol was in the 

mesio-incisal point of the disto-incisal tie-wing, and this was observed on the other samples 

imaged but not displayed (Figs. 14B and 16B).  The location of tie-wing fracture in these 

brackets was in close proximity to the damage produced by the ligation protocol and also in a 

location where stress would naturally be concentrated, at a sharp point angle.  The 

accumulation of surface damage as a result of ligation could be expected to establish 

subcritical cracks and initiate the process of stress corrosion cracking at the eventual fracture 

origin of the tie-wing.  

Clinical Significance 

 Monocrystalline brackets assigned to the group most accurately representing the in-

vivo condition, 21-day PBS storage with ligation, had the lowest mean fracture strength of 

the study at 64.5 MPa or 28.6 N.  Clinically efficient torque to the maxillary incisors has 

been reported to range from 1,000 gm-mm to 3,500 gm-mm, or 1.96 N to 6.86 N assuming a 

center of resistance that is 5 mm from the point of force application (Aknin et al. 1996).  The 

lowest recorded tie-wing fracture in this study occurred in the monocrystalline bracket 21-

day PBS storage group and occurred at 7.5 N.  The range of monocrystalline tie-wing 
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fractures in the 21-day PBS storage with ligation group was 12.3 N to 46.0 N.  Even the 

lowest recorded tie-wing fracture is greater then the highest recommended force for efficient 

torque to the maxillary incisors, but fracture may still occur due to delayed failure and 

clinicians may inadvertently exceed the recommended force levels.  Mean debonding forces 

were previously measured for the same manufacturers polycrystalline and monocrystalline 

brackets as used in the current study.  The polycrystalline bracket debonded at 76.9 N and the 

monocrystalline bracket at 17.9 N (Chen et al. 2007).  The debond strengths were below the 

mean tie-wing fracture strengths for all bracket groups from the current study, suggesting that 

most brackets should debond without fracturing.  Mean masticatory forces on single tooth 

implant abutments recorded in subjects chewing gum measured 129 N (Morneburg and 

Proschel 2002).  This suggests that masticatory forces are sufficiently large to fracture 

ceramic bracket tie-wings if occlusal interferences are present, however, at these forces the 

brackets also have potential to debond or enamel wear will result.    

Although monocrystalline brackets tested in the as-received state demonstrated 

fracture strengths greater than double those of the polycrystalline brackets, the actual tie-

wing fracture strength following reasonable clinical usage was below those measured on 

polycrystalline brackets.  Even if damages from clinical usage could be completely 

eliminated, the long term contribution of corrosion to fracture strength reductions of 

monocrystalline brackets is still unknown.  The finding of a significant reduction in fracture 

strength following 21 days storage in PBS, a mildly corrosive solution, warrants attention.  

Considering the dramatic changes in pH and ion concentration within the oral environment, 

and the length of time orthodontic treatment typically lasts, reductions of tie-wing fracture 
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strength due to corrosion alone were probably underestimated in this study.  Additional 

factors such as temperature effects and normal masticatory forces have not been considered 

yet.  If monocrystalline alumina is chosen for an orthodontic bracket, the clinician should be 

extremely careful to avoid any sort of clinical manipulation that may scratch the surface of 

the bracket.   

 Polycrystalline brackets demonstrated resistance to the effects of corrosion and 

introduced surface damages, two factors that have been hypothesized to reduce tie-wing 

fracture strength.  The maintenance of polycrystalline alumina tie-wing fracture strength 

across all groups tested, most notably the 21-day storage in PBS with ligation group, suggests 

that this material performs better than monocrystalline alumina in terms of maintaining tie-

wing fracture strength following a clinical simulation protocol.        

Future Investigations 

 Only two potential variables in ceramic bracket tie-wing fracture strength were 

examined in this study, and the limitations of the study of both variables have already been 

mentioned.  It would be interesting to investigate the effects of different corrosive solutions 

and additional exposure time on fracture strength reductions of both types of alumina 

brackets.  The effects of 21 days of storage in PBS were elucidated and it would be 

interesting to see what occurs following longer storage times.  Other possible confounding 

variables to ceramic bracket fracture strength such as effects of cyclic temperature and 

masticatory forces could be examined in future studies.  The development of self-ligating 

ceramic brackets has changed the ligation methods in many orthodontic practices, but the 
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effects of corrosion or sharp instrument manipulation on these brackets have not been 

investigated.   

Application of information from this in-vitro study to the in-vivo situation should be 

done with caution.  Variations in procedures performed by each clinician, sharpness of the 

instruments used and the force with which the brackets are handled may produce additional 

variability in the degree of damage incorporated on the brackets.  While the degree of 

corrosion was likely underrepresented in this study, the introduction of surface damages as a 

result of simulated clinical manipulation may have under-or over-represented what would be 

produced by each individual.  Therefore, the effect of different degrees of surface damage on 

fracture strength reductions as a function of force and instrument sharpness could also be 

studied.   
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CHAPTER 5 

CONCLUSIONS 

 Within the limitations of this in-vitro investigation, the following conclusions were 

drawn: 

 1.  Tie-wing fracture strength of polycrystalline brackets was not significantly 

affected (p > 0.05) by storage in PBS or repetitive ligation relative to control brackets. 

 2.  Tie-wing fracture strength of monocrystalline brackets was significantly reduced 

(p < 0.05) by 21 days of storage in PBS and repetitive ligation relative to the control 

brackets. 
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