et al’'.: 0-No adhesive left on surface, 1-Less than half of the adhesive left on the surface,
2-More than half of the adhesive left on the surface, 3-All adhesive left on surface with

distinct impression of bracket mesh, 4-Porcelain surface fracture.

Figure 13. Sample mounted in universal testing machine

2.5 Data Storage
Data was recorded and stored using Microsoft® Excel® for Mac 2011, Version 14.4.8

(Microsoft, Redmond, WA).

2.6 Statistical Analysis

The mean, median, and distribution of shear bond strength at bond failure were
determined for each group (Table 1). A 1-way analysis of variance (ANOVA) was used
to compare means across groups and a pairwise comparison using Tukey’s HSD test was
implemented. A Chi-square test using Monte-Carlo simulation was employed to examine
differences by ARI scores. Significant differences were determined by examining each

cell standardized residual.
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Chapter 3: Results

The descriptive statistics for the shear bond strengths of the five groups are provided in
Table 1. Three samples were lost due to premature debond caused by operator error.
There was a significant effect of Group on MPa at the p<0.05 level [F(2, 67) =13.09, p =
0.001]. Pairwise comparisons of groups are provided in Table 2. Figure 14 demonstrates
the mean shear bond strength per group. Groups not connected by the same letter are
significantly different.

* Groupl -AB

* Groupll -A

* Grouplll-C

* GroupIV -BC
* GroupV-C

Descriptive statistics for the percentage of ARI score per group are provided in Table 1.
Results from the chi-square test reveal the percentage of ARI scores differed by group,
¢*(16, N="72) = 108.70, p = 0.001 (Figure 15). Visual assessments of ARI scores are
provided in Figure 16.

Specific differences are as follows:

* Group ! - had significantly more ARI scores of 0

* Group II - had significantly more ARI scores of 0

* Group III - had significantly more ARI scores of 4

* Group IV - had significantly more ARI scores of 1

* Group V — had significantly more ARI scores of 1, 2, 3,
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Table 1.

Descriptive Statistics

N Mean SD Min Max

Group Group 1 15 4.89 2.96 1.35 11.72
Group 2 14 3.49 2.34 0.72 8.13

Group 3 14 9.80 3.26 5.05 18.12

Group 4 14 8.08 4.72 1.09 16.14

Group 5 15 11.03 3.12 5.65 15.64

ARI-0 ARI-1 ARI -2 ARI -3 ARI -4

Group  Group 1 1387%) 1(7%)  0(0%)  0(0%) 1(7%)
Group 2 13(93%)  1(7%)  0(0%)  0(0%)  0(0%)

Group 3 000%) 1(7%)  0(0%)  0(0%) 13(93%)
Group 4 5(36%) 8(57%)  1(7%)  0(0%) 0 (0%)
Group 5 1(7%) 8(53%) 2(13%) 4(27%)  0(0%)
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Table 2.

Pairwise Comparisons

Group Group Difference 9154(;)\)&/3 9;{)21)3 P-Value
Group II vs. Group I -1.40 -4.90 2.11 0.80
Group I1I vs. Group I 4.91 1.40 8.41 *0.00
Group IV vs. Group I 3.19 -0.32 6.69 0.09
Group V vs. Group I 6.14 2.69 9.58 *0.00
Group I1I vs. Group II 6.31 2.74 9.87 *0.00
Group IV vs. Group II 4.59 1.02 8.15 *0.01
Group V vs. Group II 7.54 4.03 11.04 *0.00
Group IV vs. Group III -1.72 -5.29 1.84 0.66
Group V vs. Group III 1.23 -2.27 4.74 0.86
Group V vs. Group IV 2.95 -0.55 6.46 0.14

* Significant differences between groups
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Figure 14.

Bar Plots with 95% Confidence Intervals of MPa Score by Group
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Figure 15.

Bar Plot of ARI Scores by Group
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Figure 16.

ARI Assessment
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Chapter 4: Discussion

The development of adhesive bonding in orthodontics offers the advantages of
efficient chair time, superior esthetics, and improved oral hygiene conditions. Bonding
orthodontic attachments has thus become preferred over banding teeth. The increase in
adult patients seeking orthodontic care has lead to situations where practitioners may be
required to bond attachments to restorative surfaces such as porcelain and gold. While
classical restorations have better defined bonding protocols, the bonding protocols for
newer restorative materials are unclear. The aim of this study was to determine an
effective protocol for bonding attachments to zirconia, a metal-oxide restorative material
that has recently gained popularity.

The results showed that the type of restoration and surface preparation had a
significant effect on shear bond strength. The highest mean shear bond strength (11.03
MPa) was observed in the group of zirconia crowns microetched with Al,Os particles.

2527 that showed

These results are consistent with those reported by other studies
microetch followed by application of an MDP containing primer or resin, produced
significantly higher shear bond strength than other surface preparations when bonding to
zirconia. Microetch provides a micro-retentive surface by roughening the zirconia, and
then application of an MDP adhesive produces a chemical reaction, which results in a
bond between the zirconia substrate and adhesive. In accordance with other studies” 42,
this study demonstrated that silane coupler application was unnecessary to achieve
acceptable shear bond strength to zirconia. The microetch/zirconia group also showed
significantly more scores of ARI 1, 2, and 3, with 53% of the samples demonstrating an

ARI 1 score, indicative of an adhesive type of bond failure. Whitlock™ reported optimal
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shear bond strength to feldspathic porcelain to be 6-8 MPa. Considering the mean shear
bond strength and ARI, this study showed that optimal shear bond strength to zirconia
might be higher than feldspathic porcelain.

A comparison of mean shear bond strength across groups showed no significant
difference between zirconia that was microetched with Al,O3 or chemically etched with
hydrofluoric acid followed by silane coupler application. These findings are contrary to a
study by Derand and Derand* who found that hydrofluoric acid had no improvement on
the retention of resin cement when bonding to zirconia. They suggested that although
hydrofluoric acid did not improve shear bond strength in their study, hydrofluoric acid
might alter the adhesive capacity or change the potential free energy of the zirconia
surface. Another study by Blatz et al.** proposed that silanes do not chemically alter the
surface of high alumina ceramics, rather they facilitate bonding by increasing the surface
wettability in preparation for the resin composite. The wettability property of silanes may
influence the adhesive bonding to zirconia as well, in which no chemical reaction occurs
between silane and zirconia. This may explain the current findings that suggest
hydrofluoric acid followed by silane produced acceptable shear bond strength to zirconia.
The zirconia/hydrofluoric acid group was the only group with a mean shear bond strength
(8.08 MPa) that fell within the recommended range of 6-8 MPa. This group also showed
a favorable adhesive failure debond pattern with 57% of the samples demonstrating an
ARI score of 1.

The current study showed sufficient mean shear bond strength (9.80 MPa), when
leucite-reinforced porcelain was etched with hydrofluoric acid. This is in contrast to a

study by Karan et al.** that reported hydrofluoric acid to have a significantly lower shear
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bond strength to leucite-reinforced porcelain. However, the ARI score for this surface
preparation resulted in irreparable fracture for 93% of the samples, an unacceptable
result. This result is consistent with a study by Bourke az al.'° that showed hydrofluoric
acid to provide adequate shear bond strength yet caused significantly more damage at
debond than other surface preparations. Gillis ez al.” reported that higher shear bond
strengths were noted with hydrofluoric acid preparation even though the microscopic
evaluation of the etched porcelain showed minimal changes to the surface. Based on
these results, the current study does not recommend the use of hydrofluoric acid etch
when bonding to leucite-reinforced porcelain.

The two groups that demonstrated the lowest mean shear bond strength (3.40
MPa, 4.89 MPa) were the zirconia and leucite-reinforced porcelain prepared with
phosphoric acid. In contrast to this study’s findings, the mean shear bond strength was

considerably lower than reported in other studies'* '® '®

, which found phosphoric acid to
provide adequate bond strength to feldspathic porcelain with the use of a silane primer.
The current study showed the shear bond strength of phosphoric acid was significantly
different than hydrofluoric acid, which was in contrast to reports by Larmour et al.*".
These disparate results could be explained by the differences in composition of
feldpapthic and leucite-reinforced porcelain. Studies showed that phosphoric acid
removes the surface glaze, reduces the surface alkalinity, and increases the feldspathic
surface free energy in preparation for the resin or adhesive'®. These effects might not be
as potent when preparing leucite-reinforced porcelain, which contains less silica than

feldspathic porcelain. The size, number, and distribution of leucite crystals within

different ceramics have an effect on the etching patterns of acids®.
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Studies have shown that in-vitro findings should not be directly correlated with
in-vivo conditions. Adequate simulation of the oral cavity can be difficult in laboratory
studies, and the composition of different ceramics can vary*®. Andreasen and Steig® found
a 48%-52% difference in shear bond strength between in-vitro and in-vivo conditions.
Therefore, it is important to distinguish and take caution when interpreting the results of

this in-vitro study.
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Chapter 5: Conclusion

Shear bond strength was significantly different for type of restorative material and
type of surface preparation. Microetch with 50p Al,Os particles in combination with an
MDP containing universal adhesive primer provided the optimal mean shear bond
strength, along with favorable debond patterns when bonding to zirconia. Hydrofluoric
acid etch in combination with a silane primer provided acceptable shear bond strength to
zirconia and was not significantly different from zirconia prepared with microetch; either
method can be employed. Leucite-reinforced porcelain prepared with hydrofluoric acid
and silane primer resulted in a fracture of 93% of the samples. The use of hydrofluoric

acid is therefore not recommended when bonding to leucite-reinforced porcelain.
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Appendix: Experimental Data

Group I

Sample Force (N) Force (MPa) ARI
1.1 87.46 7.84 0
1.2 130.75 11.72 0
1.3 15.08 1.35 0
1.4 25.59 2.29 0
1.5 68.97 6.18 4
1.6 108.97 9.76 0
1.7 48.68 4.36 0
1.8 51.58 4.62 0
1.9 49.89 4.47 0
1.10 54.66 4.90 0
1.11 26.73 2.40 0
1.12 32.81 2.94 0
1.13 59.14 5.30 0
1.14 39.14 3.51 1
1.15 19.13 1.71 0
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Group I

Sample Force (N) Force (MPa) ARI
2.1 68.42 6.13 0
2.2 32.89 2.95 0
23 90.78 8.13 0
2.4 47.27 4.24 0
2.5 18.64 1.67 0
2.6 8.09 0.72 0
2.7 37.99 3.40 0
2.8 48.91 4.38 1
2.9 18.79 1.68 0
2.10 70.53 6.32 0
2.11

2.12 61.02 5.47 0
2.13 16.85 1.51 0
2.14 11.91 1.07 0
2.15 13.21 1.18 0
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Group I1I

Sample Force (N) Force (MPa) ARI
3.1 81.39 7.29 4
3.2 132.81 11.90 4
3.3 114.79 10.29 4
3.4 98.6 8.84 4
3.5 68.28 6.12 4
3.6 130.48 11.69 4
3.7 118.42 10.61 4
3.8 128.15 11.48 4
3.9

3.10 126.55 11.34 4
3.11 56.4 5.05 4
3.12 106.58 9.55 4
3.13 202.23 18.12 4
3.14 89.09 7.98 4
3.15 76.9 6.89 1
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Group IV

Sample Force (N) Force (MPa) ARI
4.1

4.2 163.76 14.67 1
43 67.78 6.07 0
4.4 139.05 12.46 1
4.5 105.63 9.47 1
4.6 40.24 3.61 1
4.7 33.63 3.01 0
4.8 66.07 5.92 1
4.9 12.19 1.09 0
4.10 144.43 12.94 1
4.11 85.4 7.65 0
4.12 29.11 2.61 0
4.13 180.09 16.14 2
4.14 108.22 9.70 1
4.15 86.13 7.72 1

31




Group V

Sample Force (N) Force (MPa) ARI
5.1 165.45 14.83 3
5.2 131.63 11.79 1
53 110.41 9.89 0
5.4 130.6 11.70 1
55 110.29 9.88 1
5.6 152.71 13.68 3
5.7 63.05 5.65 1
5.8 75.94 6.80 1
5.9 174.5 15.64 3
5.10 100.18 8.98 1
5.11 79.70 7.14 1
5.12 100.19 8.98 1
5.13 162.05 14.52 3
5.14 141.04 12.64 2
5.15 148.41 13.30 2

32




References

10.

11.

12.
13.

14.

15.

16.

17.

18.

Wahl N. Orthodontics in 3 millennia. Chapter 16: Late 20th-century fixed
appliances. Am J Orthod Dentofacial Orthop 2008;134(6):827-30.

Newman GV. Epoxy adhesives for orthodontic attachments: Progress report. Am
J Orthod;51(12):901-12.

Andreasen GF, Stieg MA. Bonding and debonding brackets to porcelain and gold.
Am J Orthod Dentofacial Orthop 1988;93(4):341-5.

Buonocore MG. A SIMPLE METHOD OF INCREASING THE ADHESION OF
ACRYLIC FILLING MATERIALS TO ENAMEL SURFACES. J Dent Res
1955;34(6):849-53.

Van Meerbeek B, De Munck J, Yoshida Y, et al. Adhesion to enamel and dentin:
current status and future challenges. OPERATIVE DENTISTRY-UNIVERSITY
OF WASHINGTON- 2003;28(3):215-35.

Gwinnett AJ, Matsui A. A study of enamel adhesives: The physical relationship
between enamel and adhesive. Arch Oral Biol 1967;12(12):1615-IN46.

Newman GV. First direct bonding in orthodontia. Am J Orthod Dentofacial
Orthop 1992;101(2):190-1.

Wood DP, Jordan RE, Way DC, Galil KA. Bonding to porcelain and gold. Am J
Orthod 1986;89(3):194-205.

Paffenbarger GC, Sweeney WT, Bowen RL. Bonding porcelain teeth to acrylic
resin denture bases. ] Am Dent Assoc 1967;74(5):1018-23.

Mofta JP, Jenkins WA, Weaver RG. Silane bonding of porcelain denture teeth to
acrylic resin denture bases. J Prosthet Dent 1975;33(6):620-7.

Ghassemi-Tary B. Direct bonding to porcelain: an in vitro study. Am J Orthod
1979;76(1):80-3.

Newman GV. Bonding to porcelain. J Clin Orthod 1983;17(1):53-5.

Calamia J, Simonsen, RJ. Effect of coupling agents on bond strength of etched
porcelain. J Dent Res 1984;63:179.

Ajlouni R, Bishara SE, Oonsombat C, Soliman M, Laffoon J. The Effect of
Porcelain Surface Conditioning on Bonding Orthodontic Brackets. Angle Orthod
2005;75(5):858-64.

Moin K. Indirect bonding of orthodontic attachments. Am J Orthod
1977;72(3):261-75.

Bourke BM, Rock WP. Factors Affecting the Shear Bond Strength of Orthodontic
Brackets to Porcelain. J Orthod 1999;26(4):285-90.

Nebbe B, Stein E. Orthodontic brackets bonded to glazed and deglazed porcelain
surfaces. Am J Orthod Dentofacial Orthop 1996;109(4):431-36.

Lifshitz AB, Cardenas M. A comparison between the shear bond strength of
brackets bonded to glazed and deglazed porcelain surfaces with resin-reinforced
glass-ionomer cement and a bis-GMA resin adhesive. World J Orthod
2006;7(2):134-7.

33



19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Wolf DM, Powers JM, O'Keefe KL. Bond strength of composite to etched and
sandblasted porcelain. Am J Dent 1993;6(3):155-8.

Gillis I, Redlich M. The effect of different porcelain conditioning techniques on
shear bond strength of stainless steel brackets. Am J Orthod Dentofacial Orthop
1998;114(4):387-92.

Larmour CJ, Bateman G, Stirrups DR. An investigation into the bonding of
orthodontic attachments to porcelain. The European Journal of Orthodontics
2006;28(1):74-717.

Karan S, Biylikyi1lmaz T, Toroglu MS. Orthodontic bonding to several ceramic
surfaces: Are there acceptable alternatives to conventional methods? Am J Orthod
Dentofacial Orthop 2007;132(2):144.e7-44.e14.

Schmage P, Nergiz I, Herrmann W, Ozcan M. Influence of various surface-
conditioning methods on the bond strength of metal brackets to ceramic surfaces.
Am J Orthod Dentofacial Orthop 2003;123(5):540-46.

Newman SM, Dressler KB, Grenadier MR. Direct bonding of orthodontic
brackets to esthetic restorative materials using a silane. Am J Orthod
1984;86(6):503-6.

Kern M, Wegner SM. Bonding to zirconia ceramic: adhesion methods and their
durability. Dent Mater 1998;14(1):64-71.

Wolfart M, Lehmann F, Wolfart S, Kern M. Durability of the resin bond strength
to zirconia ceramic after using different surface conditioning methods. Dent
Mater 2007;23(1):45-50.

Blatz MB, Sadan A, Martin J, Lang B. In vitro evaluation of shear bond strengths
of resin to densely-sintered high-purity zirconium-oxide ceramic after long-term
storage and thermal cycling. J Prosthet Dent 2004;91(4):356-62.

Denry 1, Holloway J, Rosenstiel S. Effect of ion exchange on the microstructure,
strength, and thermal expansion behavior of a leucite-reinforced porcelain. J Dent
Res 1998;77(4):583-88.

Holand W, Schweiger M, Frank M, Rheinberger V. A comparison of the
microstructure and properties of the IPS Empress 2 and the IPS Empress glass-
ceramics. J Biomed Mater Res 2000;53(4):297-303.

Manicone PF, Rossi lommetti P, Raffaelli L. An overview of zirconia ceramics:
basic properties and clinical applications. J Dent 2007;35(11):819-26.
Hisbergues M, Vendeville S, Vendeville P. Zirconia: Established facts and
perspectives for a biomaterial in dental implantology. Journal Of Biomedical
Materials Research. Part B, Applied Biomaterials 2009;88(2):519-29.
Laboratories ND. NADL 2014 Materials and Equipment Survey. In: Laboratories
NAoD, editor. Ventura, CA: Valmont Research LLC; 2014.

Bishara SE, Soliman M, Laffoon J, Warren JJ. Effect of changing a test parameter
on the shear bond strength of orthodontic brackets. Angle Orthod 2005;75(5):832-
5.

Bishara SE, Olsen M, Von Wald L. Comparisons of shear bond strength of
precoated and uncoated brackets. Am J Orthod Dentofacial Orthop
1997;112(6):617-21.

34



35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Serra-Prat J, Cano-Batalla J, Cabratosa-Termes J, Figueras-Alvarez O. Adhesion
of dental porcelain to cast, milled, and laser-sintered cobalt-chromium alloys:
Shear bond strength and sensitivity to thermocycling. The Journal of Prosthetic
Dentistry 2014;112(3):600-05.

Guzman R, Faust JB, Powers JM. Handling characteristics and bond strength of
eight direct bonding orthodontic cements. J Clin Orthod 1980;14(9):631-6.
Ritter DE, Ritter AV, Bruggeman G, Locks A, Tulloch JF. Bond strengths and
adhesive remnant index of self-etching adhesives used to bond brackets to
instrumented and uninstrumented enamel. Am J Dent 2006;19(1):47-50.

Artun J, Bergland S. Clinical trials with crystal growth conditioning as an
alternative to acid-etch enamel pretreatment. Am J Orthod;85(4):333-40.

Linn BJ, Berzins DW, Dhuru VB, Bradley TG. A Comparison of Bond Strength
Between Direct- and Indirect-bonding Methods. The Angle Orthodontist
2006;76(2):289-94.

Whitlock BO, 111, Eick JD, Ackerman RJ, Jr., Glaros AG, Chappell RP. Shear
strength of ceramic brackets bonded to porcelain. Am J Orthod Dentofacial
Orthop;106(4):358-64.

Standardization 1Of. ISO TR 11405 dental materials - guidance on testing of
adhesion to tooth structure. Geneva, Switzerland: WHO.

Atsu SS, Kilicarslan MA, Kucukesmen HC, Aka PS. Effect of zirconium-oxide
ceramic surface treatments on the bond strength to adhesive resin. The Journal of
Prosthetic Dentistry 2006;95(6):430-36.

Derand P, Derand T. Bond strength of luting cements to zirconium oxide
ceramics. Int J Prosthodont 2000;13(2):131-5.

Blatz MB, Sadan A, Martin J, Lang B. In vitro evaluation of shear bond strengths
of resin to densely-sintered high-purity zirconium-oxide ceramic after long-term
storage and thermal cycling. The Journal of Prosthetic Dentistry 2004;91(4):356-
62.

Blatz MB, Sadan A, Kern M. Resin-ceramic bonding: A review of the literature.
The Journal of Prosthetic Dentistry 2003;89(3):268-74.

Zachrisson YO, Zachrisson BU, Biiyiikyilmaz T. Surface preparation for
orthodontic bonding to porcelain. Am J Orthod Dentofacial Orthop
1996;109(4):420-30.

35



