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Changes in the oral environment can affect the properties of teeth and restorative 
materials. Teeth tend to demineralize when exposed to an acidic oral environment, 
thereby decreasing the mechanical strength of the natural enamel. The 
demineralization of enamel worsens with temperature since the rate of chemical 
reaction is usually increased at an elevated temperature. As for restorative materials, 
exposure to an acidic oral environment resulting from external or internal factors and 
temperature change would increase the risk of surface degradation of zirconia where 
the tetragonal–monoclinic phase transformation occurs and the surface roughness 
increases. This condition would increase the possibility of wearing out the opposing 
tooth and tooth erosion. Furthermore, other wear processes, such as attrition and 
abrasion, might occur separately or simultaneously on the teeth during daily functions. 
The combination of the wear processes on teeth may increase the wear of natural 
enamel and restorative materials. This paper briefly discusses the effect of various oral 
conditions on natural enamel and restorative materials, particularly dental zirconia. 
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1. Introduction 

 
Wear is a complex process that involves the removal of materials surface as a result of a direct 

sliding contact between two materials or exposure to a chemically active substance [1]. Wear is 
mainly determined by the mechanical properties of materials, such as surface hardness, roughness, 
fracture toughness and resistance to fatigue [2]. In the oral environment, human dentition is 
subjected to wear owing to the functional roles of teeth in our daily life. Teeth are essential for 
mastication, breathing, speech as well as facial esthetics [3]. Similar to teeth, dental materials used 
to restore decays are also exposed to changes within the oral cavity and can experience wear [4]. 
Severely worn teeth and restorations may not only affect functions and facial appearances but also 
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cause pain and discomfort [5]. Therefore, understanding the wear behavior of natural teeth and 
restorative materials would be a major help in selecting good restorative materials that will minimize 
the wear of the opposing teeth. 

Tooth surface loss can be attributed to three major causes: attrition, abrasion, and erosion. 
Attrition occurs from tooth-to-tooth contact without intervening foreign materials, such as the 
nature of contact between restorative materials and their opposing teeth. Meanwhile, in abrasion 
lesions, an extrinsic agent is present that causes friction on teeth such as brushing or coarse dietary 
intake [6]. Apart from mechanical wear, tooth substances are also susceptible to erosion by acidic or 
alkaline dissolution [7]. Erosive wear may be due to extrinsic factors involved in consumption of food 
and beverages with high acidity or intrinsic causes, such vomiting and regurgitation of gastric juice 
[8, 9]. Apart from that, temperature also contributes to the erosive potential of food and beverages. 
In general, the rate of chemical reaction increases at an elevated temperature [10]. In tribology, loss 
of tooth tissue can be characterized in terms of two-body wear (attrition) or three-body wear 
interacting under an acidic or abrasive fluid/slurry (erosion and abrasion). Interestingly, tooth wear 
may be a result of more than one causes acting singly or concurrently [11]. The current study also 
explores the effects of pH and temperature changes on dental enamel provides a brief overview of 
current knowledge on dental erosion. 

In dentistry, the use of zirconia 3YSZ (3mol% yttria stabilized zirconia) as a dental restorative 
material has increased due to its good biocompatibility and excellent mechanical and aesthetic 
properties [12-16]. As a restorative material, zirconia is required to withstand the harsh oral condition 
including extreme changes in pH, temperature and masticatory load [17]. It is, therefore, the purpose 
of this review to provide a brief description on the wear behavior of zirconia in different pH and 
temperature surroundings. 
 
2. Effect of Oral Environment on Enamel  
 

In a healthy individual, the saliva pH is slightly alkaline with pH ranging from 7.1 to 7.5 [18]. 
However, salivary pH can drop when acid is introduced in the form of food, beverages or regurgitated 
gastric acid. For example, citric acid with pH approximately 3, which is commonly found in carbonated 
drinks can contribute to chelation of calcium ions [19]. The presence of hydrogen ions (H+) from the 
citric acid which can produce up to three H+ ions from each molecule (Figure 1) when it dissociates 
in water is the main cause to loss of tooth minerals. The H+ ions will dissolve the tooth minerals by 
combining with carbonate ions, as shown in Eq. (1) [20]. However, the removal of minerals mainly 
calcium and phosphate ions by citrate through ligand-promoted dissolution only occur at pH 
approaching 6 [21]. At this point, the demineralization of enamel starts [3,22]. This is known as critical 
pH of enamel. Critical pH can be defined as the pH at which the solution is saturated with a specific 
mineral. When the pH of the solution (saliva) falls below the critical pH, the solution is said to be 
unsaturated with that specific mineral and thereby hydroxyapatite in dental enamel tends to dissolve 
until the solution becomes saturated [23]. As a result, there will be net loss of minerals from the 
enamel or demineralization. In general, the critical pH of enamel is at pH 5.5, but it is not a constant 
value since it depends on the quality of saliva [21].  
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Fig. 1. Schematic of citrate ions 
chelating on calcium ions 

 

𝐶𝑎10−𝑥𝑁𝑎𝑥(𝑃𝑂4)6−𝑦(𝐶𝑂3)𝑧(𝑂𝐻)2−𝑢𝐹𝑢 + 3𝐻+ → (10 − 𝑥)𝐶𝑎2+ + 𝑥𝑁𝑎+ + (6 − 𝑦)(𝐻𝑃𝑂4
2−) +

𝑧(𝐻𝐶𝑂3−) + 𝐻2𝑂 + 𝑢𝐹             (1) 
 

The pH of acidic beverages is affected by the ambient temperature. The acid dissociation from 
acidic beverages increases with the increase in temperature [10]. Studies reported that the rate of 
enamel erosion increases when the acidic temperature increases from 5 °C to 60 °C [24-26]. The 
hardness and elastic modulus of the enamel also are affected by the acidic environment and high 
temperature [10]. The increase in enamel erosion and the mineral loss at high temperature can be 
explained by the acceleration of the chemical reaction between the liquid (saliva) and the enamel 
surface. More energy is present at high temperature, thereby facilitating the reaction between the 
saliva to the enamel surface [27]. 

Saliva is essential for the dilution and buffering the acidic beverages that is introduced to oral 
cavity [28]. The buffering capacity of saliva derives from the concentration of calcium, phosphorus 
and fluoride ion in the saliva that determines the degree of saturation with respect to tooth minerals 
[21].  These ions will be deposited into crystal voids thus reversing the effect of demineralization of 
enamel by acid. The dissolution of enamel also depends on other factors, such as, exposure time, 
type, concentration and amount of acid [23, 29].  In general, the time needed for the saliva pH to 
return to its original state is 2 – 5 minutes. However, the time taken for the saliva to return to its 
neutral condition is dependent on anatomical structure of enamel and eating habit [21]. Therefore, 
if the acidic ions remain for extended time period inside an oral cavity, it will contribute to erosion of 
enamel when the saliva pH is less than the enamel critical pH [22]. As the intraoral pH decreases, the 
hydroxyapatites of enamel become more soluble [30]. In short, dental erosion arises from the 
intricate dynamics of demineralization-remineralization of teeth. 

Interestingly, dental erosion may occur concurrently with attrition or abrasion. Both attrition and 
abrasion are mechanical friction processes. The introduction friction process to the enamel after it is 
exposed to the acidic environment could lead to severe tooth wear (Figure 2). Combination of 
abrasion and erosion is a typical scenario seen in chewing acidic food, such as, pickles or citrus fruits. 
Upon contact with acidic food, demineralization of enamel rods will result in increase in the 
roughness (by micrometer) and porosity appearance on the enamel surface [31]. The softening of 
enamel will be further abraded by the coarse texture of food (Figure 2). Furthermore, when teeth 
come into contact at the end grinding cycle, attrition can also takes place. Attrition of enamel is 
especially observed when the natural enamel interdigit against restorative material. Enamel is more 
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susceptible to wear in an acidic environment when it opposes restorative materials [32] because 
unlike enamel where the dissolution of enamel occurs, the restorative material has superior 
mechanical properties and high corrosive resistance [33]. Therefore, the soft layer of the enamel 
exposed to the acidic environment may be shaved off through friction. 

 

 
Fig. 2. Enamel demineralization and remineralization 

 
Nevertheless, it remains to be seen whether the intraoral acidity negatively affects the 

mechanical properties and the surface of natural enamel. Previous research has reported 
contradictory results. Some researchers [9, 34] found that the enamel surface is smooth and almost 
similar to the original polished surface when it was tested with distilled water. However, the enamel 
surface tested in citric acid is rough because of corrosion in an acidic environment. On the contrary, 
Eisenburger and Addy [35] showed that the enamel loss obtained from in vitro wear test is higher at 
neutral condition compared to an acidic condition. The reason behind this situation might be due to 
the polishing effect on the enamel surface. Meanwhile, in the neutral environment, the enamel is 
prone to cracking during wear. The particles release from a crack can change the type of wear process 
from two-body attrition to three-body abrasion [34]. The difference in enamel loss in the neutral and 
acidic condition from the literature is probably due to different type and concentration of acid used 
in the study, since there are several factors that influence the erosive potential of the acid as 
discussed previously. 
 
3. Effect of Oral Environment on Zirconia 
 

Excessive intake of acidic food and beverages affects the mechanical properties and surface of 
monolithic zirconia [36, 37]. Zirconia that is exposed to an acidic environment exhibits lower flexural 
strength, hardness, fracture toughness, and stabilizer content, as well as an increase in volume 
fraction of the monoclinic phase than zirconia in a neutral condition [38]. The reduced mechanical 
strength of zirconia can be explained by the loss of yttria content on the surface exposed to a low-pH 
environment, thereby causing zirconia to be susceptible to tetragonal–monoclinic phase 
transformation [39]. Therefore, the volume fraction of the monoclinic phase is higher than that of 
the tetragonal phase in acidic environment. As a result, mechanical strength deteriorates because 
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monoclinic-phase zirconia has poorer mechanical properties than tetragonal-phase zirconia [33, 40, 
41]. This phenomenon is known as aging process. Although this process occurs at very slow rate at 
normal oral temperature, other factors, such as temperature of the oral environment and repeated 
high mastication load, could accelerate the aging process and further degrade the mechanical 
properties [42, 43]. The behaviour of zirconia surface that is exposed to various oral pH and 
temperature are still unknown. As described in the previous section, the rate of chemical reaction 
between the zirconia surfaces and surrounding medium is accelerated at high temperature [27]. This 
condition could worsen the effect of the aging process and increase the percentage of monoclinic 
phase in zirconia, resulting in further degradation of the mechanical properties. 

The wear of restorative materials in an acidic oral environment depends on the type and 
concentration of acid, pH, period of exposure to the acidic environment, and temperature [44, 45]. 
A lubricant medium with low pH, high viscosity, and long exposure time to lubricants increases the 
surface degradation of restorative materials and the wear rates of the opposing teeth [46]. 
Degradation on a ceramic restorative surface may occur when exposed to dietary acid and alkaline 
substances in an oral environment during consumption of food, fruits, snacks, or beverages [47]. The 
lifespan of restorative materials is affected by the roughened surface because of surface degradation 
and can lead to bacterial colonization [16], which increases abrasion of restorative materials toward 
the opposing teeth. The measurement of ions leaching from zirconia surface will give better 
understanding about its behaviour in various oral environments [48].  
 
4. Conclusions 
 

This review addresses some of the effects of oral environment on natural enamel and zirconia as 
dental restorative materials. Several factors that influence the erosive potential of food and 
beverages and contribute to the dissolution of enamel (acid type, concentration and amount of acid, 
calcium chelating properties, exposure time, temperature, buffering capacity, and saliva flow rate) 
are discussed. An increase in daily consumption of acidic diet also increases the risk of enamel and 
zirconia wear through the combined processes of attrition, abrasion, and erosion. These processes 
can cause severe effects on dental enamel and zirconia. With the combination of the two wear 
processes, numerous factors (e.g., load, mastication cycles, speed, type and concentration of 
lubricant, pH, and temperature) must be considered in the analysis of wear behaviour. To the best of 
the authors’ knowledge, further studies are needed to understand the behaviour of enamel surface 
on alkaline environment and zirconia surface, as well as the wear behaviour of the tooth opposing 
zirconia when exposed to various pH under varying oral temperature. 
 
Acknowledgement 
This work was supported by the Universiti Kebangsaan Malaysia (UKM) via research grant of DIP-
2016-001. 
 

References 
[1] Heintze, S. D., G. Zappini, and V. Rousson. "Wear of ten dental restorative materials in five wear simulators—results 

of a round robin test." Dental Materials 21, no. 4 (2005): 304-317. 
[2]    Elagroudy, Mona, Hesham Katamish, and Mostafa Aboushahba. "Evaluation of Wear and Hardness of Zirconia with 

Different Surface Treatment Protocols a Systematic Review." Indian Journal of Science and Technology 9, no. 39 
(2016): 1-15. 

[3] Zhou, Z. R., and J. Zheng. "Tribology of dental materials: a review." Journal of physics D: applied physics 41, no. 11 
(2008): 113001. 



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences 

Volume 59, Issue 1 (2019) 156-162 

161 
 

[4] Esquivel-Upshaw, Josephine F., William F. Rose Jr, Allyson A. Barrett, Erica R. Oliveira, Mark CK Yang, Arthur E. Clark, 
and Kenneth J. Anusavice. "Three years in vivo wear: core-ceramic, veneers, and enamel antagonists." Dental 
Materials 28, no. 6 (2012): 615-621. 

[5] Wu, Yun-Qi, Joseph A. Arsecularatne, and Mark Hoffman. "Attrition-corrosion of human dental enamel: A review." 
Biosurface and Biotribology 3, no. 4 (2017): 196-210. 

[6] Grippo, John O., Marvin Simring, and Steven Schreiner. "Attrition, abrasion, corrosion and abfraction revisited: a 
new perspective on tooth surface lesions." The Journal of the American Dental Association 135, no. 8 (2004): 1109-
1118. 

[7] Larsen, M. J. "Chemical events during tooth dissolution." Journal of dental research 69, no. 2 (1990): 575-580. 
[8] Heintze, S.D., Cavalleri, A., Forjanic, M., Zellweger, G. and Rousson, V. “Wear of ceramic and antagonist-A 

systematic evaluation of influencing factors in vitro” Dental Materials 24, no. 4 (2008): 433-449. 
[9] Wu, Yun-Qi, Joseph A. Arsecularatne, and Mark Hoffman. "Effect of acidity upon attrition–corrosion of human 

dental enamel." Journal of the mechanical behavior of biomedical materials 44 (2015): 23-34. 
[10] Barbour, MEea, M. Finke, D. M. Parker, J. A. Hughes, G. C. Allen, and M. Addy. "The relationship between enamel 

softening and erosion caused by soft drinks at a range of temperatures." Journal of dentistry 34, no. 3 (2006): 207-
213. 

[11] Kontaxopoulou, Isavella, and Sonia Alam. "Risk assessment for tooth wear." Primary dental journal 4, no. 3 (2015): 
25-29. 

[12] Wang, Hshin-Chun, M. M. Stack, Wang-Long Li, Ting-Fu Hong, and Moo-Chin Wang. "On the construction of wear 
maps for Y-TZP dental ceramics in aqueous environments: pH, exposure time and impact angle effects." Tribology 
International 43, no. 12 (2010): 2258-2267. 

[13] Aboras, Mohamed, Andanastuti Muchtar, Che Husna Azhari, Norziha Yahaya, and Joelle CW Mah. "Enhancement 
of the microstructural and mechanical properties of dental zirconia through combined optimized colloidal 
processing and cold isostatic pressing." Ceramics International 45, no. 2 (2019): 1831-1836.  

[14] Amat, N.F., Muchtar, A., Ghazali, M.J., and Yahaya, N. "Kesan Agen Penyerak dan pH Ampaian dalam Pemprosesan 
Berkoloid Serbuk Nano Zirkonia." Jurnal Kejuruteraan 24 (2012): 15-20. 

[15] Chin, Chuin Hao, Andanastuti Muchtar, Noor Faeizah Amat, Mariyam Jameelah Ghazali, and Norziha Yahaya. 
"Influence of sintering temperature on the translucency of sintered zirconia by cold isostatic pressing." In Advanced 
Materials Research, vol. 896, pp. 591-595. Trans Tech Publications, 2014. 

[16] Chin, Chuin Hao, Andanastuti Muchtar, Che Husna Azhari, Masfueh Razali, and Mohamed Aboras. "Improvement 
of Colloidal Stability in Colloidal Processing for Highly Translucent, Nanosized Zirconia." Sains Malaysiana 47, no. 7 
(2018): 1591-1597. 

[17] Kukiattrakoon, Boonlert, Chanothai Hengtrakool, and Ureporn Kedjarune-Leggat. "Effect of acidic agents on surface 
roughness of dental ceramics." Dental research journal 8, no. 1 (2011): 6-15. 

[18] Eckley, Claudia Alessandra, and Henrique Olival Costa. "Comparative study of salivary pH and volume in adults with 
chronic laryngopharyngitis by gastroesophageal reflux disease before and after treatment." Brazilian Journal of 
Otorhinolaryngology 72, no. 1 (2006): 55-60. 

[19] Wang, Yin-Lin, Chia-Chieh Chang, Chih-Wen Chi, Hao-Hueng Chang, Yu-Chih Chiang, Yueh-Chiao Chuang, Hsiao-Hua 
Chang, Guay-Fen Huang, Yunn-Shiuan Liao, and Chun-Pin Lin. "Erosive potential of soft drinks on human enamel: 
an in vitro study." Journal of the Formosan Medical Association 113, no. 11 (2014): 850-856.  

[20] Shellis, R. Peter, John DB Featherstone, and Adrian Lussi. "Understanding the Chemistry of Dental Erosion." 
Monographs In Oral Science 25 (2014): 163-179. 

[21] Wang, Yin-Lin, Hao-Hueng Chang, Yu-Chih Chiang, Chao-Hsiu Lin, and Chun-Pin Lin. "Strontium ion can significantly 
decrease enamel demineralization and prevent the enamel surface hardness loss in acidic environment." Journal 
of the Formosan Medical Association 118, no. 1 (2019): 39-49. 

[22] Reddy, Avanija, Don F. Norris, Stephanie S. Momeni, Belinda Waldo, and John D. Ruby. "The pH of beverages in the 
United States." The Journal of the American Dental Association 147, no. 4 (2016): 255-263.  

[23] Tadakamadla, Jyothi, Santhosh Kumar, Abrar Ageeli, and Nandimandalam Venkata Vani. "Enamel solubility 
potential of commercially available soft drinks and fruit juices in Saudi Arabia." The Saudi Journal for Dental 
Research 6, no. 2 (2015): 106-109.  

[24] West, N.X., Hughes, J.A., and Addy, M. "Erosion of dentine and enamel in vitro by dietary acids: the effect of 
temperature, acid character, concentration and exposure time." Journal of Oral Rehabilitation 27, no. 10 (2000): 
875-880. 

[25] Amaechi, Bennett T., S. M. Higham, and W. M. Edgar. "Factors influencing the development of dental erosion in 
vitro: enamel type, temperature and exposure time." Journal of oral rehabilitation 26, no. 8 (1999): 624-630.  

[26] Eisenburger, M. and Addy, M. "Influence of liquid temperature and flow rate on enamel erosion and surface 
softening." Journal of Oral Rehabilitation 30, no. 11 (2003): 1076-1080. 



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences 

Volume 59, Issue 1 (2019) 156-162 

162 
 

[27] Swain, Michael V. "Impact of oral fluids on dental ceramics: What is the clinical relevance?." Dental Materials 30, 
no. 1 (2014): 33-42. 

[28] Hara, Anderson T., and Domenick T. Zero. "The potential of saliva in protecting against dental erosion." In Erosive 
Tooth Wear, vol. 25, pp. 197-205. Karger Publishers, 2014. 

[29] Benjakul, Pojjanut, and Chanya Chuenarrom. "Association of dental enamel loss with the pH and titratable acidity 
of beverages." Journal of Dental Sciences 6, no. 3 (2011): 129-133. 

[30] Larsen, M.J. and Nyvad, B. "Enamel erosion by some soft drinks and orange juices relative to their pH, buffering 
effect and contents of calcium phosphate." Caries Research 33, no. 1 (1999): 81-87. 

[31] Chung, Hsiu-Ying, and Kuo-Chen Huang. "Effects of peptide concentration on remineralization of eroded enamel." 
Journal of the mechanical behavior of biomedical materials 28 (2013): 213-221.  

[32] Shabanian, Mitra, and Lindsay C. Richards. "In vitro wear rates of materials under different loads and varying pH." 
The Journal of prosthetic dentistry 87, no. 6 (2002): 650-656.  

[33] Piconi, C., and G. Maccauro. "Zirconia as a ceramic biomaterial." Biomaterials 20, no. 1 (1999): 1-25. 
[34] Zhang, Yichi, Joseph A. Arsecularatne, and Mark Hoffman. "The effects of three different food acids on the attrition-

corrosion wear of human dental enamel." Journal of Physics D: Applied Physics 48, no. 28 (2015): 285401. 
[35] Eisenburger, M., and M. Addy. "Erosion and attrition of human enamel in vitro part II: influence of time and 

loading." Journal of dentistry 30, no. 7-8 (2002): 349-352. 
[36] Loke, C., Lee, J., Sander, S., Mei, L. and Farella, M. "Factors affecting intra-oral pH - a review." Journal of Oral 

Rehabilitation 43, no. 10 (2016): 778-785. 
[37] Esquivel-Upshaw, J.F., Dieng, F.Y., Clark, A.E., Neal, D. and Anusavice, K.J. "Surface degradation of dental ceramics 

as a function of environmental pH." Journal of Dental Research 92, no. 25 (2013): 467-471. 
[38] Turp, Volkan, Betul Tuncelli, Deniz Sen, and Gultekin Goller. "Evaluation of hardness and fracture toughness, 

coupled with microstructural analysis, of zirconia ceramics stored in environments with different pH values." Dental 
materials journal 31, no. 6 (2012): 891-902. 

[39] Pandoleon, P., E. Kontonasaki, N. Kantiranis, N. Pliatsikas, P. Patsalas, L. Papadopoulou, T. Zorba, K. M. 
Paraskevopoulos, and P. Koidis. "Aging of 3Y-TZP dental zirconia and yttrium depletion." Dental Materials 33, no. 
11 (2017): e385-e392. 

[40] Chevalier, Jerome. "What future for zirconia as a biomaterial?." Biomaterials 27, no. 4 (2006): 535-543. 
[41] Amat, Noor Faeizah, Andanastuti Muchtar, Muhammad Sufiyan Amril, Mariyam Jameelah Ghazali, and Norziha 

Yahaya. "Effect of sintering temperature on the aging resistance and mechanical properties of monolithic zirconia." 
Journal of Materials Research and Technology 8, no. 1 (2019): 1092-1101. 

[42] Siarampi, Eleni, Eleana Kontonasaki, Konstantinos S. Andrikopoulos, Nikolaos Kantiranis, George A. Voyiatzis, 
Triantafillia Zorba, Konstantinos M. Paraskevopoulos, and Petros Koidis. "Effect of in vitro aging on the flexural 
strength and probability to fracture of Y-TZP zirconia ceramics for all-ceramic restorations." Dental Materials 30, 
no. 12 (2014): e306-e316. 

[43] Aboras, Mohamed M., Kai Yuan Theng, Andanastuti Muchtar, Che Husna Azhari, and Norziha Yahaya. "A review of 
the low-temperature degradation of dental zirconia." In Applied Mechanics and Materials, vol. 606, pp. 85-88. 
Trans Tech Publications, 2014. 

[44] Hughes, J.A., West, N.X., Parker, D.M., van den Braak, M.H. and Addya, M. "Effects of pH an concentration of citric, 
malic, and lactic acids on enamel, in vitro." Journal of Dentistry 28, no. 2 (2000): 147-152. 

[45] Fathy, Salma M., and Michael V. Swain. "In-vitro wear of natural tooth surface opposed with zirconia reinforced 
lithium silicate glass ceramic after accelerated ageing." Dental Materials 34, no. 3 (2018): 551-559. 

[46] Sharifi, Shayan, M. M. Stack, L. Stephen, Wang-Long Li, and Moo-Chin Wang. "Micro-abrasion of Y-TZP in tea." Wear 
297, no. 1-2 (2013): 713-721.  

[47] Oh, Won-suck, Ralph DeLong, and Kenneth J. Anusavice. "Factors affecting enamel and ceramic wear: a literature 
review." The Journal of prosthetic dentistry 87, no. 4 (2002): 451-459. 

[48] Sulaiman, Taiseer A., Aous A. Abdulmajeed, Khalil Shahramian, Leena Hupa, Terrence E. Donovan, Pekka Vallittu, 
and Timo O. Närhi. "Impact of gastric acidic challenge on surface topography and optical properties of monolithic 
zirconia." Dental Materials 31, no. 12 (2015): 1445-1452. 


