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Preface

Dental Materials: Properties and Manipulation presents contemporary information about clinical and laboratory dental materials used throughout all dimensions of dental care.
Background

Now in its tenth edition, this textbook was edited until 2003 by Dr. Robert G. Craig. Dr. Craig contributed to the education of literally thousands of students, using his research knowledge and inherent teaching skills to promote an understanding of dental materials. This text continues to honor Dr. Craig’s commitment to the dissemination of accurate, current knowledge about dental materials in clinical practice.
Audience

This textbook is intended for students in dental, dental assisting, and dental hygiene programs. It also is a nearly ideal resource for dental technology programs or programs training mid-level providers and will serve as a comprehensive, contemporary reference for any practicing dentist or dental professional. Finally, it is an excellent resource for those in need of a thorough review of dental materials for general or specialty board examinations.
Organization

Our goal with Dental Materials: Properties and Manipulation, 10th Edition, was to provide a comprehensive source of information about dental materials. The book first provides an overview about how materials are used to treat or prevent disease and trauma. Following a discussion of the important properties of materials, the book covers all preventive and direct restorative materials used in contemporary dental practice. Later chapters focus on materials used to fabricate indirect restorations that remain critically important to the restoration of a patient’s oral health and are important to the dentist or dental professional because of the need to communicate expectations accurately to the patient or laboratory technician.

In this edition all chapters have been revised, but chapters on amalgam, casting alloys, cements, ceramics, implants, impression materials, and polymers have been completely redone to present up-to-date information at an appropriate level. Key terminology is set in bold type, critical statements are italicized, unusual words are defined in brief text boxes, and quick review or summary statements are placed at the ends of chapters or major sections. Finally, a glossary of terms is placed at the end of the textbook. In addition, a companion website created just for this book (http://evolve.elsevier.com/Powers/dentalmaterials) contains a variety of resources designed to enhance both education and study (see listing below).
Key Features

• Comprehensive, Focused Coverage: Fifteen chapters present detailed information about dental materials used in the dental office and laboratory and all the materials relevant to day-to-day practice for dentists, dental hygienists and dental assistants.

• Cutting-Edge Content: The latest materials used in dental practice are discussed, including those used in esthetic dentistry and preventive dentistry, and new advanced technologies in laboratory practice.

• Art Program: More than 400 full-color illustrations and photographs liberally supplement the text descriptions to help students learn to recognize the differences among the many types of dental materials and thoroughly comprehend their appropriate manipulation.

• Consistent Presentation: Each material presentation begins with a study of the properties and uses of that material before moving onto the specific manipulations and applications in dentistry, providing a logical framework for comparison among materials.

• Review Questions: Each chapter ends with 20 to 30 self-test questions, the answers to which are provided in the online instructor’s materials, as a student study and assessment tool.

• Quick Review Boxes: Each chapter wraps up with a brief narrative summarizing the content to recap key concepts and help students assess their readiness to progress onto the next topic.

• Note Boxes: Interspersed throughout the text, these notes highlight key points and important terminology to help students build the foundational information necessary for clinical competence.

• Summary Tables and Boxes: Chapters summarize concepts and procedures within boxes and tables throughout the text for easy-to-read summaries of text discussions for reference and study.

• Vocabulary Resources: Key terms are listed at the outset of each chapter, bolded upon their initial text mention within the chapter, and defined in a back-of-book glossary to help students master the language of dental materials.

• Learning Objectives: Each chapter begins with a detailed list of student outcomes that serve as study tools and checkpoints for student comprehension.

• Supplemental Readings: Chapters include listings of contemporary texts and journal articles that supply further information on the topic at hand to promote evidence-based practice and provide students with sources of in-depth study on specific topics.

• Conversion Factors: The inside back cover includes listings of common metric conversions as a handy reference for students.

• Evolve Website: A companion site provides resources to ease both instruction and learning.

New to This Edition

• New Content: Expanded and updated discussions are included for particularly dynamic areas such as esthetics, CAD/CAM technology, cements, ceramics, dental implants, and impressions (including digital impressions) to keep up with changes and advances in dental materials and associated technology.

• Full Color: For the first time, this text is in full color, improving the clarity of images and helping students understand complex processes and sequences, and differentiate among the numerous types of dental materials.

• New Artwork: More than 100 new illustrations and photographs have been added, including images that show materials being mixed and used, making this often-difficult subject matter easier to grasp.

• Appendices: Several chapters include appendices that set apart from the text discussion and describe dental materials (e.g., agar impression material and zinc phosphate cement) that are less commonly used in modern dental practices.

• New Ancillary Materials: A color image collection, expanded test bank, and the addition of case studies are added to the instructor materials, whereas students benefit from access to instant-feedback assessment questions and interactive exercises to reinforce glossary terms.

Companion Website

An Evolve website has been created specifically for this text and is accessible via http://evolve.elsevier.com/Powers/dentalmaterials. Assets on this site include the following:
Student Resources


• Self-Assessment Practice Quizzes

• Instructional Videos

• Vocabulary Flashcards



Instructor Resources


• Test Bank (nearly 600 questions)

• Case Studies (including critical thinking questions)

• PowerPoint Presentations

• Image Collection

• Answers to Textbook Self-Test Questions

• Performance Skills Checklists
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Chapter 1

Introduction to Restorative Dental Materials

Objectives

After reading this chapter, the student should be able to:

1. Explain why restorative materials are used in dentistry and why they are important to the patient’s total health.

2. Describe the major diseases that lead to tooth damage and how materials may help restore or prevent this damage.

3. Explain the differences between intracoronal and extracoronal restorations, which oral diseases are likely to create a need for each, and which restorative materials are commonly used for each.

4. Define the differences between direct and indirect restorations, and give examples.

5. Describe the process of endodontic treatment, when it is needed, and what materials are used for this treatment.

6. Explain which restorative materials and types of restorations are commonly used to restore the function of missing teeth and the advantages and disadvantages of each type of restoration.

7. Describe the role of restorative materials in the prevention of oral disease and trauma.

Key Terms

Abutment teeth

Bridge

Caries

Complete denture

Endosseous dental implants

Extracoronal restorations

Fixed partial denture

Intracoronal restorations

Maryland bridge

Pontics

Removable partial denture

Restorative dental materials are used to prevent or repair damage to teeth caused by oral disease or trauma. The restoration of teeth is critical to the well-being of any individual. Tooth damage, loss, or dysfunction contribute to malnutrition, speech disorders, and deterioration of the temporomandibular joint or alveolar bone, and may inflict significant pain. Furthermore, the teeth dominate an individual’s facial appearance, and missing or damaged teeth often compromise social well-being and self-esteem. Emerging data support links between oral health and systemic diseases such as heart disease, diabetes, arthritis, and abnormal pregnancy. Restorative dental materials are among the tools used by the dental team to prevent disease and alleviate pain, inflammation, and infection caused by disease, thereby improving the patient’s total health. The dental auxiliary plays an important role in the delivery of care to repair damage to teeth from oral disease and trauma.

[image: image] Damage to teeth may occur from infectious disease, trauma, systemic disease, or congenital disease. The dental auxiliary plays an important role in the delivery of care to repair damaged teeth with restorative dental materials.

Dental Disease and Restorative Materials

Caries

In spite of tremendous strides in its prevention, caries remains a major global problem in all countries and leads to significant destruction of teeth, pain, systemic infection, and tooth loss (Figure 1-1).


[image: image] Caries remains a problem in all countries, particularly in children. The health costs of tooth damage from caries are staggering.
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FIGURE 1-1 Caries is a nearly ubiquitous bacterial infection that destroys tooth structure. Caries occurs on any tooth surface but is common in the occlusal fissures as shown here. Initially, the infection is restricted to the enamel, but over weeks to months, the infection spreads into the softer dentin. Once in the dentin, the infection and destruction spreads laterally and deeper until the pulpal tissues are infected. At this point, the patient typically experiences some sort of sensitivity or pain. If untreated, the infection will spread through the tooth canal system and finally involve the periapical tissues. In some cases, the infection drains through the alveolar bone to the buccal or lingual. Once in the periapical tissues, the infection may spread throughout the face, usually accompanied by extreme pain, swelling, malaise, and fever. Unchecked, the infection may even cause death. Dental restorative materials are used to treat all dimensions of the damage caused by caries.

Caries is caused by bacterial plaque, which accumulates on teeth in areas where patients do not remove it (see Figure 1-1). A complex community of bacteria in plaque adheres to teeth and secretes acids and enzymes that dissolve the enamel, dentin, and cementum. Carious lesions occur on any tooth surface but are most common in areas where plaque accumulates unchecked—in the pits and fissures, along the gingiva, and interproximally. Caries also is a significant problem on the roots of the teeth of older individuals, where it rapidly destroys the softer cementum and dentin. As caries progresses over a period of months, more and more of the coronal tooth is destroyed, and the bacteria infect the pulp of the tooth and ultimately the periapical tissues as well. If left unchecked, an infection caused by caries can be fatal, but extraction of the tooth is a more common outcome. Dental restorative materials are used at every stage of the caries disease process to prevent or repair damage (discussed later).
Periodontal Disease

Unlike caries, periodontal disease affects the tissues supporting the teeth, including the gingiva, periodontal ligament, cementum, and alveolar bone (Figure 1-2). Periodontal disease also is caused by bacterial plaque, although the strains of bacteria are different from those that cause caries, and the progression of the disease occurs over many years rather than months. Initially, toxins secreted by bacteria in the plaque inflame the gingiva (gingivitis), but the hard tissues (cementum or bone) are not involved. Over time, the chronic inflammation induced by the bacteria causes irreversible destruction of the alveolar bone, periodontal ligament, and cementum (periodontitis). Destruction of these tissues results in deep pockets around the teeth that harbor plaque with even more damaging species of bacteria that grow in an anaerobic (low or no oxygen) environment. As the supporting tissues are lost, the tooth becomes mobile, and root surfaces and furcations become exposed. Exposed root dentin is often very sensitive (dentin hypersensitivity) to cold, toothbrushing, or sweets, leading to even poorer cleaning. Ultimately, the support for the tooth becomes so compromised that the tooth is lost. Periodontal disease increases the risk of caries or pulpal infection by giving cariogenic bacteria access to the tooth root or the periapical structures. Restorative dental materials are used to limit tooth mobility or replace function of lost teeth by distributing occlusal forces to healthier remaining teeth. Materials also are used to reduce sensitivity associated with exposed root surfaces.

[image: image]
FIGURE 1-2 Periodontal disease is a chronic bacterial infection. Bacterial plaque adheres to teeth near the gingival tissues. Bacterial toxins cause inflammation of the periodontal tissues, initially involving only the gingiva (gingivitis). With time, the infection and associated inflammation involve the crestal alveolar bone (periodontitis). Without treatment, the infection causes loss of alveolar bone that eventually involves the furcae and increases tooth mobility. At this point, the risk of tooth loss is high. Unlike caries, periodontal disease is nearly always painless, although some patients experience dentin sensitivity from exposure of the root surfaces. These exposed surfaces sometimes require restorative procedures to mitigate pain. Advanced periodontal disease increases the risk of root caries and pulpal infection, and it is thought to contribute to systemic inflammation, for example, in the endothelial lining of arteries. Other systemic diseases such as diabetes increase the risks of periodontal disease through high glucose levels in local tissues that trigger oxidative stress. A variety of restorative materials and strategies are used to replace teeth lost to periodontal disease.
Trauma, Systemic Disease, and Genetic Disorders

Trauma may cause diverse and significant damage to teeth and other oral structures, and restorative dental materials play a major role in repairing trauma-induced damage. Trauma may fracture only the enamel or dentin or may cause a fracture of the tooth that involves the pulp or alveolar bone. Teeth may be completely lost (avulsion) or displaced in any direction. Restorative materials are used to repair teeth, stabilize them until the supporting tissues heal, or replace them.

Systemic disease sometimes destroys teeth and oral tissues, and restorative materials are used to repair this damage. Cancer of the head and neck region may require that a large segment of the maxilla or mandible or associated oral structures be removed for the patient to survive. Dental prostheses restore function or esthetics for these unfortunate patients. Osteoporosis compromises the bony support for teeth, leading to edentulism and the need for major oral restoration. Diabetes accelerates and exacerbates periodontal disease. In older individuals, systemic disease often amplifies oral disease. For example, many older individuals experience decreased salivary production, which limits the body’s oral immune response and promotes both caries and periodontal disease. Fluorosis, resulting from natural or iatrogenic excess ingestion of fluoride when the teeth are forming, disfigures and discolors tooth enamel and requires esthetic treatments or restoration.

Genetic disorders are another significant cause of oral disease that requires the use of restorative dental materials. In several genetic diseases, teeth may be congenitally missing. Other diseases, such as amelogenesis imperfecta or dentinogenesis imperfecta, cause major loss of tooth structure from defective enamel, dentin, or the bonds between enamel and dentin. In these patients, nearly every tooth will require restoration.
Restoration of Damaged Teeth

Regardless of the source of damage, teeth are repaired using two basic types of restorations: intracoronal and extracoronal (Figure 1-3). If the damage to the tooth involves the pulpal or periapical tissues, then endodontic restorative treatments are used in addition to these restorations.

[image: image]
FIGURE 1-3 Restorations to repair tooth damage are classified into two broad categories, each requiring different types of materials and different restorative strategies. Intracoronal restorations (left) are retained within the body of the tooth primarily by the remaining tooth structure. Extracoronal restorations (right) are retained by friction with at least part of the restoration made to fit around the exterior of the tooth. Extracoronal restorations are used when the destruction or loss of tooth structure is extensive.
Intracoronal Restorations

Intracoronal restorations are used to repair damage that is restricted to the internal parts of the tooth (see Figure 1-3). Damage of this nature is nearly always caused by caries but is occasionally caused by trauma. For intracoronal restorations, the tooth is first surgically prepared to receive the restoration, a process commonly referred to as cavity preparation (Figure 1-4). Cavity preparation removes diseased or damaged tissue and creates a space that is accessible for restoration and able to stably retain the restoration. Many complex factors govern the surgical cavity preparation, although a thorough discussion of the “principles of cavity preparation” is beyond the scope of this text. Cavity preparations may be restored (Figure 1-5) with materials such as amalgam (Chapter 5), resin composites (Chapter 4), cast alloys (Chapters 11 and 12), ceramics (Chapter 14), or less often by gold foil (Chapter 11).

[image: image][image: image]
FIGURE 1-4 When the tooth is surgically treated to eliminate the destruction inflicted by caries (red arrows), systemic disease, or trauma, the extent of the damage determines the type of restorative strategy. If the damage is restricted to the internal parts of the tooth (A-C), surgical preparation modifies the tooth for an intracoronal restoration, and the remaining external tooth structure retains the restoration. With more extensive damage, the external surfaces of the tooth must be included in the surgical preparation (D-H). Materials to protect or restore the deepest areas (bases and liners, blue arrows) are often used with these more extensive preparations. Pinholes or slots are sometimes used (green arrows) to retain extracoronal restorations. If the restoration replaces a missing tooth (H), the extracoronal preparations must be designed so that the restoration can fit the retaining teeth (abutments) simultaneously. (A, C-G, Courtesy Richard V. Tucker, University of Washington Department of Restorative Dentistry, Seattle, WA. B, Courtesy J. Martin Anderson, University of Washington Department of Restorative Dentistry, Seattle, WA. H, Courtesy ER Schwedhelm, University of Washington Department of Restorative Dentistry, Seattle, WA.)
[image: image][image: image]
FIGURE 1-5 Intracoronal restorations are generally used to repair the internal structure of teeth, but may involve some of the external surfaces as well (A-I). Today, intracoronal restorations are generally (but not always) fabricated directly, customized to fit the patient’s teeth in situ. Several types of restorative materials are used for intracoronal restorations including amalgam (A-D), gold foil (E, blue arrow), cast gold (F, green arrows), and composite (G-I, black arrows). Each type of material has a different service life. For example, amalgam margins (where the restoration meets the tooth structure) are initially very good (A, B) but deteriorate over time, usually many years (C, D, red arrows). Gold foil and ceramics are the longest lasting of restorative materials, whereas composites and glass ionomers have shorter service lives (I, red arrow). (A, Courtesy J. Martin Anderson, University of Washington Department of Restorative Dentistry, Seattle, WA. B-F, Courtesy Richard V. Tucker, University of Washington Department of Restorative Dentistry, Seattle, WA. G-I, Courtesy of ER Schwedhelm, University of Washington Department of Restorative Dentistry, Seattle, WA.)
Extracoronal Restorations

[image: image] Extracoronal restorations are used to restore teeth with more extensive damage that cannot be managed with intracoronal restorations.


If damage to a tooth is extensive, then intracoronal restorations are not feasible and extracoronal restorations will be necessary to restore the teeth (see Figure 1-3). Extracoronal surgical tooth preparations are much more aggressive (less conservative) than intracoronal preparations (see Figure 1-4) and nearly always must be restored using restorations that are fabricated indirectly (away from the patient). Crowns, onlays, and veneers (Figure 1-6) are examples of extracoronal restorations.

[image: image][image: image]
FIGURE 1-6 Extracoronal restorations involve at least some of the lateral structure of the tooth; most extracoronal restorations are fabricated indirectly, away from the patient. The most common form of extracoronal restoration in dentistry today is the crown (A-D). The crown may be fabricated entirely from alloy (A) or may have an alloy substructure supporting a ceramic veneer (B, D, ceramic shown by red arrows). Other types of extracoronal restorations include three-quarter crowns (C) and onlays (E) where one or more tooth cusps are restored (blue arrows). Ceramics may also be used for crowns (F,G) or veneers (H). (C, Courtesy Kevin Frazier, Georgia Health Sciences University, Augusta, GA. D, E, Courtesy Richard V Tucker, University of Washington Department of Restorative Dentistry, Seattle, WA. F, G, Courtesy E.R. Schwedhelm, University of Washington Department of Restorative Dentistry, Seattle, WA. H, Courtesy Kavita Shor, University of Washington Department of Restorative Dentistry, Seattle, WA.)

Extracoronal restorations typically require that a model or die of the surgically prepared tooth be made; the die must be extremely accurate in its size, reproduction of detail, and relationship to adjacent and opposing teeth. Fabrication of dies involves making impressions (Chapter 8) and pouring the impressions with a model or die material (Chapter 9). More recently, models of the tooth can be digitally acquired, although this strategy is in its infancy. Fabricating the restoration on the die may involve waxes (Chapter 10), casting alloys (Chapters 11 and 12), polymers (Chapters 4 and 13), ceramics (Chapter 14), or some combination of these materials. Computer-aided machining (CAM) techniques may be used to fabricate indirect restoration. In all cases, the design of the preparation and restoration will depend on the ability of the restorative material to withstand oral forces in service (Chapter 2).
Endodontic Treatment

[image: image] Endodontic treatment is necessary if oral disease or trauma involves the pulp of the tooth. The pulpal tissues are removed and the resulting space is cleaned and sealed with restorative materials.


When the pulpal tissue is infected and destroyed by caries, periodontal disease, or trauma, then endodontic therapy must be initiated, and the restoration of the tooth becomes more complex (Figure 1-7). The first step is to remove the infected pulpal tissue and associated root dentin. The space created when the pulpal tissues are removed must be replaced with sealers that prevent ingress of bacteria. Restoration of the coronal portion of the tooth often requires extracoronal restorations but may use intracoronal restorations in anterior teeth. Depending on the amount of tooth structure lost to the disease or trauma, a post and buildup may be placed in the root canal to strengthen the tooth and aid in fabrication of the final restoration. The physical properties of these materials, their interactions with each other, and their interactions with tooth structure are critically important to the longevity of the restoration.

[image: image]
FIGURE 1-7 Restoration of a tooth with an infected pulp is complex and involves many restorative materials. Pulpal disease often involves the periapical tissues (green arrows). The canals are identified (black arrows), shaped, and cleaned using nickel-titanium files (A). The shaped canals are then sealed with a natural or synthetic polymer (B-D, F, blue arrows); on occasion, the sealing material is extruded beyond the root apex (C,D, orange arrows). Once sealed, the canal openings are sealed using a resin composite (E). A steel post may be cemented in place with a resin polymer (red arrow) and the tooth is built back to full contour with amalgam or a resin composite. Finally, the tooth is surgically prepared for a crown, an impression is taken, a model made, and a crown fabricated of alloy or ceramic (F). The crown is cemented with a glass ionomer or resin-based cement. (A-F, Courtesy Brandon Seto and James Johnson, University of Washington Department of Endodontics, Seattle, WA.)
Replacement of Lost or Missing Teeth

In the event that trauma or disease has led to the loss of one or more teeth, restorative materials play a major role in replacing the function and esthetics of the missing teeth. The type of restorations depends on whether all the teeth are missing (called edentulism) or some teeth remain (partial edentulism).
Partial Tooth Loss (Partial Edentulism)

The function and esthetics of missing teeth may be restored using a fixed partial denture (also commonly known as a bridge, Figure 1-8). Classically, a bridge is prepared by placing extracoronal restorations (usually crowns) on the teeth adjacent to the edentulous space. These teeth are called abutment teeth, and the artificial replacement teeth are called pontics. Bridges are always made using indirect techniques and are fabricated from alloys, alloy–ceramic combinations, or ceramics alone (Chapters 11, 12, and 14). The placement of crowns on the abutment teeth requires substantial sacrifice of tooth structure regardless of the condition of the abutment tooth. Because of this, an alternative technique called a resin-bonded fixed partial denture (or Maryland bridge) is sometimes used if the abutment teeth are healthy and free of major restorations. The Maryland bridge does not require extracoronal crowns on the abutment teeth. “Arms” from the pontic are bonded to the enamel of the abutment teeth via a resin-based cement (Chapter 7). Retention of Maryland bridges is poorer than for traditional bridges, and these restorations cannot always be used, because of inappropriate occlusion or positions of abutment teeth.


[image: image] Endosseous implants are increasingly used to manage the restoration of missing teeth and have reduced the need for bridges and partial dentures.
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FIGURE 1-8 Bridges are used to replace missing teeth. A variety of materials may be used. Traditionally, bridges (more formally referred to as fixed partial dentures) were fabricated from casting alloys (A) or a combination of an alloy and ceramic (B, C). The alloy serves as a substructure for strength. More recently, ceramics such as zirconia have been used to restore missing teeth (D-G). In the all-ceramic bridges, a high-strength ceramic is used to form the substructure (E, F), followed by a veneer of more esthetic ceramic to full contour and function (G). (A, Courtesy E.R. Schwedhelm, University of Washington Department of Restorative Dentistry, Seattle, WA. B, C, Courtesy Wayne Campbell, Captek Corporation, Altamonte Springs, FL. D-G, Courtesy Ariel Raigrodski, University of Washington Department of Restorative Dentistry, Seattle, WA. Laboratory work by Andreas Saltzer, MDT, Weinheim, Germany.)

Endosseous dental implants are increasingly used to replace missing teeth (Chapter 15; Figure 1-9). Dental implants are fabricated from special titanium-based alloys or more recently from ceramics. Endosseous implants are placed into bone with special techniques to ensure integration with bone, and then indirect restorations are placed on the implants. Implants leave the adjacent teeth unrestored and are easier for the patient to clean than bridges or removable partial dentures. However, implants are expensive and involve significant surgery and treatment time. Furthermore, the bone quality may or may not be appropriate to support an implant.

[image: image]
FIGURE 1-9 Endosseous implants are a burgeoning strategy used to replace single or multiple missing teeth. In some cases, the implant is placed to the level of the bone (A) and the alloy-ceramic restoration shapes the gingiva and restores the missing space; a screw may be used to retain the restoration (B,C blue arrow). In other cases, the implant is placed to the level above the tissue (C); this type of strategy is used mostly for posterior teeth where esthetics is not as important. Multiple implants also can be used to support a denture (D) when all teeth are missing. (A, B, Courtesy Mats Kronström, University of Washington Department of Restorative Dentistry, Seattle, WA. C, D, Courtesy Edwin Mills, Atlanta, GA.)

If multiple teeth are missing in multiple locations, then a removable partial denture may be indicated (Figure 1-10). Partial dentures are also common in situations in which there is no distal abutment tooth available to anchor a fixed bridge. Partial dentures use a framework of stiff alloy (Chapters 2 and 11) that rests on specific abutment teeth and distributes occlusal biting forces evenly and appropriately to the remaining teeth. Acrylic teeth (Chapter 13) are then bonded to the framework, which is held in place by clasps that engage the abutment teeth. Removable partial dentures are advantageous to the patient from the standpoint of cleaning and inspection of the remaining teeth, but they are generally less esthetic and less comfortable for the patient to wear than permanently fixed prostheses such as bridges or implants.

[image: image]
FIGURE 1-10 Removable partial dentures are prostheses designed to replace multiple missing teeth in the anterior or posterior areas of the mouth (A,B). Teeth are made of acrylic (green arrows) or may be cast into the alloy framework. The appliance has rests (red arrows) that use the remaining teeth to absorb the forces placed on the missing teeth and clasps (blue arrows) to retain the appliance. The appliance should be removed for cleaning and to clean the remaining teeth. (Courtesy Richard Lee Sr., University of Washington Department of Restorative Dentistry, Seattle, WA.)
Loss of All Teeth (Edentulism)

Patients who have lost all teeth in an arch are described as edentulous for that arch. The edentulous patient will require a complete denture to restore function and fulfill esthetic needs. The complete denture is composed of an acrylic polymer base with acrylic denture teeth bonded into positions that are compatible with the patient’s opposing arch or the denture of the opposing arch (Chapter 13; Figure 1-11). The base of the denture is constructed to provide maximum support from the edentulous ridge, and accurate impressions are critical to capture the shape and size of the ridge (Chapter 8). In some cases, the complete denture is supported (via screws and special abutments) by multiple dental implants (see Figure 1-9). This strategy is often very successful, particularly in the lower arch, but it requires meticulous cleaning by the patient and dental team and is much more expensive than a traditional complete denture.

[image: image]
FIGURE 1-11 Complete dentures (blue arrows) are fabricated for individuals who have lost all teeth in an arch. Complete dentures are sometimes fabricated for both arches (A, left) or in combination with partial dentures (A, green arrows). A complete denture (B) is composed of an acrylic polymer that is used to support acrylic teeth. The tissue side of the denture often has the patient’s name embedded for permanent identification. (Courtesy Richard Lee Sr., University of Washington Department of Restorative Dentistry, Seattle, WA.)
Prevention of Disease and Trauma

[image: image] Restorative materials play a role in both the repair of damage from disease and prevention of disease. Dental auxiliaries play increasing important roles in delivery and management of preventative materials.


Fluoride gels, rinses, and varnishes are highly effective at preventing caries (Chapter 3). Fluorides also have been incorporated into direct esthetic filling materials (Chapter 4) and cements (Chapter 7). If teeth have deep fissures and pits that are at high risk for decay, sealants are highly effective at reducing the development of caries (Chapter 3; Figure 1-12). Sealants are tenaciously bonded to the tooth enamel via acid-etching procedures (Chapter 3). The dental team plays an active role in disease prevention by cleaning the teeth with various abrasives to remove calculus, stain, and plaque at regular intervals (Chapter 6). Restorations also may be polished to minimize plaque retention and corrosion, and other abrasives may be used to finish the edges (margins) of the restorations to help prevent the recurrence of caries. To prevent trauma, mouth protectors are often used (Chapters 2 and 3). Mouth protectors are made of polymers that absorb the energy of facial blows and prevent this energy from affecting the teeth and facial structures.


[image: image] No branch of medicine has been as successful as dentistry in preventing disease.




[image: image]
FIGURE 1-12 Sealants (black arrows) are polymers that are bonded to fissures and pits in teeth with the goals of sealing out bacterial infection and preventing caries. The sealants in this photograph are many years old and show some wear and loss of contour, yet still are protecting the major pits and grooves. (Courtesy ER Schwedhelm, University of Washington Department of Restorative Dentistry, Seattle, WA.)
[image: image] SELF-TEST QUESTIONS

Test your knowledge by answering the following questions. For multiple-choice questions, one or more responses may be correct.

1. A small lesion in an anterior tooth would most likely be restored with which of the following material(s)?

a. Amalgam

b. Resin composite

c. Gold-based alloy

d. Ceramic

2. A direct restorative material used to restore a small portion of an anterior tooth should have which of the following properties?

a. Esthetics

b. High strength

c. Stiffness

d. Ease of casting

3. An intracoronal restoration may be fabricated from which of the following material(s)?

a. Amalgam

b. Resin composite

c. Gold-based alloy

d. Ceramic

4. A direct restorative material used frequently to restore a portion of a posterior tooth that is subject to large biting forces would possess which of the following properties?

a. Esthetics

b. High strength

c. Ease of casting

d. Thermal insulation

5. A full crown on a maxillary anterior tooth may be restored with which of the following restorative materials?

a. Ceramic

b. Gold-based alloy

c. Resin composite

d. Ceramic-alloy combination

6. Which of the following sentences describes the construction of removable partial dentures?

a. They are attached to natural teeth with cements.

b. They are removable and attached to teeth with clasps.

c. They have a framework that is composed of a stiff alloy.

d. They have acrylic teeth bonded to an alloy framework.

7. Which of the following materials are most important for prevention of oral disease/trauma?

a. Ceramics

b. Resin-based sealants

c. Fluoride-containing cements

d. Energy-absorbing polymers

8. Complete denture bases are usually made from which of the following materials?

a. Resin composites

b. Gold-based alloys

c. Acrylic resins

d. Ceramic

9. Acrylic resins are used in which of the following types of restorations?

a. Posterior intracoronal restorations

b. Complete denture bases

c. Pontics for fixed partial dentures

d. Ceramic–alloy restorations

10. Which of the following materials are most commonly used for dental implants?

a. Resin composite

b. Ceramic

c. Titanium-based alloys

d. Acrylic


Use short answers to fill in the following blanks.

11. A posterior restoration that involves the occlusal surfaces, two proximal surfaces, and all cusps is called a(n) _______________.

12. A restoration that covers the entire coronal portion of the tooth is called a(n) _______________.

13. After a root canal procedure, the canal is frequently filled using _______________.

14. A restoration that replaces a missing tooth that is supported by and cemented to two adjacent fully restored teeth is called _______________.

15. A restoration in which artificial teeth are mounted on a metal framework containing clasps that attach it to remaining abutment teeth is called a(n) _______________.

16. A restoration that replaces all the teeth in the upper or lower arch with artificial teeth that are attached to a plastic base is called a(n) _______________.

17. A restoration that replaces the root of an extracted tooth and is stabilized by bone growth around it is called a(n) _______________.

18. _______________ materials are used to prevent damage to the teeth and oral bone from trauma.


[image: image] Please visit http://evolve.elsevier.com/Powers/dentalmaterials for additional practice and study support tools.



Chapter 2

Properties of Materials
Objectives

After reading this chapter, the student should be able to:

1. Define dimensional change and linear coefficient of thermal expansion, and give examples of their importance to clinical dentistry.

2. Give examples of where thermal and electrical properties of restorative materials are important in clinical dentistry.

3. List examples of where solubility and water sorption are important in the success of dental restorative materials.

4. Describe when wettability of tooth structure or dental materials is important clinically.

5. Define stress and strain, and illustrate how they differ.

6. Describe how elastic modulus, yield strength, ultimate strength, and elongation are important in the selection of dental materials.

7. Compare the elastic moduli of dentin, enamel, composites, bonding agents, and the hybrid layer of the tooth–composite interface.

8. Describe how resilience and toughness differ from strength properties.

9. Rank the hardness of dentin and enamel with respect to common dental restorative materials, and explain why caution is warranted in the comparison of Knoop and nano-hardness values.

10. Describe why for certain materials a strain–time curve is more informative than a stress–strain curve.

Key Terms

Coefficient of thermal expansion

Compressive strength

Corrosion

Dimensional change

Ductility

Elastic modulus

Forces: compressive, tensile, shear, twisting moment, bending moment (flexure)

Galvanism

Hydrophilic

Hydrophobic

Knoop hardness

Malleability

Newton

Percent elongation

Percolation

Proportional limit

Resilience

Shear strength

Sorption

Strain

Stress

Tarnish

Tensile strength

Thermal conductivity

Toughness

Ultimate strength

Wettability

Yield strength

An understanding of the physical, electrical, and mechanical properties of materials used in dentistry is of tremendous importance. First, materials used to replace missing portions of teeth are exposed to attack by the oral environment and subjected to biting forces. Second, the restorative materials are cleansed and polished by various prophylactic procedures. As a result, their properties are the basis for the selection of materials to be used in particular dental procedures and restorations. Clinical experience and research have related clinical success to certain properties of materials, which have been used as guides in the improvement of dental materials. Third, the establishment of critical physical properties for various types of dental materials has led to the development of minimum standards, or specifications. The American National Standards Institute (ANSI) and the American Dental Association (ADA), in conjunction with the International Organization for Standardization (ISO) and federal organizations, have established more than 100 standards, or specifications, for dental materials and maintain lists of materials that satisfy the minimum standards of quality. This information is available from the ADA office in Chicago or on its website (www.ada.org) and is helpful for selecting materials for dental practice and ensuring the quality control of materials.

This chapter emphasizes the dimensional change, electrical properties, solubility and sorption, and mechanical properties of dental materials. Selection of materials should be influenced by their effect on the oral tissues and by possible toxic effects if ingested. The color and optical qualities of materials also are important in the selection of restorative materials.
Dimensional Change

[image: image] Dimensional change is the percentage of shrinkage or expansion of a material.


Maintaining dimensions during dental procedures such as preparing impressions and models is important in the accuracy of dental restorations. Dimensional changes may occur during setting as a result of a chemical reaction, such as with elastomeric impression materials or resin composite restorative materials or from the cooling of wax patterns or gold restorations during fabrication. To compare materials easily, the dimensional change usually is expressed as a percentage of an original length or volume (see an example calculation in Appendix 2-1). Values for other elastomeric impression materials can be used to compare their accuracy.

Volumetric dimensional change is more difficult to measure and is not described here. The volumetric dimensional change is equal to three times the linear dimensional change for a specific material.
Thermal Dimensional Change

Restorative dental materials are subjected to temperature changes in the mouth. These changes result in dimensional changes in the materials and to the neighboring tooth structure. Because the thermal expansion of the restorative material usually does not match that of the tooth structure, a differential expansion occurs that may result in leakage of oral fluids between the restoration and the tooth.

The linear thermal expansion of materials can be measured by determination of the difference in length of a specimen at two temperatures (see an example calculation in Appendix 2-1). To make a comparison between materials easier, the linear thermal expansion is expressed as a coefficient of thermal expansion. Typical values for selected restorative dental materials and human teeth are listed in Table 2-1.


[image: image] The linear thermal coefficient of expansion of a material is a measure of how much it expands per unit length if heated 1 degree higher.




TABLE 2-1

Range of Linear Thermal Coefficient of Expansion of Dental Materials in the Temperature Range of 20° to 50°C




	MATERIAL
	COEFFICIENT (× 106/°C)




	Human teeth
	8–15


	Ceramics
	8–14


	Glass ionomer base
	10–11


	Gold alloys
	12–15


	Dental amalgam
	22–28


	Composites
	25–68


	Unfilled acrylics and sealants
	70–100


	Inlay wax
	300–1000






The thermal coefficient of expansion is not uniform throughout the entire temperature range and is usually higher for liquids than for solids. The thermal coefficient of expansion for a solid, such as a dental wax, generally increases at some point as the temperature is increased. The linear rather than the volumetric coefficient of thermal expansion usually is reported.

The relationship between the coefficients of thermal expansion of human teeth and restorative materials is important, and Table 2-1 shows that the values for amalgam and composites are about three to five times those of human teeth. The values for unfilled polymers, however, are five to seven times those of teeth, with ceramic being ½ to ⅓ and gold alloys being approximately the same as for human teeth.

A clinical effect of this difference is as follows. If a tooth contained a poorly bonded composite restoration that was cooled by the drinking of a cold liquid, the restoration would contract more than the tooth, and small gaps would result at the junction between the two materials. Oral fluids can penetrate this space. When the temperature returns to normal, this fluid is forced out of the space. This phenomenon is called percolation and occurs with some restorative materials, depending on the relationship of the thermal coefficient of expansion of the material and human teeth and the extent of bonding. Percolation is thought to be undesirable because of the possible irritation to the dental pulp and recurrent decay. Dental amalgam is unusual in that percolation decreases with time after insertion, presumably as a result of the space being filled with corrosion products from the amalgam. If the aforementioned composite were bonded adequately to the tooth, the difference in thermal coefficient of expansion could result in stress at the interface, which could lead to failure of the bond over time.
Thermal Conductivity

[image: image] Materials with high thermal conductivity values are good conductors of heat and cold.


Qualitatively, materials have different rates of conducting heat; metals have higher values than polymers and ceramics. When a portion of a tooth is replaced by a metal restoration such as amalgam or gold alloy, the tooth may be temporarily sensitive to temperature changes in the mouth. Individuals who wear orthodontic appliances or complete acrylic dentures also notice temperature effects different from those experienced without these appliances.

Thermal conductivity has been used as a measure of the heat transferred and is related to the rate of heat flow (see more details in Appendix 2-1). The thermal conductivity of a variety of materials is reported in Table 2-2.


TABLE 2-2

Thermal Conductivity of Dental Materials




	Material
	THERMAL CONDUCTIVITY (cal/sec/cm2[°C/cm])




	Unfilled acrylics
	0.0005


	Zinc oxide–eugenol cement
	0.0011


	Human dentin
	0.0015


	Human enamel
	0.0022


	Composites
	0.0025


	Ceramic
	0.0025


	Zinc phosphate cement
	0.0028


	Dental amalgam
	0.055


	Gold alloys
	0.710






Human enamel and dentin are poor thermal conductors compared with gold alloys and dental amalgam, although amalgam is substantially lower than gold. Glass ionomer cement bases closely replace lost tooth structure with respect to thermal conductivity. The reason for using cements as thermal insulating bases in deep cavity preparations is that although dentin is a poor thermal conductor, a thin layer of it does not provide enough thermal insulation for the pulp unless a cement base is used under the metal restoration. Composite restorations have thermal conductivities comparable to tooth structure and do not present a problem with this property. Cavity varnishes and liners have low thermal conductivities but are used in layers so thin that they are ineffective as thermal insulators.
Electrical Properties

[image: image] Galvanism is the generation of electrical currents that the patient can feel.


Two electrical properties of interest are galvanism and corrosion. Galvanism results from the presence of dissimilar metals in the mouth. Metals placed in an electrolyte (a liquid that contains ions) have various tendencies to go into solution. Aluminum, alloys of which are sometimes used as temporary crowns, has a strong tendency to go into solution and has an electrode potential of +1.33 volts. Gold, on the other hand, has little tendency to go into solution, as indicated by an electrode potential of −1.36 volts. A schematic sketch of two opposing teeth, one with a temporary aluminum alloy crown and the other with a gold crown, is shown in Figure 2-1. The oral fluids function as the electrolyte, and the system is similar to that of an electrical cell. When the two restorations touch, current flows because the potential difference is 2.69 volts, and the patient experiences pain and frequently complains of a metallic taste. The same effect can be experienced if some aluminum foil from a baked potato becomes wedged between two teeth and contacts a gold restoration. Temporary polymer crowns are used to prevent this problem because they are poor electrical conductors.


[image: image] Corrosion is the dissolution of metals in the mouth.




[image: image] Tarnish is a surface reaction of metals in the mouth from components in saliva or foods.



[image: image]
FIGURE 2-1 Diagrammatic sketch of opposing teeth with a gold crown and a temporary aluminum alloy crown indicating how galvanism can occur.

Corrosion also can result from this same condition when adjacent restorations are of dissimilar metals. As a result of the galvanic action, material goes into solution, and roughness and pitting occur. This effect also may occur if a gold alloy is contaminated with a metal such as iron during handling in the dental laboratory or because of variations in concentration of elements from one part of the restoration to another. Corrosion also may result from chemical attack of metals by components in food or saliva. Dental amalgam, for example, reacts with sulfides and chlorides in the mouth, as shown by polished amalgams becoming dull and discolored with time. This effect sometimes is referred to as tarnish.
Solubility and Sorption

The solubility of materials in the mouth and the sorption (adsorption plus absorption) of oral fluids by the material are important criteria in their selection. Frequently, laboratory studies have evaluated materials in distilled water. At times, these studies gave results that were inconsistent with clinical observations, because materials in the mouth are covered with plaque and therefore are exposed to various acids and organic materials. An example of the inconsistency is that zinc phosphate cements are considerably more soluble in the mouth than in laboratory tests in water indicate. Also, the loss of zinc phosphate cement retaining a gold crown is a result of dissolution followed by and accompanied by disintegration. Nevertheless, laboratory tests usually rank materials correctly, so only the actual magnitude of the numbers should be taken with a grain of salt.

Solubility and sorption are reported in two ways: (1) in weight percentage of soluble or sorbed material and (2) as the weight of dissolved or sorbed material per unit of surface area (e.g., milligrams per cm2).

Absorption refers to the uptake of liquid by the bulk solid; for example, the equilibrium absorption of water by acrylic polymers is in the range of 2%. Adsorption indicates the concentration of molecules at the surface of a solid or liquid, an example being the adsorption of components of saliva at the surface of tooth structure or of a detergent adsorbed on the surface of a wax pattern.
Wettability

[image: image] Wettability is a measure of the affinity of a liquid for a solid as indicated by spreading of a drop.


The wettability of solids by liquids is important in dentistry; for example, the wetting of denture base acrylics by saliva, the wetting of tooth enamel by pit and fissure sealants, the wetting of elastomeric impressions by water mixes of gypsum materials, and the wetting of wax patterns by dental investments.

The wettability of a solid by a liquid can be observed by the shape of a drop of the liquid on the solid surface. Profiles of drops of liquids on solids are shown in Figure 2-2. The shape of the drops is identified by the contact angle θ, by the angles through the drops bounded by the solid surface, and by a line through the periphery of the drop and tangent to the surface of the liquid.

[image: image]
FIGURE 2-2 Good wetting of a solid by a liquid with a low contact angle (left); poor wetting by a liquid on a solid forming a high contact angle (right). (From O’Brien WJ, Ryge G: Wettability of poly(methyl methacrylate) treated with silicon tetrachloride, J Prosthet Dent 15:304, 1965.)

If a low contact angle occurs, as in the left of Figure 2-2, the solid is wetted readily by the liquid (hydrophilic if the liquid is water). If a contact angle is greater than 90°, as in the right of Figure 2-2, poor wetting occurs (hydrophobic if the liquid is water).

The degree of wetting depends on the relative surface energies of the solids and the liquids and on their intermolecular attraction. High-energy solids and low-energy liquids encourage good wetting; thus, liquids generally wet higher-energy solids well (e.g., water on metals and oxides). On the other hand, liquids bead up on lower-energy solids such as wax, Teflon, and many polymers. The high contact angle of water on these solids can be decreased by adding a wetting agent such as a detergent to the water, thus lowering the surface tension or energy.
Mechanical Properties

Knowledge of the magnitude of biting forces is essential in understanding the importance of the mechanical properties of dental materials. Maximum biting forces decrease from the molar to the incisor region, and the average biting forces on the first and second molars are about 580 Newtons (N), whereas the average forces on bicuspids, cuspids, and incisors are about 310, 220, and 180 N, respectively. To convert Newtons to pounds, Newtons are divided by 4.45.

Patients exert lower biting forces on bridges and dentures than on their normal dentition. For example, when a first molar is replaced by a fixed bridge, the biting force on the restored side is approximately 220 N compared with 580 N when the patient has natural dentition. The average biting force on partial and complete dentures has been measured to be about 111 N; therefore, patients with dentures can apply only approximately 19% of the force of those with normal dentition.
Stress

[image: image] Stress is the force per unit area.


When a force is applied to a material, the material inherently resists the external force. The force is distributed over an area, and the ratio of the force to the area is called the stress (see more details in Appendix 2-1).

Thus, for a given force, the smaller the area over which it is applied, the larger the value of the stress. Figure 2-3 illustrates this effect. A distributed force has been applied in Figure 2-3, A, and the same force has been applied in a concentrated manner in Figure 2-3, B. The number of lines (fringes) in the plastic model of a tooth when examined in polarized light is directly proportional to the stress, and the stress is shown to be inversely proportional to the area of application. This effect can be demonstrated as follows: an unsharpened pencil is placed against the palm of the hand; a force is applied by placing a book on the end with the eraser; and any pain is noted. Then the pencil is sharpened; the procedure is repeated; and the increase in pain is noted as a result of the increase in stress.

[image: image]
FIGURE 2-3 Cross-sectional model of a tooth under distributed force (A) and concentrated force (B).

The relationship of force, area, and stress is shown also in Table 2-3. A force of 111 N, which can readily be applied in the mouth, can produce a large stress, such as 172 megapascals (or MPa), when the area of application of the force is small. One megapascal equals approximately 145 lbs/in2. Such conditions readily exist in the mouth, where contact areas of 0.6 mm2 frequently occur.


TABLE 2-3

Relationship of Force, Area, and Stress




	FORCE (N)
	AREA (mm2)
	STRESS (MPa)




	111
	645
	0.1724


	111
	64.5
	1.724


	111
	6.45
	17.24


	111
	0.645
	172.4


	111
	0.0645
	1724.0






Several types of stress may result when a force is applied to a material. These forces are referred to as compressive, tensile, shear, twisting moment, and bending moment (flexure) and are shown diagrammatically in Figure 2-4. A material is subjected to compressive stress when the material is squeezed together, or compressed, and to tensile stress when pulled apart. Shear stress occurs when one portion (plane) of the material is forced to slide by another portion. These types of stresses are considered to evaluate the properties of various materials.

[image: image]
FIGURE 2-4 Schematic representation of tensile, compressive, shear, twisting, and bending forces and their corresponding deformations. (Modified from Powers JM, Sakaguchi RL, editors: Craig’s Restorative Dental Materials, ed 13, St Louis, 2013, Elsevier Mosby.)
Strain

[image: image] Strain is the change in length per unit length of a material produced by stress.


The change in length or deformation per unit length when a material is subjected to a force is defined as strain. Strain is easier to visualize than stress because it can be observed directly (see an example calculation in Appendix 2-1). The units of strain are dimensionless. Some dental substances, such as elastomeric impression materials, exhibit considerable strain when a stress is applied; others, such as gold alloys or human enamel, show low strain under stress.
Stress–Strain Curves

A convenient means of comparing the mechanical properties of materials is to apply various forces to a material and to determine the corresponding values of stress and strain. A plot of the corresponding values of stress and strain is referred to as a stress–strain curve. Such a curve may be obtained in compression, tension, or shear. An example of a stress–strain curve in tension for a dental gold alloy is shown in Figure 2-5. The shape and magnitude of the stress–strain curve are important in the selection of dental materials. Figure 2-5 clearly shows that the curve is a straight line, or linear, up to a stress of about 276 MPa, after which it is concave toward the strain axis. The curve ends at a stress of 590 MPa and a strain of 0.2 because the sample ruptured.

[image: image]
FIGURE 2-5 Stress–strain curve in tension for dental gold alloy with fracture point at asterisk (∗).
Elastic Modulus

The elastic modulus is equal to the ratio of the stress to the strain in the linear or elastic portion of the stress–strain curve (see an example calculation in Appendix 2-1). The elastic modulus is a measure of the stiffness of a material, and high numbers are not unusual for this property. Values for selected materials are listed in Table 2-4, which shows that gold alloys have approximately the same stiffness as human enamel and that composites and zinc phosphate cement are in the same range as human dentin. Unfilled acrylics are much more flexible, with silicone impression material being the most flexible. Stiffness is important in the selection of restorative materials. Because large deflections under stress are not desired, low values are needed for elastic impression materials so that they can be readily removed from the mouth.


TABLE 2-4

Elastic Moduli of Selected Dental Materials




	MATERIAL
	ELASTIC MODULUS (GPa)∗




	Silicone impression material
	0.00015–0.001


	Unfilled acrylic
	2.8


	Zinc oxide–eugenol cement
	2.8


	Adhesive resin layer
	3.5–4.8


	Zinc polyacrylate cement
	3.9


	Glass ionomer cement
	5.5


	Low-viscosity resin
	5.8


	Hybrid layer (composite/tooth)
	8.0–9.0


	Human dentin partially demineralized
	13.0


	Zinc phosphate cement
	13.8


	Composite
	16.6


	Human dentin
	19.3


	Dental amalgam
	27.6


	Human enamel
	90.0


	Gold alloy
	96.6




∗1 GPa = 1000 MPa.


Proportional Limit and Yield Strength

[image: image] Proportional limit and yield strength are measures of the stress allowed before permanent deformation.


Proportional limit and yield strength indicate the stress at which the material no longer functions as an elastic solid. The strain recovers below these values if the stress is removed, and permanent deformation of the material occurs above these values. The proportional limit is the stress on the stress–strain curve when it ceases to be linear or when the ratio of the stress to the strain is no longer proportional. The yield strength is the stress at some arbitrarily selected value of permanent strain, such as 0.001, and thus is always slightly higher than the proportional limit. For example, the proportional limit for the gold alloy in Figure 2-5 is 276 MPa, and the yield strength is 324 MPa. These values indicate that stresses in excess of 276 to 324 MPa in the gold alloy result in permanent deformation after the applied force has been removed.

These two properties are particularly important because a restoration can be classified as a clinical failure when a significant amount of permanent deformation takes place even though the material does not fracture. Materials are said to be elastic in their function below the proportional limit or yield strength and to function in a plastic manner above these stresses.

Typical yield strength values for a variety of materials are listed in Table 2-5, which shows that unfilled acrylic polymers deform permanently at a considerably lower stress than composites, but that both have much lower values than human enamel. It might seem that none of these materials would deform permanently with such high numbers for the yield strength, except that, as shown in the section on stress, biting forces can produce stresses readily that could exceed the yield strength.


TABLE 2-5

Yield Strength of Selected Dental Materials




	MATERIAL
	YIELD STRENGTH (MPa)




	Unfilled acrylics
	43–55∗


	Composites
	138–172∗


	Human dentin
	165∗


	Gold alloys
	207–620†


	Human enamel
	344∗




∗Yield strength in compression.

†Yield strength in tension.


Ultimate Strength

[image: image] The stress at which fracture occurs is called the ultimate strength.


If higher and higher forces are applied to a material, a stress eventually will be reached when the material fractures or ruptures. This point on the stress–strain curve, the ultimate strength, is denoted with an asterisk in Figure 2-5. If the fracture occurs from tensile stress, the property is called the tensile strength; if in compression, the compressive strength; and if in shear, the shear strength. As Figure 2-5 shows, the tensile strength of the gold alloy was 590 MPa.

The tensile and compressive strength of a material may be significantly different, as illustrated in Table 2-6. Brittle materials, such as human enamel, amalgam, and composites, have large differences and are stronger in compression than in tension.


TABLE 2-6

Ultimate Strength of Selected Dental Materials




	MATERIAL
	TENSILE STRENGTH (MPa)
	COMPRESSIVE STRENGTH (MPa)




	Human enamel
	10
	400


	Unfilled acrylics
	28
	97


	Composites
	34–62
	200–345


	Ceramic (feldspathic)
	40
	150


	Dental amalgam
	48–69
	310–483


	Human dentin
	98
	297


	Gold alloys
	414–828
	–






Limited data are available on the shear strength of dental materials. The shear strength of composites is from 55 to 69 MPa and is about 41 MPa for unfilled acrylics; these values are only slightly higher than and are comparable to the corresponding tensile strengths.

The bond between two materials is usually measured in tension or in shear and is expressed as the stress necessary to cause rupture of the bond. Depending on the system, the bond may be chemical, mechanical, or a combination of the two types. The bond between acrylic denture teeth and acrylic denture bases is essentially chemical and is frequently greater than 34 MPa measured in tension. On the other hand, the bond between composites and acid-etched tooth enamel is essentially mechanical and has a value of approximately 20 to 30 MPa in tension. Adhesives are also available for bonding composites to dentin with reported bond strengths of 15 to 35 MPa. These bonds have been shown to result from the diffusion of the bonding agent into the surface layer of etched dentin.
Elongation and Compression

[image: image] The amount of deformation that a material can withstand before rupture is reported as the percent elongation when the material is under tensile stress or the percent compression when it is under compressive stress.


The percent elongation at rupture of the gold alloy shown in Figure 2-5 can be determined readily from the strain at rupture simply by multiplying the strain (deformation per unit length) by 100 to convert it to percent elongation. In the example in Figure 2-5, the percent elongation is 20% (see an example calculation in Appendix 2-1). Similar calculations can be made for materials in compression and would represent the percent of plastic strain at rupture.

The percents of elongation and compression are important properties in that they are measures of ductility and malleability, respectively. These two properties indicate the amount of plastic strain, or deformation, that can occur before the material fractures and, as such, they indicate the brittleness of the material. For example, the gold alloy with 19% elongation can be deformed considerably before fracture, and it would be classed as a ductile alloy. Considerable burnishing and adaptation of the margins of castings from this alloy could be done without fear of fracturing the margin. In general, gold alloys with elongations of less than 5% are considered brittle, and those with values higher than 5% are classed as ductile materials.

Composites are considered brittle materials because the percentage of compression at failure is in the range of 2% to 3%. Clinical observation has been that these materials fail under excessive stress as a result of brittle fracture.
Resilience and Toughness

Up to this point, properties related only to stress or strain have been discussed. Two properties involve the area under the stress–strain curve and thus involve the energy required to reach specified points on the curve.

[image: image] Resilience and toughness indicate the energy absorbed up to the proportional limit and the ultimate strength, respectively, and relate to the resistance to deformation and fracture under impact.


The energy required to deform a material permanently is a criterion of its resilience, whereas the energy necessary to fracture a material is a measure of its toughness. These areas are shown as shaded portions of the stress–strain curves in Figure 2-6.

[image: image]
FIGURE 2-6 Stress–strain curves illustrating the areas that give a measure of the resilience (A) and toughness (B).

These two properties are more complex than strength or deformation, because their magnitude is a product of stress and strain. Two materials may have the same resilience, with one having high yield strength and low corresponding strain and the other having lower yield strength and higher corresponding strain. Two such materials are composites and unfilled acrylics, both of which have a resilience of approximately 7 cm-kg/cm3, despite considerable differences in yield strength. Toughness also is not a simple quantity; for example, although composites have considerably higher yield strengths than unfilled acrylics, the latter may be deformed so much more before rupture that they are tougher than composites (Figure 2-7).

[image: image]
FIGURE 2-7 Stress–strain curves for composite (material A) and unfilled acrylic (material B). The two materials have approximately the same resilience, but material B is considerably tougher.
Hardness

[image: image] Hardness is the resistance of a material to indentation.


A material is considered hard if it strongly resists indentation by a hard material such as diamond. One would expect that hardness would be related to yield strength and wear resistance; however, the property is complex. In general, no direct relationship exists between hardness and these two properties. The only exception is in the comparison of materials of the same type, such as a series of similar gold alloys.

The hardness of dental materials generally is reported in Knoop hardness. The Knoop hardness is obtained by measurement of the length of the long diagonal of an indentation from a diamond indenter and calculating the number of kilograms required to give an indentation of 1 mm2. Thus, the larger the indentation, the smaller the value. An example of indentations in dentin and cementum is shown in Figure 2-8; the larger indentations are in cementum, and the smaller are in dentin. Examples of Knoop hardness values of various materials are listed in Table 2-7. Enamel and ceramic are two of the hardest, and unfilled acrylic is the softest of the materials listed.

[image: image]
FIGURE 2-8 Knoop hardness indentations in dentin and cementum. Longer indentations are in cementum, indicating lower hardness than for dentin.

TABLE 2-7

Hardness of Selected Dental Surfaces
	MATERIAL	KNOOP HARDNESS (kg/mm2)	KNOOP HARDNESS (GPa )	NANO-INDENTATION HARDNESS (GPa)
	Unfilled acrylic resin	20	0.20	 
	Zinc phosphate cement	40	0.39	 
	Human cementum	43	0.42	 
	Human dentin	68	0.67	0.49∗


	22-Karat gold alloy
	85
	0.83
	 
	Dental amalgam
	110
	1.08
	 
	Human enamel
	343
	3.36
	3.39∗


	Ceramic
	460
	4.51
	 
	Adhesive resin
	 	 	0.10∗


	Hybrid layer (composite/tooth)
	 	 	0.15–0.19∗


	Microfilled low-viscosity resin
	 	 	0.19∗


	Fillers in composites
	 	 	2.9–8.8∗







[image: Image]



∗Values determined by nano-indentation are not directly comparable to Knoop hardness values.



The Knoop hardness is a satisfactory method for evaluating many restorative materials. Although the indentations are small, they are not small enough to evaluate the hardness of the resin–dentin bonding region of dental composites. Studies of the hardness of this region have used a nano-indentation method. The nano-indentation technique measures much smaller indentations under small loads and allows the hardness of extremely small areas to be determined. However, the nano-indentation values cannot be directly compared with Knoop values, because the Knoop hardness is calculated from the permanent surface deformation after removal of the load and the nano-indentation hardness values are calculated from the penetration while under load. This difference can be seen in the values for enamel and dentin listed in Table 2-7. In spite of this difference, the two methods rank materials in the same order. An additional advantage of the nano-indentation method is that it allows the calculation of the elastic modulus.
Strain–Time Curves

For materials in which the strain is independent of the length of time that a load is applied, stress–strain curves are important. However, for materials in which the strain is dependent on the time the load is maintained, strain–time curves are more useful than stress–strain curves in explaining their properties. Examples of materials that have strain–time-dependent behavior are alginate and elastomeric impression materials, dental amalgam, and human dentin.

A strain–time curve for an elastomeric impression material is shown in Figure 2-9. A compressive load was applied at t0, and an initial rapid increase in strain occurred from O to A. The load was maintained until t1, with the strain gradually increasing from A to B; this increase resulted from a combination of viscoelastic strain (time dependent but recoverable) and viscous flow (time dependent and not recoverable). The load was removed at t1, which resulted in a rapid decrease in strain from B to C. This recovery took place because of the release of elastic strain. A continued gradual decrease in strain occurred from C to D as a result of the recovery of the viscoelastic strain. At t2, no further decrease in strain took place, and a permanent strain remained, the magnitude being represented by DE.

[image: image]
FIGURE 2-9 Strain–time curve for elastomeric impression material.

If the load had been applied for a longer time


Dynamic Properties
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