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ABSTRACT

Metal-ceramic restorations remain a cornerstone of prosthodontics, offering a balance of strength, durability, and
esthetics. The success of these restorations depends on the bonding mechanisms between the metal substructure and
veneering ceramic. Four primary bond types contribute to metal-ceramic adhesion: chemical bonding (oxide layer
formation), mechanical bonding (surface roughness and interlocking), compression bonding (residual stress bonding),
and Van der Waals forces (physical adhesion). Chemical bonding, facilitated by the formation of an oxide layer, is the
most significant, ensuring strong adhesion, particularly in Ni-Cr, Co-Cr, and Pd-based alloys. Mechanical bonding,
enhanced through sandblasting and surface roughening, is crucial for precious metal alloys with minimal oxide
formation. Compression bonding arises from coefficient of thermal expansion (CTE) mismatch, placing ceramic under
beneficial compressive stress to prevent fractures. Van der Waals forces contribute minimally but aid in ceramic
adaptation before firing.

Each bond type has specific indications, contraindications, advantages, and limitations. While chemical bonding
provides the highest bond strength, excessive oxidation can weaken adhesion. Mechanical bonding is essential for gold-
based alloys but is insufficient alone. Compression bonding is vital for long-span fixed dental prostheses (FDPs) but
requires precise CTE matching. Van der Waals forces play a minor role in long-term adhesion. Proper metal selection,
surface preparation, and firing protocols are essential to optimize bond strength and minimize ceramic failures. This
review discusses the significance, applications, and clinical considerations of metal-ceramic bonds, providing evidence-
based recommendations for their successful application in prosthodontics.
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1. INTRODUCTION
Metal-Ceramic Bond

The metal-ceramic bond is the adhesion between a metal substructure (coping/framework) and a veneering ceramic
layer in metal-ceramic restorations (MCRs). This bond is crucial for the durability, aesthetics, and function of the
restoration. [1]

The bonding occurs through multiple mechanisms:
Chemical Bonding: Formation of an oxide layer on the metal, which chemically fuses with the ceramic.
Mechanical Interlocking: Microscopic surface irregularities in the metal enhance mechanical retention.

Compression Bonding: Ceramic has a lower coefficient of thermal expansion (CTE) than metal, creating compressive
forces that strengthen the bond.

Van der Waals Forces: Weak molecular attractions contribute to adhesion. [1,2]

Location of the Metal-Ceramic Bond

The metal-ceramic bond is seen in: [2-4]

Metal-Ceramic Crowns (MCCs) — Commonly used in posterior restorations.

Metal-Ceramic Fixed Partial Dentures (FPDs) — Bridges requiring strength and esthetics.
Implant-Supported Prostheses — Hybrid prostheses where ceramics are fused to metal frameworks.
Orthodontic Appliances — Some brackets and retainers use a metal-ceramic interface.

Importance of a Good Metal-Ceramic Bond

A strong bond between metal and ceramic is critical for:

Preventing Delamination and Chipping: weak bond can lead to ceramic debonding, exposing the metal and
compromising aesthetics and function. As per Goodacre et al. (2003) poor bonding leads to porcelain fractures in 4—
10% of metal-ceramic restorations. [1]
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Improved Longevity and Clinical Success: Strong adhesion enhances fracture resistance, reducing the need for
replacements. Study by Al-Amleh et al. (2010) showed metal-ceramic restorations have a survival rate of over 90% after
10 years due to superior bonding properties.[2]

Better Aesthetics: Strong bonding ensures uniform ceramic thickness and color stability, preventing opacity or metal
show-through. Aboushelib et al. (2006) highlighted that a well-bonded ceramic layer improves translucency and shade
matching. [3]

Thermal and Functional Compatibility: A good bond allows the restoration to withstand occlusal forces and temperature
changes without microfractures. Barghi and Byrne (1977) emphasized the importance of matching thermal expansion
coefficients of metal and ceramic to prevent cracks. [4]

Classification of Metal-Ceramic Bonds

The metal-ceramic bond is classified based on the mechanism of adhesion between the metal substructure and the
veneering ceramic. The four primary types of bonding are:

1. Chemical Bonding

This is the primary mechanism of adhesion in metal-ceramic restorations. It occurs due to the formation of an oxide
layer on the metal, which chemically interacts with the ceramic.

Mechanism: When the metal is heated in air, it forms an oxide layer (e.g., chromium oxide in Ni-Cr alloys). The ceramic
fuses with this oxide layer, forming a strong ionic and covalent bond.

Factors affecting chemical bonding:

Type of metal alloy (Ni-Cr, Co-Cr, Pd-Ag, etc.), Thickness and stability of the oxide layer and Surface treatment
(sandblasting, oxidation cycles). [5]

2. Mechanical Bonding

This occurs due to micromechanical interlocking between the metal and ceramic. The roughness of the metal surface
provides retention sites for the ceramic, improving adhesion.

Methods to enhance mechanical bonding: Sandblasting (aluminum oxide blasting) to increase surface roughness, Metal
etching (e.g., acid etching or laser treatment) and using casting techniques that create surface irregularities. [4]

3. Compression Bonding (Residual Stress Bonding)

Ceramic has a lower coefficient of thermal expansion (CTE) than metal. Upon cooling after firing, the ceramic contracts
less than the metal, creating compressive forces that enhance bond strength. This prevents ceramic fractures and
improves longevity. [6]

4. Van der Waals Forces (Physical Bonding)

Weak intermolecular attractions exist between the metal and ceramic, contributing minimal bonding strength. This
includes dipole-dipole interactions and London dispersion forces. While not the dominant bonding force, it plays a role
in initial wetting and ceramic adaptation. [7]

Significance of Each Metal-Ceramic Bond

Each type of metal-ceramic bond plays a crucial role in ensuring long-term durability, fracture resistance, and clinical
success of metal-ceramic restorations. Below is a detailed discussion of the significance of each bond type with
supporting references.

1. Chemical Bonding (Oxide Layer Formation)

Significance: The primary and strongest bond in metal-ceramic systems. Ensures durable adhesion between metal and
ceramic, reducing the risk of porcelain chipping or delamination. Stability of the oxide layer influences bond strength
and restoration longevity. The oxide layer formation is essential for the metal-ceramic interface, contributing to long-
term adhesion. [5]

Dérand et al. (1997) found that the bond strength between metal and ceramic is significantly reduced if the oxide layer
is too thick or too thin, leading to ceramic fracture. [8]

2. Mechanical Bonding (Surface Roughness & Interlocking)

Significance: Increases micromechanical retention of ceramic to metal. Essential for non-precious alloys (e.g., Ni-Cr,
Co-Cr) where chemical bonding may be weaker. Surface treatments like sandblasting and etching significantly improve
adhesion. Barghi N et al., (1977) found that increasing surface roughness of metal through sandblasting improved metal-
ceramic bond strength by 30-40%. [4]

Bagby M et al., (1990) demonstrated that acid-etching of metal increased porcelain bond strength, reducing failure rates
in metal-ceramic restorations. [9]

@]International Journal Of Progressive Research In Engineering Management And Science Page | 743



INTERNATIONAL JOURNAL OF PROGRESSIVE e-ISSN :

[JPREMS RESEARCH IN ENGINEERING MANAGEMENT 2583-1062
AND SCIENCE (IJPREMS) Impact
www_ijprems.c()m (lnt Peer Reviewed Journal) Factor :
editor@ijprems_com Vol. 05, Issue 03, March 2025, pp - 742-747 7.001

3. Compression Bonding (Residual Stress Bonding)

Enhances fracture resistance by keeping ceramic under compressive stress. Prevents ceramic chipping and crack
propagation. Critical for long-span bridges and posterior crowns, which undergo higher occlusal forces. Mackert JR et
al., (1988) found that compressive stress at the metal-ceramic interface significantly reduced ceramic fractures. [6]

Kelly JR etal., (1996) reported that a mismatch in the coefficient of thermal expansion (CTE) between metal and ceramic
can lead to microcracks if not properly managed. [10]

4. Van der Waals Forces (Physical Bonding)

Plays a minor role in adhesion but contributes to ceramic wetting and adaptation. Important in initial ceramic application
before firing. Helps in maintaining a uniform ceramic thickness for better aesthetics. Rosenstiel et al., (2015) noted that
Van der Waals forces contribute minimally to bond strength but aid in initial ceramic placement [7].

Mclean JW, Hughes TH (1965), found that improving the wetting ability of ceramic on metal enhanced overall bond
strength by increasing contact area. [11]

How to Achieve Each Type of Metal-Ceramic Bond

The bonding between metal and ceramic in metal-ceramic restorations requires specific techniques to optimize chemical,
mechanical, compression, and physical (Van der Waals) bonds. Below is a detailed guide on how to achieve each type
of bond.

1. Chemical Bonding (Oxide Layer Formation)

Suitable Metal Alloy:

Ni-Cr, Co-Cr, Pd-Ag, and Ti-based alloys form strong oxide layers.
Gold-based alloys require oxide-forming elements (e.g., tin, indium, iron).

Controlled Oxidation Cycle: Place the metal framework in a porcelain furnace for oxidation firing before ceramic
application. Typically, oxidizing is done at 980°C — 1050°C in an oxygen-rich atmosphere.

Optimize the Oxide Layer Thickness: A thin, uniform oxide layer (2-5 um) is ideal for bonding. Excessive oxidation
leads to weak, friable oxides that reduce bond strength.

Surface Cleaning After Oxidation: Use ultrasonic cleaning in distilled water or alcohol to remove contaminants. Avoid
handling the framework with fingers to prevent contamination. [5]

2. Mechanical Bonding (Surface Roughness & Interlocking)

Increase Surface Roughness of the Metal:

Sandblasting (Air Abrasion): Use 50-250 pm aluminum oxide (Al20Os) particles under 2-4 bar pressure.

Provides micromechanical retention for ceramic.

Acid Etching: Hydrofluoric acid (HF) etching is used in some cases, but sandblasting is preferred.

Casting Techniques to Create Roughness: Lost wax technique produces a natural micro-rough surface.

Avoid Contamination Before Ceramic Application: Clean the metal framework with ultrasonic cleaning or alcohol rinse.
[9]

3. Compression Bonding (Residual Stress Bonding)

Match the Coefficient of Thermal Expansion (CTE): The metal should have a slightly higher CTE (by ~1.0 x 107¢/°C)
than the ceramic. This ensures ceramic remains under compressive stress after cooling, preventing cracks.

Proper Firing Sequence: Slow cooling cycles reduce residual tensile stress. A gradual drop from 980°C to 600°C
minimizes stress accumulation.

Control the Thickness of Metal & Ceramic: Metal coping should be at least 0.3-0.5 mm thick to support ceramic without
excessive flexing. Ceramic thickness should not exceed 2 mm to prevent chipping.

Avoid Sharp Angles in the Metal Framework: Smooth metal designs distribute compressive stress evenly. [6]
4. Van der Waals Forces (Physical Bonding)

Ensure Proper Wetting of Ceramic Over Metal: Metal surface must be clean and free of contaminants before ceramic
application. Avoid handling the framework with bare hands.

Maintain a Smooth Metal Surface Without Over-Roughening: Overly rough surfaces decrease wetting ability of ceramic.
Gentle air abrasion (50 pm Al:Os) maintains the balance between mechanical retention and smooth wetting.

Preheat the Metal Before Ceramic Application: Preheating metal frameworks at 100-150°C improves ceramic flow.

Apply an Even First Layer of Opaque Porcelain: The first ceramic layer should be thin and evenly applied to ensure
molecular attraction. Vacuum firing enhances adhesion by removing air pockets. [11]
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Indications, Contraindications, Advantages, and Disadvantages of Each Metal-Ceramic Bond Type
Metal-ceramic bonding is crucial for the success of porcelain-fused-to-metal (PFM) restorations. The four primary types
of bonds—Chemical, Mechanical, Compression, and Van der Waals Forces—each have specific indications,
contraindications, advantages, and disadvantages.

1. Chemical Bonding (Oxide Layer Formation)

Indications: Porcelain-fused-to-metal (PFM) restorations requiring strong adhesion. Ni-Cr, Co-Cr, and Pd-based alloys
that form stable oxides. Long-span fixed partial dentures (FPDs) needing high bond strength. Implant-supported
prostheses for long-term durability. High-load areas (posterior crowns and bridges) where debonding risk is high.
Contraindications: Pure Gold and Platinum alloys (poor oxide formation). Excessively oxidized metal frameworks
(weak, friable oxide layers). Cases requiring a thin metal coping (oxide thickness may compromise ceramic adaptation).
Advantages: Strongest bond mechanism among all four types; Prevents debonding in high-stress restorations; Stable
adhesion over time (less affected by aging and fatigue).

Disadvantages: Excessive oxide formation weakens the bond and causes ceramic delamination; Oxide layer thickness
must be carefully controlled (2-5 pm); Some metal alloys require additional oxide-forming elements (e.g., indium, tin).
[5.8]

2. Mechanical Bonding (Surface Roughness & Interlocking)

Indications: Precious metal-ceramic restorations (e.g., high-gold and Pd-based alloys). Cases with minimal oxide
formation (gold-platinum alloys). Thin metal copings or frameworks (oxide bonding alone is insufficient). Metal
surfaces with roughening surfaces (sandblasting or etching).

Contraindications: Alloys with high oxide formation (Ni-Cr, Co-Cer, Ti) (chemical bonding is preferred).

Highly polished metal surfaces (poor mechanical interlocking). Cases requiring minimal surface modifications (e.g.,
titanium, zirconia).

Advantages: Improves bond strength for non-oxidizing metals. Enhances micromechanical retention, especially with
sandblasting. Compatible with precious and semi-precious alloys (gold-based restorations).

Disadvantages: Not sufficient as a sole bonding mechanism (chemical bonding still needed). Surface roughening
increases micro-cracks in metal. Requires additional steps (sandblasting, etching), increasing cost and time. [9]

3. Compression Bonding (Residual Stress Bonding)

Indications: Long-span bridges & multi-unit restorations (prevents chipping). PFM restorations subjected to occlusal
loading (molars, bruxism cases). Ceramic materials with different thermal expansion rates (CTE matching required).
Restorations requiring increased resistance to fracture & chipping.

Contraindications: Single-unit restorations with low stress (compressive stress is unnecessary). Metal-ceramic systems
with matched CTE values (no residual compression needed). Metal thickness < 0.3 mm (inadequate support for ceramic
under stress).

Advantages: Prevents ceramic cracking and fracture in high-load restorations. Increases flexural strength of the
veneering ceramic. Improves longevity of PFM bridges and implant prostheses.

Disadvantages: Requires precise control of metal-ceramic CTE. Overcooling can create excessive stress, leading to
ceramic fractures. Metal thickness must be carefully designed to support ceramic bonding. [6,10]

4. Van der Waals Forces (Physical Bonding)

Indications: Initial adaptation of ceramic to metal before firing. PFM restorations requiring uniform ceramic wetting.
Thin-layered ceramic applications (e.g., veneer layering over metal). Short-span anterior PFM crowns with minimal
mechanical retention.

Contraindications: PFM restorations with poor ceramic wetting (requires mechanical roughness). Cases where stronger
bonding mechanisms are needed (e.g., posterior teeth). Metal frameworks with contamination or debris (reduces surface
energy).

Advantages: Helps in uniform adaptation of ceramic to metal. Assists in minimizing voids and defects in ceramic
layers. Supports initial ceramic bonding before thermal processing.

Disadvantages: Weakest bonding mechanism among the four types. Not reliable for long-term adhesion in stress-
bearing areas. Requires additional bonding methods for clinical success. [7,11]

Conventional Fabrication of Metal-Ceramic Bonds

The conventional fabrication of metal-ceramic restorations involves the precise bonding of a metal substructure to a
ceramic veneer using multiple stages. The overall goal is to ensure a strong, durable, and esthetically pleasing
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restoration. The following is a detailed explanation of the conventional process, including the key steps and materials
involved:

Steps in Conventional Fabrication

Metal Framework Preparation- The metal substructure is traditionally fabricated from precious alloys (e.g., gold-
based) or non-precious alloys (e.g., Ni-Cr, Co-Cr) using a casting process. The lost-wax technique is the most common
method, where a wax pattern is created, invested, and then melted away, leaving behind a mold for metal casting. After
casting, the framework is cleaned (typically by ultrasonic cleaning or air abrasion) to remove debris and contaminants.

Oxidation Firing of the Metal Substructure- The metal framework is oxidized by heating it in a furnace at 980-
1050°C, a process that forms an oxide layer on the metal surface. This layer is essential for the chemical bond between
the metal and the ceramic. Ni-Cr and Co-Cr alloys form stable oxides that facilitate bonding, while gold-based alloys
need additional oxide-forming elements (e.g., tin, iron) to improve the bonding potential. The oxide layer is typically 2-
5 micrometers thick, providing the surface for the ceramic to adhere to. [5]

Surface Treatment of the Metal- After oxidation, the metal surface is cleaned again using an ultrasonic cleaner and
alcohol rinse to remove any residual contaminants. For enhanced mechanical retention, the surface may be sandblasted
using aluminum oxide (Al:Os) particles to create a micro-rough surface that promotes better adhesion between the
ceramic and the metal. Surface roughening is particularly important for alloys that do not form sufficient oxides, such
as gold-based alloys. [9]

Ceramic Layer Application- The ceramic veneer is applied in multiple layers:

Opaque layer: The first layer, which is applied over the oxidized metal, ensures the esthetic appearance and masks the
metal. The opaque ceramic also facilitates bonding through both chemical and mechanical mechanisms.

Body layer: The next layer, which matches the color of the natural teeth and provides strength to the restoration.
Incisal layer: The final layer applied to replicate the natural translucency and esthetics of the teeth. Each ceramic layer
is carefully fired in a porcelain furnace at specific temperatures (typically 900-1000°C) to bond securely to the
underlying metal framework. [7]

Final Firing and Glazing- Once all ceramic layers are applied and fired, the final step is glazing, which gives the
restoration its smooth, polished appearance. This is done at a slightly lower temperature (800-850°C) to avoid overfiring
and potential ceramic delamination. The metal-ceramic bond is tested for strength and durability through thermal cycling
and load testing to ensure the restoration will withstand the stresses of normal occlusion.[6]

Key Principles in Conventional Fabrication

Coefficient of Thermal Expansion (CTE) Matching

One of the crucial factors in ensuring compression bonding and preventing ceramic fracture is the matching of the CTE
between the metal framework and the veneering ceramic. The metal typically has a higher CTE than the ceramic,
ensuring that the ceramic remains under compressive stress when the restoration cools. If the CTE mismatch is too great,
it can lead to ceramic cracking or debonding. [10]

Oxide Layer Thickness

The thickness of the oxide layer on the metal is a critical parameter. If too thin, the bond may be weak; if too thick, it
may affect the fit and cause ceramic delamination. Ideal oxide thickness: 2-5 micrometers. [5]

Latest advancements in Metal-Ceramic bonding in dentistry

Recent advancements in metal-ceramic bonding in dentistry have focused on enhancing the durability, aesthetics, and
functionality of dental restorations. Key developments include:

1. Advanced Ceramic Materials: The development of high-strength ceramics, such as lithium disilicate and zirconia, has
improved the performance of metal-ceramic restorations. These materials exhibit excellent mechanical properties and
aesthetic qualities, making them suitable for use in areas subjected to high masticatory forces. [12]

2. Digital Fabrication Techniques: The integration of CAD/CAM technology in dentistry has revolutionized the
fabrication of metal-ceramic restorations. This approach allows for precise design and milling of both metal frameworks
and ceramic components, ensuring optimal fit and reducing chairside adjustment time. Additionally, digital workflows
enhance the consistency and reproducibility of restorations. [13]

2. CONCLUSION

Metal-ceramic restorations have long been a cornerstone of prosthodontics, offering a combination of strength,
durability, and aesthetic flexibility. The success of these restorations depends on the quality of the metal-ceramic bond,
which can be achieved through multiple bonding mechanisms including chemical bonding, mechanical bonding,

@]International Journal Of Progressive Research In Engineering Management And Science Page | 746



INTERNATIONAL JOURNAL OF PROGRESSIVE e-ISSN :

[JPREMS RESEARCH IN ENGINEERING MANAGEMENT 2583-1062
AND SCIENCE (IJPREMS) Impact
www_ijprems.c()m (lnt Peer Reviewed Journal) Factor :
editor@ijprems_com Vol. 05, Issue 03, March 2025, pp - 742-747 7.001

compression bonding, and Van der Waals forces. Among these, chemical bonding remains the most crucial, ensuring a
strong and durable adhesion between the metal framework and the veneering ceramic. The conventional fabrication
process, involving oxide layer formation, surface treatment, and careful layering of ceramics, plays a significant role in
optimizing these bonds. Critical factors such as the coefficient of thermal expansion (CTE) matching between metal and
ceramic, along with surface roughening techniques, enhance both mechanical retention and compression that prevent
ceramic cracking and delamination.

In recent advancements, improved metal alloys, advanced surface treatments, and digital fabrication technologies have
further enhanced the metal-ceramic bond, offering better precision and longer-lasting restorations. However, challenges
related to oxide layer thickness and CTE mismatches remain a concern and require careful consideration. Ultimately,
achieving a successful metal-ceramic restoration requires a balance of both material science and clinical technique,
ensuring that each bond type is carefully chosen and executed to maximize the longevity and performance of the
restoration. The continued research and development in bonding technologies and material innovations promise to
further improve the efficacy and durability of metal-ceramic restorations in the future.
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