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The quest for discovery of an ideal material to replace natural tooth substance continues to be an intangible goal. At 

present, many synthetic polymeric materials with various different properties are available for dental applications. 

Despite all the benefits of dental materials available today, improvements can still be made, regarding both their 

composition and handling. An overview of dental polymeric restoratives reported over the past 30 years is presented in 

this paper. The main conclusion is that none of the currently available restorative materials can fulfill all the specific 

requirements. 

1. INTRODUCTION 

Hard dental tissues, principally enamel and dentine, are natural composite materials and comprise 

collagen biopolymers and hydroxyapatite (HA) microcrystals. Their materials science has been extensively 

investigated and reviewed1 as a basis for the design of materials used to restore damaged dentition. Human 

enamel (the hardest structure in the human body) is highly mineralized, with only 1% of its weight being 

organic molecules and 3% water.2 

Dentin is 20% organic (mainly collagen), 70% inorganic, and 10% aqueous by weight. HA is the main 

inorganic compound of dentin. However, when compared to enamel, the HA crystallites are smaller (20 nm 

in length, 18–20 nm in width, 35 nm in diameter). The need to regenerate hard tissue parts inspired the 

development and applications of composites that mimic the hard structure.3 

Polymers in dentistry are used as composite restorative materials, cements and adhesives, cavity liners, 

and as protective sealants for pits and fissures.4 In addition to the restoration of cavities, polymers are used 

for the construction of prosthetic devices (such as denture base materials, denture relines, crown and bridge 

resins, dental impressions and duplicating materials, and plastic teeth) and have also been used to repair 

foreteeth, to cement orthodontic brackets, to cover staining, and to repair and combat erosion. Other devices 

utilizing plastics include patterns for metal inlays and partial denture-framework castings, contoured 

impressions trays, orthodontic and periodontic splints, temporary space maintainers and bite plates, obturators 

for cleft palates and oral implants. 

2. DENTAL  POLYMERIC  RESTAURATIVES 

For decades, the dental profession has searched for an esthetic material to replace the traditional 

amalgam restorative (an alloy of two or more metals, one of which is mercury) that is considered to be toxic. 

In the quest to replace amalgams, three types of restoratives that use polymers have emerged: composites, 
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glass-ionomers (GIC), and resin modified glass-ionomers (RMGIC) each of them, in different ways, 

fulfilling most of the requirements of a successful restorative material.5 More recently a hybrid of composite 

and glass-ionomer, called compomer, has surfaced, due to attempts to take advantages of the positive 

attributes of both composites and glass-ionomers. After the 90s, a new category of inorganic-organic 

copolymer composite materials, known as ormocers (organically modified ceramics) has been developed 

for dental use. The various types of materials used are classified in Table 1. 

Table 1 

Composition of different classes of restorative materials6 

Composite GIC RMGIC Compomer Ormocer 

Ion leachable glass Ion leachable glass Ion leachable glass Non reactive glass Reactive polysiloxane 

Inert fillers Inert fillers – Inert fillers Inert fillers 

– – Polymerizable acid Polymerizable acid Poly acid 

– Water Water – – 

Polymerizable resins Polymerizable resins – Polymerizable resins Polymerizable resins 

2.1. Composite polymeric restoratives 

2.1.1. Essential components of a dental restorative composite 

Dental restorative composites are heterogeneous materials having three essential phases: (1) a polymeric 

matrix which comprises the continuous phase, (2) fillers of various types, sizes, shapes and morphologies 

which constitute the disperse phase and (3) an interfacial phase that, in varying degree, bonds the continuous 

and disperse phases into a unitary material.7 

Since the polymerization shrinkage that occurs in the matrix phase is one of the most commonly cited 

deficiencies of dental restorative composites,8 resources are allotted to develop high conversion, durable, 

low shrinkage polymeric materials for use in dental resin and composite applications. The polymeric matrix 

of a dental composite is typically formed by free radical polymerization of a resin that usually belongs to the 

methacrylate class. Polymerization is started either by the formation of initiating radicals from chemical 

reduction-oxidation (redox) reactions or by photochemical reactions. 

The monomer mostly used in the formulations for both anterior and posterior resins is bis-phenol-A-

diglycidylether dimethacrylate [2,2′-bis(p-2′-hydroxy-3′-methacryloxypropoxyphenyl)propane] (Bis-GMA), 

that comprises about 90% of most commercial dental composites.9 

A variety of fillers may be used to make up the reinforcing phase.10 Fillers may consist of silanized 

quartz, glass or various ceramics, with silanization affording the coupling mechanism. A prepolymerized 

resin containing pyrogenic silica may also be used to reduce polymerization shrinkage. Various polymerization 

initiators or activator–initiator combinations are known to be useful to achieve curing. Inhibitors are 

required to prevent polymerization during storage. 

2.1.2. Matrix phase 

The monomer matrix systems have to fulfill a number of basic requirements such as reactivity, stability or 

toxicity of the monomers used and the properties of the formed matrix (see Table 2). 

Table 2 

Basic requirements for matrix monomers in restorative composites11 

Physical/chemical requirements Consequences for dental practice 

Low volume shrinkage or expansion during polymerization No marginal gap, easy processing of the composite 

High rate of polymerization Short curing time 

Cross-linking properties Sufficient mechanical properties of the restoratives 
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(continues) 

  Table 2 (continued) 

Physical/chemical requirements Consequences for dental practice 

Tg above 60°C and low water uptake of the formed polymer Long-term durability of restoration 

Excellent resistance to the oral conditions Low failure rate of composite 

Storage stability in the presence of dental fillers Long-term experienced fillers can be used for composite preparation 

High light and coloration stability of the formed polymer Long-term esthetics 

Low oral toxicity, no mutagenic or carcinogenic effects Minimum toxicological risk for the patient and dentist 

2.1.2.1. Bis-GMA 

Resins used to formulate dental restoratives were initially derived from the free-radical polymerization 

of doughs made from poly(methyl methacrylate) (PMMA) beads blended with methyl methacrylate (MMA) 

monomer. Many studies have focused on improving these materials, by addition of cross-linking monomers 

and reinforcing fillers. Earlier, the polymer industry had previously shown that epoxy resins, based on 

bisphenol A, were excellent matrix resins for a variety of composites.12 However, epoxies exhibited poor 

ambient polymerization characteristics under conditions that replicate the oral cavity. Bowen13 made the 

discovery that the diepoxide derived from bisphenol A and epichlorohydrin could be treated with 

methacrylic acid to form a unique hybrid monomer, well known today as Bis-GMA (see Fig. 1). 

Alternatively, the Bis-GMA monomer may also be produced by reaction of bisphenol A with 2 mols of 

glycidyl methacrylate. The synthetic path to the bulky, thermosetting dimethacrylate, Bis-GMA, launched a 

new era for development of composites used in dentistry. Bis-GMA has two chiral carbon atoms with the 

dimethacrylate diastereomers helping to make the Bis-GMA mixture a viscous syrup. 

 

Fig. 1 – Structure of Bis-GMA. 

Due to its large molecular size and chemical structure, Bis-GMA is superior to many monomers of 

lower molecular mass by virtue of: lower volatility, lower polymerization shrinkage (2–5% by volume), 

more rapid hardening, production of stronger and stiffer resins and consequently improved mechanical 

properties and reduced water sorption. 

Due to the high viscosity of Bis-GMA, a variety of dimethacrylates have been found to be useful as 

reactive diluents to provide suitable viscosities for high filler loading, such as diethylene glycole 

dimethacrylate (DEGMA) and triethylene glycol dimethacrylate (TEGMA).14 

 

Fig. 2 – Structure of dimethacrylate reactive diluents. 

(R = CH2CH2OCH2CH2 for DEGDMA; R = CH2CH2OCH2CH2OCH2CH2 for TEGDMA) 

2.1.2.2. Other systems 

Although Bis-GMA is widely used in commercial dental composites, other types of dimethacrylates 

have also been studied as alternatives to Bis-GMA. Resins have been designed to utilize multifunctional 
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methacrylate prepolymers, derived from the chain-extending reaction of Bis-GMA with a diisocyanate, such 

as 1,6-hexamethylene diisocyanate, combined with a diluent monomer. 

Many experimental dimethacrylates have been explored for reduction of shrinkage and water sorption 

in composites, seeking to improve dimensional stability, creep resistance, fracture toughness and wear 

resistance. Some of these have been prepared from nonhydroxylated homologues of Bis-GMA of lower 

viscosity. Hence, a multimethacrylate prepared from esterification of a low molecular weight styrene–allyl 

alcohol copolymer was shown to be useful in reducing shrinkage in Bis-GMA/TEGDMA resin blends.11 

A variety of fluorine-containing monomers and polymers have been prepared and examined to produce 

hydrophobic dental composites with low water sorption, high contact angles, reduced margin leakage, and 

resistance to surface staining. One formulation consisted of 75 wt% octafluoro-1,1,5-trihydropentyl 

methacrylate and 25 wt% of a nonhydroxylated homologue of Bis-GMA.15 However, the polymerization 

shrinkage and strength deficiencies were not improved and the volatility of the nonbulky fluorinated-

monomer component was also a problem. In contrast, a stronger hydrophobic composite was prepared from 

a low surface-energy matrix resin consisting mainly of a highly fluorinated multifunctional methacrylate 

prepolymer.16 The viscosity of this formulation was comparable to that of Bis-GMA, along with the 

solubility in a variety of diluent monomers. The dimethacrylate derivative of a fluorinated triethylene glycol, 

having low viscosity, was examined as a reactive diluent,17 showing some promise to improve the performance 

properties of an ethoxylated bisphenol A dimethacrylate based composite. 

Elimination of polymerization shrinkage has been under study for some time. In an early work,18 a 

blend of a Bis-GMA-based resin and a solid spiroorthocarbonate (SOC), which also polymerizes by a free-

radical, ring-opening mechanism, was cured to give thermosets with very low volume shrinkage. Following 

this study, a great variety of compositions have been designed for ring opening, expanding polymerizations, 

focused on eliminating or reducing the shrinkage as well as improving the physical and mechanical 

properties of composites.19 The focus has mainly been on SOC and SOC-type monomers with epoxy resins. 

This concept has not, to date, produced marketable dental restoratives. 

More recently, the possible use of liquid crystalline monomers, hyperbranched polymers,20 inorganic–

organic hybrid monomers, and sol–gel technology have started to be examined for preparing improved 

composites. Also, the in situ generation of a nanocomposite,21 where the inorganic component is truly 

distributed at the molecular level in the cured composite, may satisfy the great need for preparing 

restoratives with both low shrinkage and significantly improved wear resistance. 

2.1.3. Reinforcement phase 

After the introduction of the quartz filler in the late 1950s, many types of reinforcing fillers have been 

studied or used in dental composites.22 In addition to quartz, fused or colloidal silica, and other inorganic 

fillers, finely divided, organic prepolymerized composite particles are also useful as a dispersed phase. 

Dental composites are characterized by particle size and quantity. There are three main groups:23 

− Conventional composites. They contain glass fillers in the range 10–60 µm in volumes up  

to 60%. 

− Microfilled. They contain particles ground down to below 10 µm and an incorporation up to 40% of 

the resin. These composites are relatively translucent and similar in appearance to tooth structure 

and can be easily polished to a high gloss, as they contain very fine particles with dimensions below 

the wavelength of light. Although the mechanical properties are too low for use in the rear part of 

the mouth, they are acceptable as restoratives materials in the front teeth. 

− Hybrid. They contain up to three different size distributions of particles. The fine mode is  

made up from particles with size ranging from 20 nm to 0.5–3 µm, and the large mode varies in the 

5–15 µm size range. The total volume of the filler in the composite paste is typically between 60 and 

80%. The main benefit of the three particle sizes is that a lower viscosity is obtained compared to 

that from a single particle size distribution. Accordingly higher than expected filler loadings can be 

achieved. 
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Fillers serve to increase hardness and compressive strength, and significantly reduce shrinkage of the 

restoratives. Filler technology has brought many improvements to currently used composites. Various ways 

exist to classify filler particle sizes. One method is using the terms “macro” (10 to 100 µm), “micro” (0.01 to 

0.1 µm), and “nano” (0.005 to 0.01 µm). 

Contemporary composites use some of the following fillers:24 pyrogenic silicon dioxide, barium- or 

strontium-silicate glass, ground quartz, zirconium-dioxide glass, yttrium- or ytterbium-trifluoride. Other 

filler types such as silicon nitride (Si3N4) have been tested and proved to be unacceptable due to several 

factors, including fatigue behavior, abrasion resistance, and aesthetics.24 

Fine inorganic particles tend to combine together to form strongly bonded aggregates, that may further 

unite to produce even larger structures, commonly termed agglomerates.25 To build high quality and high 

performance polymer composites, the particle agglomerates or aggregates must be broken down during 

composite processing into primary particles (i.e. the smallest particulate pieces of the minor component 

existing in as-fabricated or as-received ceramic powder) that are sufficiently dispersed in the polymer 

matrix. 

To have acceptable mechanical properties, it is critical for the resin matrix and filler to possess a 

strong interfacial bond. A breakdown at the interface, followed by load application, will not allow the 

stresses developed to be effectively distributed throughout the material. Bonding is achieved by the use of 

coupling agents, incorporated into the formulation at the surface of the filler.26 Coupling agents such as 

polymerizable silanes are widely used for this purpose. Vigorous efforts have been focused on maximizing 

filler volume for obtaining highly loaded composites, which exhibit much better stress-bearing capability. 

Most materials have used irregularly shaped particles, rather than rods or spheres, due to their better 

mechanical retention in the resin. 

To reduce the thermal dimensional change of the composite to the value matching that of the tooth 

substance, fillers have been selected from the fused quartz form of silica or special glasses such as lithium 

aluminium silicate having zero or even negative thermal expansion coefficient. A further factor influencing 

filler selection is the requirement of a good refractive index match with the organic monomer to secure 

adequate translucence for aesthetic appearance. 

Radio-opacity in dental composites is an important criterion and can be achieved by means of the glass 

fillers, that contain heavy metals such as ytterbium, barium, strontium, tantalum or zirconium, which absorb 

or reflect X-rays.27,28 

The incorporation of a large volume of hard filler particles has been based on the concept of attainment 

of high compressive strength and stiffness and on evidence that abrasion resistance improves as filler 

content increases and that fine filler wear more than coarse particles. 

In dental composites, mostly particle-sized fillers are used. The reinforcement of normal composite is 

also realized by incorporating fibers or whiskers into a composite. Fiber-reinforced dental composites are 

only rarely described. The gradual addition of silanized short-cut glass-fibers to a Bis-GMA/TEGMA based 

composite resulted in an increase in the elastic modulus and a decrease in tensile strength.29 Xu30 used 

ceramic single-crystalline whiskers as fillers to reinforce composites. The filler mass fraction ranged from 0 

to 70%. Compared to microfill and hybrid composites, the whisker reinforced material demonstrated 

significantly higher flexural strength. Whiskers exhibit some potential for the reinforcement of composite 

dental materials. However, especially the described whiskers,31 are not easily accessible. 

2.1.4. Polymerization 

Methacrylate-based restoratives are free radically polymerized by redox systems or photochemically by 

visible light, using photoinitiators or photoinitiator–photosensitizer combinations with only the visible light 

range (400–500 nm) allowed for curing.32 Redox initiation systems may consist of benzoyl peroxide initiator 

(BPO)/tert-amines, hydroperoxides-thioureas, peroxides with ascorbic acid or derivatives, and BPO/tert-

amine with polythiols. A commonly used combination for redox use is the BPO/N,N-dihydroxyethoxy-p-
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toluidine system. The combination of α-diketones, such as camphorquinone (CQ), with a tertiary amine, 

such as N,N-dimethyl-aminoethyl methacrylate (DMAEMA), are particularly useful for visible light-curing 

(VLC). With light activation, CQ and DMAEMA form an “exciplex” with the “exciplex” subsequently 

producing a DMAEMA-based radical that initiates the polymerization. VLC resins provide the dentist a 

significant control over the restorative hardening process.33 Further, the porosity and surface tackiness, 

owing to air inhibition, are lower in the VLC-cured materials compared to that of the redox formulations. 

But properly mixed redox formulations polymerize much more uniformly, especially in areas of great bulk, 

as compared to the VLC formulations. When using VLC systems to fill deep cavities, a layering technique 

must be used to ensure adequate polymerization. 

2.1.4.1. The general polymerization mechanism for light activated monomers 

The polymerization of a thermoset polymer generally implies the transformation of a fluid resin into a 

rubber (gelation) and then into a solid glass (vitrification) as a result of the chemical reactions between 

multifunctional active groups present in the system that develop a progressively denser polymeric network. 

The photopolymerization of multifunctional monomers is a complicated process as regards its kinetics. 

Besides difficulties associated with heterogeneous, insoluble systems, the kinetics of network formation 

involves the immediate onset of autoacceleration and radical trapping at early reaction stages. Most of the 

unique polymerization behavior can be attributed to diffusional limitations on the mobility of the reacting 

species existing from the onset of the reaction.34 

At very low conversions, where the reacting medium is in liquid state, propagation and termination 

steps of polymerization are chemically controlled and the polymerization proceeds with a constant rate. 

However, as an insoluble infinitely large network forms (gelation) the movements of the macroradicals are 

restricted and the termination step, which involves the reaction of two macroradicals, becomes diffusion 

limited. A decrease in the termination rate leads to a corresponding increase in the polymerization rate that 

is known as autoacceleration or gel effect. During the phase of gelation, the reaction system transforms from 

a liquid to a rubber and consists of two species: the sol component consisting primarily of residual monomer 

and the gel (insoluble but swellable in good solvents fraction) consisting of branched and mainly of 

crosslinked polymer chains. As the polymerization progresses, the system becomes even more crosslinked 

and restricted, so the propagation step, which involves the reaction of the smaller monomer molecules with 

macroradicals, also becomes diffusion limited.34 A balance between diffusion-controlled propagation (which 

decreases the rate of polymerization) and diffusion-controlled termination (which increases the rate of 

polymerization) results to a maximum in the rate of polymerization (Rmax). Rmax is observed when Tg of 

the reacting system becomes coincident with the polymerization temperature.35 Shortly after the 

polymerization reaches the Rmax, solidification (vitrification) starts with transformation of the network 

from the rubbery to the glassy state. 

A simplified dimethacrylate polymerization mechanism would be the following:  

Reactants Products Step Step rate 

I2 → 2I*   

I* + M → *
1P  Initiation Ri 

*P Mm +  → *
( 1)P m+  Propagation *[P ][M]pk  

*Pm  → *
( 1)P m+  Ring formation *[P ]rk  

* *P Pm n+  → ( )P n m+  Termination * 2[P ]tk  

* *P Pm n+  → *
( 1)P Pn m+  Branching *[P ][P]bk  

where M represents a monomer, P a polymer chain and P* a polymeric free radical. The subscripts n and m 

are integers that indicate the number of reacted double bonds in the polymer or radical. Square brackets 
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represent total average molar concentrations. Ri is the rate of initiation and the k terms are average rate 

constants for the various steps. In the early stages of the reaction, the total free radical concentration [P*] 

can be assumed to be constant (stationary state approximation). 

Then, from the above mechanism: 

 [ ] ( )
1/ 2*P / 2i tR k=  (1) 

The rates of change of monomer and polymer concentrations are both dependant upon [P*] and given 

by: 

 [ ] [ ][ ]*d M / d M Ppt k= −  (2) 

and 

 [ ] [ ] [ ][ ]
2

* *d P / d P P Pt bt k k= −  (3) 

From the above mechanism the double bond conversion rate dx/dt will be determined by the rate of 

monomer polymerization plus additional terms for double bond loss via branching and ring formation 

through the expression: 

 [ ] [ ] [ ]( ) [ ]*
0d / d P M P / Mp r bx t k k k= + +  (4) 

where [M0] is the initial monomer concentration. 

The rate constants of radical termination and reaction propagation, kt and kp depend on the chemical 

nature of the monomer and various other factors such as the presence of water or oxygen. Over broad 

conversion levels they decline with reaction time, due to increasing material viscosity, but each to differing 

extents. For light catalyzed processes the rate of initiation, Ri at a given distance from the top of the material 

is proportional to initiator concentration, [I2], and the fraction of light reaching that level. From the above 

equations a four-fold increase in initiator concentration should approximately double the initial rate of 

polymerization and number of polymer molecules formed but therefore halve the polymer molecular 

weight.33–36 

It is obvious that the dimethacrylate monomer undergoes extensive cross-linking on polymerization 

with considerable residual unsaturation in the final product. Residual monomer is a factor beyond the 

control of material designer. In terms of biocompatibility, the unreacted monomer does not seem to offer 

serious or irreversible biological environment damage. Maximum levels of monomer in blood during for 

instance hip arthroplasty, which is undoubtedly the operation where the patient is most exposed, have been 

reported to be of the order of 1 mg/100 mL blood.1 This low figure together with the fact that dimethacrylate 

is rapidly removed from the blood stream by metabolism (citrate cycle) is the reason why this dimonomer 

has been given the benefit of the doubt as far as the systemic effect in humans is concerned. It was suggested 

that of the unreacted methacrylate groups approximately one-tenth are present as residual monomer.37 

A special effect of the dental Bis-GMA based composites is that they may be responsible for causing 

the allergic effect.38 The geometrical factors, such as shape, dimensions and surface roughness are more 

important than the chemical nature of the material. Thus the correct application and surgical technique are 

essential to produce a positive health gain. 

The chemical nature and functionality of the oligomer are known to greatly affect the thermal stability, 

chemical and weathering resistance and mechanical properties such as resistance to abrasion, scratching and 

shock (see Fig. 3). The monomer used to lower the formulation viscosity also plays a key role; it acts both on 

the cure rate and on the polymerization extent, as well as on the properties of the formed crosslinked polymer. 
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Fig. 3 – The functionality influence on several properties. 

An increase in the functionality of the reactive diluent was shown to accelerate the curing process, but 

at the expense of the overall conversion, thus leading to a polymer that contains a substantial amount of 

residual monomer.39 The increased crosslink density also makes the cured polymer harder, but less flexible 

and more brittle. 

The process of polymerization can be characterized by pre- and post-gel phases. In the pre-gel phase, 

the stress is relieved by the flow of material, but the post-gel stress remains. At the gel point, when the 

adhesion of the restoration to the cavity is forming or immediately after, the higher contraction rate, due to a 

larger concentration of light-activated radicals, induces a further increase of the stress at the interfacial 

bond.40 This is caused by the increase of the modulus of elasticity, the resin being in the visco-elastic state. 

2.1.4.2. Extent of polymerization (degree of conversion) 

It is obvious from many studies that the dimethacrylate monomers undergo extensive cross-linking on 

polymerization with, however, residual unsaturation in the final product.41–45 The Fourier Transform 

Infrared Spectroscopy (FTIR) method for determining double bond conversion in dental materials has 

recently been discussed in detail.46 The unpolymerized C=C bonds give rise to an infrared absorption at 

1638 cm–1, which enables the determination of the degree of conversion (DC). 

The nature of unpolymerized resin is of considerable concern, especially in terms of harmful effects on 

the mechanical properties and dimensional stability of the restoration, but less in terms of biocompatibility. 

The unconverted methacrylate groups reside in the polymer network either as residual monomer (being 

trapped inside the network) or as pendant side chains that extend from the main chains by virtue of having 

reacted at only one end of the difunctional molecule. A further possibility is a cyclization reaction. As 

residual monomer, these molecules function as plasticizing agents that can reduce the properties of the 

polymer network. This occurs until such time as the monomers leach from the composite into the oral 

environment. Pendant side chains will act as permanent plasticizers in the composite. Hence it is desirable to 

increase the DC in order to produce stiffer and more durable resins, although shrinkage increases with DC.31 

For a given VCL product the DC depends upon the light intensity reaching the composite surface, the 

time of exposure and the depth of cure. The structure, composition and polarity of the diluent monomer 

molecules affect the DC and also shrinkage, water sorption and mechanical properties. 

It is well known that the polymerization reaction of light-activated composites continues even after the 

end of light irradiation and the DC shows a gradual increase after light exposure. However, only limited 

information is available on this phenomenon so far, and the details of post-irradiation polymerization of 

composites containing Bis-GMA/TEGDMA have not yet been clarified. The amount of post-irradiation 

polymerization was computed by Tarumi43 by subtracting the values of DC immediately after curing from 

those after 24 h of storage, and it was found to decrease as the proportion of TEGDMA increased. 

Accordingly, composites with greater DC showed less post-irradiation polymerization. Kildal and Ruyter47 

reported that the DC of resin-based materials was increased by approximately 13% after 24 h of storage 

when cured with a hand-held curing unit, while the materials initially polymerized to a greater degree with a 

light curing oven showed no post-irradiation polymerization. A study by Leung48 indicated similar results 
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for hardness tests of composites, reporting that an increase in the hardness after 24 h of storage was greater 

for underexposed surfaces than for samples irradiated for the recommended time. Therefore, there seems to be 

an inverse relationship between the amount of post-irradiation polymerization and the DC of cured 

composites. 

This result might be attributable to the mobility of reactive molecules in the polymer network. During 

polymerization, the free radicals located on functional groups of unreacted molecules are trapped within the 

polymer network due to the rapid increase in viscosity. For post-polymerization, unreacted species with free 

radicals need to be sufficiently mobile to contact other reactive species in the polymer network. The 

composites with greater DC are considered to form more rigid networks than specimens with lower 

conversion. In the initially highly polymerized composites, therefore, it is more difficult for the residual 

unpolymerized species to be involved in further reactions. Another possible explanation for the inverse 

relationship between the DC and the amount of post-irradiation polymerization of cured specimens is based 

on the diffusion rate of radicals. It has been reported that high viscosities of composite pastes induced slow 

diffusion of radicals.49 In the case of a rapid reaction, most of the conversion process is finished 

immediately after light exposure, leading to reduced post-irradiation polymerization, and greater amounts of 

post-irradiation polymerization when the reaction is advancing slowly. 

2.1.5. Polymerization shrinkage 

Upon curing, composites undergo volumetric shrinkage due to the reduction in volume that occurs 

when these materials are polymerized, this being a significant drawback of contemporary polymer-based 

composites. The shrinkage causes stresses within the matrix and at the interface between the restored tooth 

and its repair. An inward pull may cause flexion and crack formation of the natural tooth structure50 or a 

separation of the restoration from the tooth at the adhesive bond51 that will lead to the formation of gaps and 

leakage pathways52 and the potential for the formation of caries wall lesions. 

Residual stresses generated in a composite structure during cure largely affect its performance by 

inducing warpage, delamination and cracks. The chemical shrinkage of epoxy resins due to polymerization 

reactions is one of the main reasons for residual stress development in thick composite structures during 

cure.53 Therefore, it is crucial to understand the cure-related chemical shrinkage to reduce the residual 

stresses and improve the performance of composite structures. 

An idealized scheme of the volumetric change of epoxy resins due to thermal expansion and chemical 

shrinkage is shown in Fig. 3. The stages from a–e are described as follows: 

Stage a–b: the volume of the resin increases when it is instantaneously heated up from reference 

temperature, T0, to a curing temperature, Tcure, due to thermal expansion before any chemical shrinkage 

occurs. 

Stage b–c: the volume decreases due to chemical shrinkage at a constant curing temperature. 

Stage c–e: The volume decreases due to thermal contraction when it cools down to room temperature. 
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Fig. 4 – Volumetric change of epoxy resins during cure.54 

 

The point d corresponds to the volume at the glass transition temperature (Tg), at which the thermal 

expansion coefficient of the resin changes dramatically. Tg is largely dependent on the degree of cure of the 

resin, as well as the chemical composition of the resin and hardener. 

2.1.6. Water sorption 

The sorption of water in glassy polymers is generally described by a dual-mode theory, which assumes 

that the amount of the sorbed molecules consists of two populations.55 One is held by ordinary molecular 

dissolution in the polymer matrix according to Henry’s law and the second is trapped in polymer microvoids 

following the Langmuir isotherm. A clear physical picture of this behavior is described by the free volume 

theory, which suggests that glassy polymers generally have a non-equilibrium liquid structure, containing an 

equilibrium hole-free volume responsible for Henry’s sorption and an extra non-equilibrium holefree 

volume, frozen into the polymer (micro-voids) responsible for Langmuir’s sorption. The total hole-free 

volume effective for water diffusion depends on the macromolecular packing density. Flexible polymer 

chains with polar groups, especially those forming hydrogen bonds, which increase the intermolecular 

attractions, favor high packing density.56 The sorbed water which is molecularly dispersed into the polymer 

matrix acts as a plasticizer, causing the swelling of the polymer. The quantity of thus sorbed water depends 

on the available hole-free volume equilibrium, the physicochemical affinity of polymer groups to water, and 

the resistance of polymer chains to a swelling deformation stress. On the contrary, the water molecules 

which are accommodated in micro-voids are hydrogen bonded, form clusters and do not cause swelling of 

the polymer but act rather as filler particles. 

Polydimethacrylates are cross-linked glassy polymers. The presence of cross-links between polymer 

chains generally results in a significant decrease in the solvent permeability of the polymer because they 

decrease the hole free volume and the ability of polymer chains for swelling.57 

Water sorption presumably occurs among macromolecules, which are forced slightly apart.58 This 

separation causes molecular mobility. Inherent stress created during heat curing of the acrylic resin can be 

relieved, with resulting intermolecular relaxation and possible changes in the shape of the denture. These 

properties are favorable for resin used in the elaboration of dentures because, after absorbing water, they 

provide more retention to the denture base in contact with the edentulous ridge. The time period required for 

water sorption varies according to different experimental conditions (24 h, 7 days, 17 days, 21 days, 25 

days, 30 days, 60 days, 224 days, and even a year).59,60 Accelerating the water sorption time through 

alterations in the pressure and temperature of the storage fluid decreases the time required for denture 

adaptation. From the clinical point of view, this is very interesting since it enables patients to adapt to their 

dentures more easily. 

An important criterion for dental composites is the adequate resistance to degradation by water and 

other solvents. Dental composites leach 0.25–0.95% of their total mass into aqueous solution within the first 
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30 days.1 This elution is generally greater for microfilled than for macrofilled composites due to the greater 

resin content of the former. This leach is connected with monomer release, thus the keeping in water for 

several days is beneficial for the further use of the composite. 

Hygroscopic expansion of composites has been demonstrated to close marginal leakage gaps 

determinated by the shrinkage.61 However, water sorption does have some undesirable effects such as 

softening of the resin matrix, causing degradation and reducing stain resistance.62 Hygroscopic expansion of 

dental composites is a well recognized phenomenon and a method for its measurement is described in the 

International Standard ISO 4049.63 This standard was developed to deal with the relatively insignificant 

changes associated with conventional composites based on Bis-GMA and modified urethane resin systems. 

Whilst the compensation for shrinkage by post-placement expansion is, in principle, desirable, the 

actual degree of expansion that is required is open to much debate. 

The problem is that although the polymerization shrinkage is a constant throughout the material its 

effects are not.64 The constraining environment of the cavity in which the material sets has a major effect on 

the manifestation of the shrinkage forces. Prior to gelation during the polymerization process, flow occurs 

within the body of the material and the free surface may be pulled down whilst the inter-wall distance of the 

material within the cavity remains much the same.65 The most damaging effects of shrinkage are those that 

take place in the post-gelation phase of polymerization, as at this time the shrinkage is linear throughout the 

body of the material. The stress-relieving effect of the free surface is dependent on the ratio of the free to the 

bound surface areas. This has been designated as the “C-factor” and varies considerably with the cavity 

architecture.66 The degree of flow that takes place within the material will also depend on the time at which 

gelation occurs the longer this is delayed, the more flow can occur. Several contemporary curing light units 

use a stepped exposure intensity, initially exposing the resin to a low light level so that polymerization 

commences but at a slow rate so that pre-gelation flow can occur.67 Overall, the reduction in volume 

remains constant but, by these influences, the effects are non-linear. 

2.1.7. Trends to improve the processing of dental composite restoratives 

In addition to the conventional composites, what is known as condensable and flowable composite 

filling materials are also available. 

The word condensable is somewhat market driven and implies that the handling properties are 

comparable to those of amalgam. From the scientific point of view, composites are not condensable and do 

not have working and curing characteristics similar to amalgam. Based on this knowledge, the word 

condensable is more and more replaced by the term packable.68 The distinguishing handling properties of 

packable composites are reduced stickiness and increased viscosity compared to conventional composites. 

With these properties, packable composites may be used for posterior restorations. The composition of 

packable composites is similar to that of conventional composites, with the difference of a higher filler load. 

In same cases, the higher filler load is achieved by adding certain amount of coarse fillers or even fiber 

fragments to the composite. As a result of the higher filler content, the flexural strength and modulus are a 

little higher than those of conventional composites. 

Flowable composites have filler load in the range 52–68 wt% and most of them are fine particles 

hybrids.69 The flowable composites, initially introduced for restoration of cervical defects, are generally 

dedicated for small cavities.70 Due to their low filler content, their polymerization shrinkage is higher than 

that of conventional or packable composites. 

2.2. Glass-ionomers restoratives 

The term glass-ionomer cement (GIC) is exclusively reserved for a material consisting of an 

acid-decomposable glass and a water-soluble acid, i.e. a polyelectrolyte, which sets by an acid-base or 

neutralization reaction.71 The term includes both glass-polyalkenoates and glass-polyphosphonates. 

Polyelectrolytes derived from poly(acrylic acid) (PAA), various co- and terpolymers of acrylic acid (AA), 
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and other alkenoic acids (i.e., itaconic acid (IA) and maleic acid (MA)) are used in aqueous solutions for 

formulating polyelectrolyte-based cements. Cements based on glass ionomers adhere well to enamel, but 

only weakly to dentin. 

Development of the glass-ionomer cements was first announced by Wilson and Kent in 197272 as 

hybrids of the silicate cements and the polycarboxylate cements. The intention was to produce a cement with 

characteristics of both the silicate cements (translucency and fluoride release) with those of the 

polycarboxylate cements (ability to chemically bond to tooth structure and kindness to the pulp). The 

original ion leachable glasses were based on SiO2–Al2O3–CaF2–AlPO4–Na3AlF6 composition. According to 

Wilson and McLean73 the Al2O3/SiO2 ratio is required to be 1:2 or more and the F content can be up to 

23%. Later glasses in commercial materials contained more sodium and less fluoride. 

A conventional GIC is made up by hardening reaction between an ion-leachable calcium aluminum 

fluorosilicate glass powder and polymers and copolymers of acrylic or maleic acid. 

2.2.1. Glass polyalkenoate cements 

Polyalkenoate cements, which evolved from the zinc phosphate cements, were formulated with an 

organic polyacid and subsequently called zinc polyacrylate cements.74 Zinc oxide was the basic powder 

component, with smaller amounts of magnesium or tin oxide and, optionally, small quantities of silica, 

calcium hydroxide, stannous fluoride, and other salts. The acid component was an aqueous solution of PAA 

having about 30–50% solids, with the polymer having an average molecular weight of 30,000–50,000. 

Copolymers of acrylic and other alkenoic acids (e.g. itaconic, maleic, and aconitic acids) were subsequently 

used to make aqueous solutions with lower viscosity, providing a cement with better properties. A series of 

acid–base reactions brings about hardening or setting of the cements, with ionic-type cross-linking achieved 

by the ionized carboxylate groups forming a complex (salt-bridge) with the divalent metal cations, 

producing a highly, ionically cross-linked, hydrophilic matrix. Free powder embedded in the stiff polymeric 

hydrogel or matrix acts as a normal reinforcing agent. Other types of additives are incorporated into the 

formulations to improve certain properties. Cements of this type, which have an opaque appearance due to 

the high concentration of zinc oxide, adhere well to tooth structure and base metals, enabling them to be 

used as bases under permanent fillings and to cement prefabricated restorations and orthodontic appliances. 

More translucent glass polyalkenoate- or polyelectrolyte-based cements were developed by use of 

similar aqueous solutions of polyacids, such as PAA, poly(acrylic acid-co-itaconic acid), poly(acrylic acid-

co-maleic acid), etc., and ion-leachable calcium fluoro aluminosilicate type glass powders.71 

The matrix in this conventional-type GIC is formed by acid-base reactions involving the di-(Ca2+) and 

trivalent (A13+) cations, binding carboxylate groups in ionic cross-links (salt-bridges), producing a stiff 

hydrogel into which partially reacted glass particles are embedded. 

Other polyelectrolytes have also been explored as polymeric acids for formulating GICs, with 

poly(vinyl phosphoric acid) being an example. The vinyl phosphoric acid polymer formulations were too 

acidic to allow suitable working and setting times. Experimental cements have also been described for 

taking advantage of the reaction of an aqueous solution of phytic acid and myoinositol hexakisphosphate 

with zinc oxide or alumino-silicate glass powders. In such a formulation, a polyelectrolyte network matrix is 

formed by ionic chain extension and cross-linking reactions involving leachable multivalent cations and the 

organophosphoric acid groups. 

AA copolymers were recently modified with N-acryloyl- or N-methacryloylamino acids, such as  

N-methacryloyl-glutamic acid (MGA), providing a possible path to improved, conventional GICs.75 The 

copolymers studied had the carboxylic acid groups situated at various distance off the copolymer backbone, 

with the acid groups having a range of pKa or dissociation constants. The AA:IA:MGA copolymer having an 

8:1:1 monomers ratio looked particularly attractive to be used in formulating conventional GICs, as shown 

by statistically designed experiments. The study showed that an 8:1:1 (AA:IA:MGA) copolymer gave the 

highest compressive strength.76 
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A major disadvantage of GICs is associated with early moisture sensitivity, which requires protection, 

immediately after the placement with a varnish, due to their relatively slow maturation process. The best 

setting condition for GICs is a high humidity environment (about 80%), but not wet.10 Thus, the most 

important factor affecting the durability of glass-ionomer is the care devoted by the dentist during the first 

few minutes of its life. Other disadvantages include the cement remaining vulnerable to desiccation, 

showing low resistance to wear and pressure, and exhibiting lesser tensile and flexural strengths compared 

to amalgam and polymeric composite resins. Moreover, they are unsuitable for use in areas where high 

masticatory forces are applied, such as occusal fillings in posterior teeth; they fail to allow production of 

polished surface; they may have poor aesthetic properties in some formulations; they have low resistance 

toward acids (hydrolysis or acid erosion). 

Clearly, new polyelectrolytes can be prepared and there remains the task of making these materials 

much tougher and more wear resistant for use in high bearing regions.77 

2.2.2. Resin modified glass-ionomers 

Presently, the GIC formulations used are either the free-radical, VLC, redox initiated, or a combination 

of VLC and redox initiation types. These are water-soluble polyelectrolytes having both pendant carboxylic 

acid groups and free-radical polymerizable moieties, such as methacrylate residues. These hybrid-type 

formulations, which are more composite-like, are also referred to as RMGICs.78 The two-component 

formulations, with one being an aqueous solution of the polyelectrolyte (acidic polymer), initiators, and 

reactive monomers and the second the basic glass powder consisting of calcium fluoro-aluminosilicate, are 

mixed, placed in the cavity, and exposed to visible light. A simultaneous acid-base reaction and photo-

polymerization (dual setting system) of RMGIC enhances the physical and mechanical properties of the 

resulting hardened material. This technique of achieving both covalent cross-linking and salt-bridge 

formation significantly expanded the manufacture and the use of improved glass-ionomers. The VLC GICs 

are less technique sensitive, cure in shorter time, may be finished at the time of placement, are more plastic 

in nature, have better adhesion to tooth structure, and reduce microleakage better than the conventional GIC 

formulations. 

The RMGIC modifications made the GIC family of restoratives significantly stronger than the 

conventional GICs, leading to recommendations that these materials could be used in restorations in primary 

teeth. The RMGIC, whatever the detail of the composition, have been shown to adhere to both enamel and 

dentine, and also to release clinically useful amounts of fluoride.79 Conversely, they have been found to 

swell in aqueous media.80 

In general, the data presently available suggest that in the RMGIC materials improved strength, 

fracture toughness and lower moisture sensitivity have been gained at the expense of increased overall 

dimensional change, reduced direct adhesion, reduced polyelectrolyte character and F release, questionable 

long-term stability and a lesser biocompatibility.81 

2.3. Compomers and Ormocers 

Glass-ionomers have evolved along with composite resin technology to produce a new family of 

materials for restoratives, now commonly called compomers.82 To some degree, compomers offer the 

advantages of both GIC and composites in one material. Starting from the first resin modified cements work, 

compomers were first introduced to the market in 1995.83 

The term “polyacid modified composite” more readily describes the chemistry of compomers. These 

materials have two main constituents: dimethacrylate monomer(s) with two carboxylic groups present in 

their structure, and filler that is similar to the ion-leachable glass present in GICs. There is no water in the 

composition of these materials, and the ion-leachable glass is partially silanized to ensure some bonding to 

the matrix. These materials set via a free radical polymerization reaction, do not have the ability to bond to 
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hard tooth tissues,84 and have significantly lower levels of fluoride release than GICs.85 Although low, the 

level of fluoride release has been reported to last at least 300 days.86 

After the 90s a new category of inorganic-organic copolymer composite materials has been developed 

for dental use. The basic component of these so-called ormocers (organically modified ceramics) are 

multifunctional methacrylate alkoxysilanes (these compounds are also known in the literature as “ormosils” 

(organically modified silicates)). The alkoxysilyl groups of the silane enable the formation of an inorganic 

Si-O-Si-network, whereas the methacrylate groups act as side chains and are available for polymerization 

reactions.7 To achieve X-ray opacity higher than that of enamel, silicon can be partly replaced by heavier 

elements such as zirconium. Incorporation of special glass fillers results in a paste-like composite material 

that should be easily used by the dentist. 

Most of the information regarding composition, physical properties and performance of these two 

types of materials is based on short-term clinical reports, laboratory studies or product information leaflets 

supplied by manufacturer. Results on long-term clinical trials are not yet available. 

3. CONCLUSIONS 

This paper has reviewed the extensive literature on polymeric dental restoratives with the aim of showing 

that an understanding of their chemistry is important in ensuring the optimal clinical use of these materials. 

None of the currently available restorative materials can fulfill all the needed requirements for specific dental 

applications. Composite restorative materials are of high quality, are dominant as filling materials in the 

anterior region, and are an alternative for amalgam only for small posterior restorations. Glass-ionomers 

have proved 

 
Table 3 

Selected materials characteristics of dental restoratives70 

Characteristic Composite GIC RMGIC Compomer Ormocer 

Enamel bond strength [MPa] 20–28 3–12 6–20 14–22 14 

Vickers hardness [kg mm–2] 70–130 60–90 35–45 50–100 80 

Compressive strength [MPa] 280–480 140–220 100–200 200–260 400 

Fluoride release  [µm cm–2] 0–10 150–600 50–600 30–40 3 

Note: the best values are marked with bold letters. 

successful only in limited applications. Compomers are definitely not as strong as composites. Ormocers are 

interesting and promising materials, however, their development is still incomplete. The physico-mechanical 

properties of composite restoratives, GICs, compomers and ormocers have been recently compared, showing 

that the mechanical properties of composites, as well as their resistance to wear, are significantly better than 

those of both conventional-GIC and VLC-GIC type (see Table 3). 
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