
INTRODUCTION

Metal-free treatment is now popular in dentistry due to 
the esthetic problem of metal restoratives. Metals have 
long been used for dental restoratives. In dentistry, 
esthetics is among the predominant goals. Therefore, 
even if the mechanical properties of a material are 
insufficient, its esthetics is sometimes preferred. 
Metals or metallic materials are defined as “materials 
consisting of metallic bonds.” One of the characteristics 
of metals is metallic luster due to these metallic bonds. 
This disadvantage of metals has led to their substitution 
by ceramics and polymers in dentistry. There are 
always discussions and debates on material selection 
among dentists, manufacturers, and dental materials 
researchers. However, these discussions, debates may 
not always be based on scientific viewpoints such as 
materials science and engineering. Among the causes 
for debates is the propaganda from manufacturers 
which only highlight the merits of products that is 
believed by most of dentists and some of researchers. 
An interesting theme of recent debates is the selection 
of zirconia or titanium as dental implants. Comparing 
zirconia to titanium is almost equivalent to comparing 
ceramics with metals. The advantages of ceramics are 
high-temperature resistance, wear resistance, chemical 
stability, and importantly, white color for dentistry, while 
the disadvantages include low fracture toughness or 
brittleness. On the other hand, the advantages of metals 
are high fracture toughness based on high strength 
and elongation and good balance between rigidity and 
stiffness, while the disadvantages include corrosion and 
fatigue. As is well known, all materials have advantages 
and disadvantages; there is no material that shows only 
advantages. In this review, a scientific comparison of the 
properties of zirconia and titanium is attempted, but the 
best among them as an implant material is not judged. 

Surface treatment and modification to improve tissue 
compatibility and inhibit bacterial adhesion are not 
considered in this review; nevertheless, recent research 
on tissue compatibility has focused on evaluation after 
surface treatment involving the surface morphology. In 
this review, the terms “zirconia” and “titanium” are used 
for general and comprehensive material names, while 
ZrO2 and Ti are used when the compositions are clear.

OVERVIEW OF ZIRCONIA AND TITANIUM

Zirconia

Zirconia was originally discovered as a mineral in 18921), 
and has been widely used as a refractory material for 
applications such as the outer wall of space shuttles 
owing to its high melting point of 2,715°C. The most 
stable phase at ambient temperature is monoclinic, 
which, upon heating, transforms into tetragonal and 
cubic phases2). However, when sintered zirconia is cooled 
to ambient temperature, cracks are formed in zirconia 
due to the volume increase from the tetragonal phase to 
the monoclinic phase, which decreases the mechanical 
strength of zirconia3). The history of zirconia and its 
application to medicine and dentistry are summarized 
in Table 1.

Many researchers have found that small amounts 
of calcia (CaO), magnesia (MgO), ceria (CeO2), and 
yttria (Y2O3) in a solid solution of ZrO2 can stabilize 
the tetragonal or cubic phase of ZrO2 at ambient 
temperature, depending on the amount of oxide added. 
Fully stabilized zirconia (FSZ), consisting of only the 
cubic phase, shows the greatest ion conductivity and has 
been used in solid oxide fuel cells and oxygen sensors. 
On the other hand, partially stabilized zirconia (PSZ) 
contains the monoclinic or tetragonal phase in addition 
to the cubic phase. Classical theory shows that the 
strain energy of the surrounding material allows the 
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Table 1 History of zirconia application to medicine

Year Material Event and application Reference

1892 ZrO2 mineral Discovery 1)

1929 Stabilized zirconia:  Polycrystalline ceramics Development

1937 Cubic zirconia in the form of microscopic grains Development

1969 Application to medicine First paper of zirconia for medical use 14)

1973 Skull crucible process Development

1975
Ceramic steel: Zirconia consisting of tetragonal 
phase within large cubic-phase grains (PSZ)

Development 40)

1976 Commercial production

1977 Y-TZP Highest mechanical strength of 690 MPa 8, 9)

1985 Y-TZP
Clinically marketed as the ball head of 
an artificial hip joint

13)

2001 Marketed dental restoratives CAD/CAM system, Dentsply Sirona

2005 Marketed dental restoratives in Japan CAD/CAM system, Dentsply Sirona

2006 Zirconia implant Abutment 20)

tetragonal or cubic structure to be retained. The surface 
tension associated with the decreased particle size of the 
crystal restricts the transformation from the cubic phase 
into the tetragonal phase and the following monoclinic 
phase4,5).

In 1975, ZrO2 comprising a tetragonal phase within 
large cubic-phase grains showed a high transverse 
rupture strength of 650 MPa in a four-point bending 
test, whereas pure monoclinic ZrO2 showed a strength 
of 250 MPa3,6). The mechanism of this high mechanical 
strength was as follows: When stress is added to 
zirconia by micro-cracking, the constraint strain energy 
of the metastable tetragonal phase decreases. The 
tetragonal phase transforms into the monoclinic phase 
accompanied by a volume increase of 3–4%, which 
generates resistance stress against the propagation of 
micro-cracks in zirconia7). In 1977, a yttria-stabilized 
tetragonal zirconia polycrystalline (Y-TZP), including 
98% of the tetragonal phase obtained by introducing a 
small amount of Y2O3, showed the highest mechanical 
strength of 690 MPa among the tested samples ranging 
from 10 to 98% tetragonal ZrO2

8,9). The bending strength 
increased by refining the density, grain size, and sintering 
conditions, and the fracture toughness was higher than 
that of alumina (Al2O3), which was used for the ball head 
of artificial hip joints. In terms of bending strength, Y2O3 
was selected as an additive oxide in zirconia and Y-TZP 
became the major material for the ball head10-12).

In 1985, Y-TZP was clinically marketed as the 
ball head of an artificial hip joint in France13) after 
the first paper regarding the application of zirconia 
for medical science was published in 196914). Besides 
its bending strength, Y-TZP is less likely to induce 
allergic hypersensitivity. Clinical Y-TZP comprises 
nearly 100% of the tetragonal phase of ZrO2 stabilized 

by approximately 3 mol% of Y2O3 in a solid solution of 
ZrO2.

Y-TZP has an esthetic white color and translucency 
similar to human teeth, whereas the metal implanted in 
a tissue makes the soft tissue look gray15,16). Therefore, 
Y-TZP has become a major ceramic material in dentistry 
over the past two decades due to its white color and 
sufficient mechanical strength. When we need to restore 
decayed teeth with an inlay or a crown, at present, we 
can choose metallic or ceramic prosthesis by considering 
the color and biocompatibility. This is because Y-TZP is 
widely available for use as inlays, crowns, bridges, and 
abutments, which connect roots and artificial teeth in 
dental implants.

Titanium

The history of application of commercially pure titanium 
(CP Ti) and titanium alloys (Ti alloys) to medicine 
and dentistry is summarized in Table 2. The first 
report on CP Ti for medicine was presented in 1940, 
demonstrating excellent bone compatibility in an animal 
test17). Thereafter, compatibility to bone and soft tissue 
of rabbits18), non-cytotoxicity due to excellent corrosion 
resistance in biological environment19), and excellent 
biocompatibility in dogs were reported. A large-scale 
industrial manufacturing process of titanium was 
achieved by the latter half of the 1940s, which made it 
possible to conduct considerable research for medical 
applications, owing to the excellent biocompatibility 
revealed in a long-term animal test20). Thereafter, the 
usefulness of CP Ti was widely recognized by the latter 
half of the 1960s through clinical evaluation20-22).

On the other hand, to avoid the fracture of CP 
Ti in the human body, an aerospace Ti-6Al-4V alloy 
was diverted to artificial joints and bone fixators20-22). 
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Table 2 History of titanium application to medicine and development of titanium alloys

Year Material Event and application Reference

1791 Ti element in ore Discovery of menachite, ore of titanium

1795 Ti element in ore Named as titan

1910 Ti 99.9%Ti is smelled by Hunter

1940 Ti
Confirmation of equivalent biocompatibility as stainless 
steel and cobalt-chromium alloy with animal test

17)

1940 Ti Success of smelting by Kroll process

1948 Ti Launch of industrial production

1951 Ti
Confirmation of both soft and hard tissue compatibility 
with animal test

18)

1957 Ti Confirmation of non-toxicity with long-term implantation 19)

1959 Ti-Ni Development of shape memory alloy in USA 25)

1960 Ti Excellent results in artificial joints 20)

1960’s Ti Marketing as surgical implants in UK and USA

1970’s Ti-6Al-4V Diverting aircraft material to orthopedic implants 

1978 Ti-Cu-Ni Trial of dental casting 30)

1980 Ti-5Al-2.5Fe Development in Europe

1982 Ti
Development of investment material and casting machine 
for dental casting

31)

1985 Ti-6Al-7Nb Development in Switzerland 23)

1993 Ti-13Nb-13Zr Development in USA

1993 Ti-12Mo-6Zr-2Fe Development in USA 25)

1996 Ti-15Mo Development in USA 26)

1998 Ti-29Nb-13Ta-4.6Zr Development in Japan 28)

Around 
2000

Ti-15Mo-5Zr-3Al Development in Japan
Kobe Steel
24)

Thereafter, vanadium (V)- and/or aluminum (Al)-free 
α+β-type Ti alloys and β-type Ti alloys with low Young’s 
modulus were developed. V, which shows cytotoxicity in 
Ti-6Al-4V alloy, was replaced by niobium (Nb), which is 
a safe element for developing a new α+β-type Ti-6Al-7Nb 
alloy23). Other α+β-type alloys, Ti-6Al-2.5 iron (Fe) and 
Ti-6Al-2Nb-1 tantalum (Ta)-0.8 molybdenum (Mo), were 
developed in the 1970s24).

On the other hand, β-type Ti alloys have been 
developed for medical use. Ti-13zirconium (Zr)-13Ta 
alloy (nearly β), as well as various β-type alloys, Ti-12Mo-
6Zr-2Fe alloys25), T-15Mo alloy26), and Ti-15Mo-2.8Nb-
0.2 silicon-0.28 oxygen (O) alloy27), have been developed 
in the United States. Ti-15Mo-5Zr and Ti-15Mo-5Zr-
3Al alloys24) and Ti-29Nb-13Ta-4.6Zr alloy28) have been 
developed in Japan. The history of development of 
β-type Ti alloys is well-summarized elsewhere29). Young’s 
modulus can decrease to 40–60 GPa in a β-type alloy.

In dentistry, CP Ti has been successfully performed 

as dental implants since 196530). In 1982, a magnesia-
system investment and argon-arc casting machine 
were developed, followed by the development of various 
dental-casting systems31).

MECHANICAL PROPERTIES BASED ON  

CRYSTAL STRUCTURE

Crystal structure of zirconia

The structure of zirconia has been reviewed elsewhere32). 
Y-TZP exhibits a high flexural strength6,33-35), which 
increases with surface modification36). The fracture 
strength of one-piece zirconia implants is decreased 
with the preparation and cyclic loading. However, the 
resultant values are still within clinically acceptable 
limits37). ZrO2 is a polymorphic material and forms three 
structures, monoclinic, tetragonal, and cubic, as shown 
in Fig. 1. The monoclinic phase is stable at ambient 
temperatures of up to 1,170°C, the tetragonal phase is 
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Fig. 1 Phase transformation of pure ZrO2 by temperature.

Fig. 2 Schematic of stress-induced transformation from 
tetragonal phase to monoclinic phase, generating 
resistance to micro-crack extension.

Fig. 3 Phase transformation of titanium by
 
temperature.

stable at temperatures of 1,170–2,370°C, and the cubic 
phase is stable over 2,370°C38,39). A mixture of stabilizing 
oxides such as CaO, MgO, Y2O3, or CeO2 allows 
transformation to the metastable tetragonal structure 
at ambient temperature. Grinding or sandblasting in 
dental treatment generates a tetragonal to monoclinic 
transformation in the surface33). The volume is expanded 
by the transformation from the tetragonal phase to the 
monoclinic phase. This phase transformation results in 
compression of cracks, thereby retarding its growth and 
enhancing fracture toughness (Fig. 2). This mechanism 
is well-known as transformation toughening40). Zirconia 
possibly transforms to the monoclinic phase with 
moisture and stress, which is a demerit for dental 
implants. This mechanical degradation is known as 
“aging”39). Transformation to the monoclinic phase 
reduces strength, toughness, and density, which in 
turn leads to micro-cracking on the surface. This micro-
crack helps water penetration and causes corrosion41). 
Degradation at ambient temperature of Y-TZP involves 
roughening, increased wear and micro-cracking, grain 
pull-out, generation of particle debris, and premature 
failure42). The aging process depends on factors such as 
porosity, residual stress, grain size, and the content of 
the stabilizer43). Aging affects the mechanical properties 
of zirconia in vitro, even though the values are within 
clinically acceptable limits44,45).

Crystal structure of titanium

The crystal structures of the CP Ti and Ti alloys can 
be obtained from books46,47). CP Ti is composed of hcp  
crystals (α phase) at ambient temperatures and of 
bcc crystals (β phase) over 882°C, as shown in Fig. 3. 
Real pure Ti does not exist, because Ti easily dissolves 
impurities such as O, carbon (C), and nitrogen (N) from 
the environment. Pure Ti containing these impurities 
is called CP Ti, which is classified into four grades 
according to its impurity content and the resulting 
mechanical properties. The higher the grade number 
and impurity, the higher is the tensile strength and 
offset yield stress and lower is the elongation. CP Ti is 
used for applications such as maxillofacial prosthetic 
plates, miniplates, sternal wires, and dental implants.

Ti alloys are categorized as α-type, α+β-type, and 
β-type alloys, according to the quantities and types 
of their alloying elements. Various alloys have been 
developed but the Ti-6Al-4V alloy, an α+β-type alloy, is 
the most conventional one for medical use. This alloy 
shows good workability, heat treatment ability, and 
weldability, as well as corrosion resistance, strength, 
and biocompatibility. The extra low-interstitial (ELI)-
grade alloy, containing small amounts of interstitial 
impurities (O, C, and N), is used for biomaterials. The 
Ti-6Al-4V ELI alloy shows great toughness because the 
impurities decrease the fatigue strength with the notch 
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Table 3 Mechanical properties of zirconia and titanium

Mechanical property Y-TZP CP Ti (Grade 2) Ti-6Al-4V Alloy

Tensile strength (MPa) — 345 860 (annealed)

Bending strength (MPa)
1,100 (without HIP)
1,800 (with HIP)

400 950

Young’s modulus (GPa) 210 100 110

Vickers Hardness (HV) 1,200 150–170 270–320

Fracture toughness (MPa m1/2) 6–8 66 50

effect. The ELI alloy is used for bone fixation plates, 
screws, bone nails, and the stems of artificial hip joints. 
Ti-6Al-4V alloy has an extremely large 0.2% offset yield 
strength of 895 MPa, which is much larger than that 
of stainless steel and Co-Cr-Mo alloys, making plastic 
deformation difficult even under a large load. Ti alloys 
contain not only α and β phases but also α’, α”, and ω 
metastable phases, which influences the mechanical 
property.

Mechanical properties

The mechanical properties of Y-TZP, CP Ti, and Ti-6Al-
4V alloys are summarized in Table 3.

Usually, it is impossible to conduct a tensile test for 
brittle materials such as ceramics, so only a compressive 
or bending test is conducted to evaluate the strength of 
ceramics. Therefore, it is difficult to directly compare 
the strength of ceramics with metals, whose strength is 
evaluated with a tensile test. The bending strength of 
Y-TZP is 1,000 MPa, which itself is sufficiently large in 
both Y-TZP and Ti for dental use. However, the strength 
of zirconia is good, but comparatively lesser than that of 
titanium32).

The fracture toughness, KIC, of Y-TZP is 6–8  
MPa m1/2, which is much higher than that of Al2O3, at 
3.1–5.5 MPa m1/2. Therefore, Y-TZP is believed to be a 
high-fracture-toughness material, and called “white 
metal.” However, this toughness value is still one order 
smaller than that of CP Ti, at 66 MPa m1/2. In addition, 
the notch stability is generally low in ceramics. One-
piece zirconia abutments exhibit a significantly lower 
fracture resistance than titanium abutments. The mode  
of failure is specific to the abutment material and design,  
with the zirconia abutment fracturing before the 
retentive abutment screw48).

There is no periodontal ligament between the 
implant fixture and alveolar bone, so the absorption of 
occlusal force is necessary. Therefore, Young’s modulus 
is an important property for dental implants because 
materials with low Young’s modulus can absorb occlusal 
pressure and occlusal force is not conducted directly to 
the alveolar bone. The Young’s modulus for CP Ti and 
α+β-type Ti alloys is 100–110 GPa and that of β-type 
Ti alloys is 40–90 GPa. However, β-type Ti alloys show 
small strength. It is difficult to simultaneously obtain 
both small Young’s modulus and large tensile strength. 

On the other hand, Young’s modulus of ZrO2 is 210 GPa, 
which increases with the increase in the strength of Y2O3 
up to 280 GPa.

A large Young’s modulus generates the difficulty of 
fastening screw because screwing fixation is achieved 
by the elastic deformation of a screw. In abutment, the 
screwing part is sometimes loosened because the screw 
fixation is achieved by the elastic deformation of the 
screwing material and substrate material. The axial 
force generated by elastic deformation is predominant 
to the fix. Therefore, Y-TZP has a problem of fixation by 
screwing.

CHEMICAL STABILITY AND REACTIVITY

Zirconia

Zirconia is categorized as an inert ceramic, as per all 
biomaterials textbooks. Therefore, to improve adhesion 
strength to bonding reagents, the surfaces of Y-TZP are 
treated by mechanical surface modification49,50) followed 
by chemical surface treatment51,52). The commonly 
used mechanical surface modifications include Al2O3 
sandblasting or tribochemical silica coating. The 
surface is then cleaned by alcohol and water, and then 
dried. Thereafter, the chemical surface treatment is 
performed by applying a primer treatment, including 10-
methacryloyloxydecyl dihydrogen phosphate (MDP)53,54). 
The phosphate groups of MDP interact with the hydroxyl 
groups on the zirconia surface by hydrogen bonding. 
The problem with this treatment is that it may decrease 
the durability of zirconia by creating micro-cracks or 
inducing a phase transformation on the Y-TZP surface. 
Closer investigations of the zirconia surface may provide 
insight into the surface treatment process. Zirconia does 
not bond to other materials without surface treatment.

Metal oxides including ZrO2 form hydroxyl groups on 
themselves because of a reaction with moisture in the air, 
as shown in Fig. 4A55). These hydroxyl groups dissociate 
in aqueous solutions, such as body fluid, to form electric 
charges55-57). These charges depend on the pH of the 
surrounding solution, and are balanced between positive 
and negative at a certain pH, as shown in Fig. 4B. This 
pH is defined as the point of zero charge (PZC), which is 
a unique value depending on each oxide and an indicator 
of the acidic or basic property of the surface. For ZrO2, 
PZC is 3.6–4.258). Therefore, the surface of ZrO2 in the 
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Fig. 4 Formation of hydroxyl group on metal oxide (A) and dissociation 
of surface hydroxyl group on metal (B).

human body is relatively alkaline.
The concentration of the surface hydroxyl group on 

the (100), (110), and (111) planes of single-crystalline 
zirconia59) and Y-TZP60) increases after immersion in 
water. The (110) plane preferentially reacts with water 
molecules, which is explained by the oxygen atom 
position of the (110) crystalline plane. In addition, 
phosphate ions are incorporated in the zirconia surfaces 
in Hanks’ solution. However, the numbers of hydroxyl 
and phosphate groups formed on the surface of Y-TZP 
are smaller than those formed on titanium. In addition, 
calcium ion is not confirmed on the Y-TZP surface. The 
above results are similar to those obtained for metallic 
zirconium61).

Titanium

Titanium is an excellent corrosion-resistant material. 
Ti element itself is extremely active, resulting in a low 
standard electrode potential of −1.63 V vs. NHE in the 
reaction Ti→Ti2++2e−. This activity induces chemical 
stability due to immediate stabilization by a reaction 
with the environment. The resultant stability leads 
to difficulty in smelting, a high corrosion resistance, 
and safety issues in the human body. The corrosion 
resistance of CP Ti is very high62-65) because the Ti atom 
immediately reacts with water molecules in aqueous 
solutions and moisture in the air, and forms a very 
thin titanium oxide film on its surface. This oxide film 
is immediately repaired even when it is ruptured by 
scratching; hence, the reaction of the Ti atom with the 
external environment is inhibited, resulting in apparent 
inactivity of CP Ti and Ti alloys. This property directly 
contributes to their corrosion resistance and safety. The 
surface oxide film on CP Ti mainly consists of amorphous 
or low-crystalline and non-stoichiometric TiO2. As a 
considerable portion of oxidized titanium remains as Ti2+ 
and Ti3+ in the surface oxide film, the oxidation process 
can only be fully completed on the uppermost part of the 
surface film.

One of the reasons for the excellent biocompatibility 

of titanium is the excellent corrosion resistance, 
which, however, is not a sufficient condition for 
biocompatibility. Even the best corrosion-resistant 
metal, Au, is inferior in tissue compatibility. In addition, 
electric plating of platinum to CP Ti improves the 
corrosion resistance but depletes bone formation66), 
because the surface property of CP Ti is shielded and 
the bone formation ability is prevented. These results 
reveal that hard-tissue compatibility is not induced only 
by the corrosion resistance. In other words, corrosion 
resistance is a necessary, but not sufficient, condition for 
biocompatibility; there are other contributing factors.

In case of TiO2, the PZC of rutile is 5.3 and that 
of anatase is 6.257); therefore, TiO2 does not show an 
outstanding acid or basic property but shows almost 
a neutral property. The concentration of surface 
hydroxyl groups on TiO2 is relatively large —4.9–12.5 
nm−2 56,67). After immersion in an aqueous solution, 
this concentration or wettability increases, which 
promotes the adsorption of proteins such as integrin and 
cytokine.

The composition and chemical state of a surface oxide 
film vary according to the surrounding environment, 
while the film is macroscopically stable. A passive 
film undergoes continuous partial dissolution and re-
precipitation in the electrolyte from the microscopic 
viewpoint. Hence, in this sense, the surface composition 
is always changing according to the environment68). 
CP Ti and Ti alloys easily form calcium phosphates 
on themselves in a biological environment and sulfite 
and sulfide, especially under a cell culture69-73). CP Ti is 
stabilized after the formation of calcium phosphate in 
Hanks’ solution61). In addition, calcium and phosphorus 
are detected at the interface between CP Ti and bone 
tissue74-76). One of the reasons for the excellent hard-
tissue compatibility in titanium may be its ability to 
form calcium phosphate. Bone screws and nails made of 
Ti alloys form callus during implantation; consequently, 
the bone is sometimes re-fractured when the devices are 
retrieved77). Therefore, when devices must be retrieved 
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after healing, they are made of 316L-type stainless steel. 
This assimilation occurs due to the excellent hard tissue 
compatibility of Ti alloys. A proper surface treatment 
may inhibit bone formation and bonding of the Ti alloy-
contacting bone tissue.

BACTERIAL ADHESION

The adhesion of oral bacteria to zirconia in vitro is 
evaluated from the viewpoint of orthopedics78). Zirconia 
reduces plaque formation on the implant surface, 
which leads to good healing and a successful implant 
treatment32). Some difference in the inhibition of growth 
and adhesion of selected oral bacteria on titanium and 
zirconia in vitro were observed and the plaque formation 
on the zirconia surface might be less than that on the 
titanium surface79,80). Zirconia showed a significantly 
lesser adhesion of bacteria than titanium in an in vivo 
study81,82). In the analysis of 20 healthy participants, 
titanium-related sites presented the highest total 
microbial count and higher counts of pathogenic 
species83). Compared to titanium, zirconia abutments 
may represent a material surface less attractive for 
early plaque retention84).

On the other hand, the bacterial adhesion to 
zirconia was similar to that to titanium79,82). There was 
no significant difference in bacteria adhesion between 
titanium and zirconia in vitro when titanium and zirconia 
coating with saliva were incubated with Streptococcus 

sanguis85). Titanium- and zirconia-related surfaces are 
promptly colonized by a bacterial community similar to 
those found in the remaining adjacent teeth, suggesting 
a selective adhesion of different bacterial genotypes for 
titanium or zirconia surfaces86). In a biofilm formation 
test, zirconia implant surfaces with low surface 
roughness are comparable to titanium surfaces with 
respect to the initial bacterial adhesion and biofilm 
formation87). In addition, both titanium and zirconia 
groups presented similar microbial counts and diversity 
over time, and the microbiota was very similar to that 
colonizing the remaining teeth. Clinical findings were 
consistent with a healthy condition with no significant 
difference regarding marginal bone loss between zirconia 
and titanium88).

According to the above references, zirconia is 
superior or similar to inhibiting bacterial adhesion 
against titanium. Therefore, zirconia is an appropriate 
abutment of the implant from the viewpoint of bacterial 
adhesion.

BONE FORMATION AND BONE BONDING

CP Ti shows a unique property, “osseointegration,” 
among metals, which is defined as the “formation of a 
direct interface between an implant and bone, without 
intervening soft tissue. No scar tissue, cartilage or 
ligament fibers are present between the bone and 
implant surface. The direct contact of bone and implant 
surface can be verified microscopically”89). This concept 
generated and significantly accelerated studies on the 

reaction between hard tissue and CP Ti, followed by 
those on surface treatment. In this sense, the term 
“osseointegration” is invented for the CP Ti implant. 
Extensive research on the hard-tissue compatibility of 
Ti has been reported; introducing everything is outside 
the scope of this review, and hence, readers are directed 
to a book in which this is reviewed46). The excellent 
hard-tissue compatibility of CP Ti was confirmed by 
studies on the formation ability of calcium phosphate in 
simulated body fluids; evaluation of osteoblast activity 
and calcification; histological and molecular-biological 
evaluation of titanium implanted in animals, in terms of 
bone formation, bone contacting rate, and bone bonding 
strength; and clinical results. The above results revealed 
that, when CP Ti is implanted in bone, the surrounding 
tissue contacts the titanium surface in an early stage 
and the bone bonding strength is high. Important factors 
governing hard-tissue compatibility are the adhesion and 
proliferation of osteogenic cells because of factors such 
as surface morphology (roughness) and wettability. Bone 
formation occurs in the inflammatory response period, 
osteoblast induction period, and bone formation period. 
The surfaces of titanium implants and the titanium-bone 
interface reaction have been characterized to explain 
the importance of surface morphology, wettability, and 
energy for osseointegration90.91). The surface of titanium 
implants stored for a long time after manufacturing 
becomes contaminated and the bone conduction ability 
decreases during storage92).

On the other hand, research on zirconia dental 
implants has been reviewed32,93). Most of the studies 
investigated bone-to-implant contact (BIC) around 
zirconia in rabbits, pigs, dogs, sheep, and rats, and 
showed that zirconia implants exhibit excellent BIC94).

Several studies have revealed that zirconia implants 
show comparable osseointegration to titanium implants. 
When the BIC of zirconia implants was compared with 
those of titanium and alumina, there was no statistical 
difference among the BICs of the three types of  
implants95). In addition, no difference in osseointegration 
between the acid-etched zirconia and titanium implants 
was observed96-98). The coated zirconia and titanium 
implants showed a higher removal torque than the 
machined zirconia implants, suggesting that surface-
modified zirconia implants can attain high stability 
in bones99). There is no significant influence of the 
evaluated zirconia and titanium on the outcomes 
of interest. Comparing different animal models, 
significant differences for the evaluated variables were 
found100). When four zirconia and four titanium implants 
were placed in New Zealand white male rabbits, the 
percentage of implant surface covered with bone was 
comparable for the two materials. A similar rate of 
bone apposition on zirconia- and surface-modified 
titanium implant surfaces during early healing was 
obtained101). Zirconia showed comparable biological 
responses of osteoblast-like cells to titanium for a short 
time during the cell culture period. Most genes related 
to cell adhesion and signal showed a similar expression 
level between titanium and zirconia102). No significant 
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Table 4 Method and results of review papers comparing properties of zirconia with those of titanium

Title
Author and 
reference

Method Conclusions

Zirconia dental 
implants: A 
literature review

Özkurt 
and 
Kazazoğul, 
201193)

This review started with a PubMed 
search from 1975 to 2009. The 
inclusion criteria for articles were 
as follows: (1) Articles were related 
to zirconia dental implants and (2) 
abstracts were obtained when the 
full texts could not be obtained. 
Articles on zirconia implants for 
orthopedic usage were excluded 
from the review.

On the basis of available peer-reviewed 
data, osseointegration of zirconia dental 
implants may be comparable with that of 
titanium implants. They were also found 
to have low, well-distributed, and similar 
stress distribution when compared to 
titanium implants. The surface roughness 
of zirconia was found to be comparable to 
that of titanium implants.

Zirconia in dental 
implantology: A 
review

Apratim 

et al., 
201532)

Literature was searched to retrieve 
information about zirconia dental 
implant and studies were critically 
analyzed. PubMed database 
was searched for information 
about zirconia dental implant 
regarding mechanical properties, 
osseointegration, surface 
roughness, biocompatibility, and 
soft tissue health around it. The 
literature search was limited to 
English language articles published 
from 1975 to 2015.

Some of the properties of zirconia seem 
to be suitable for making it an ideal 
dental implant, such as biocompatibility, 
osseointegration, favorable soft-tissue 
response, and esthetics due to light 
transmission and its color. It was also 
found that most of the studies on zirconia 
dental implants are short-term studies 
and there is a need for more long-term 
clinical trials to prove that zirconia is 
worth enough to replace titanium as a 
biomaterial in dental implantology.

Osseointegration 
of zirconia 
dental implants 
in animal 
investigations: 
A systematic 
review and meta-
analysis

Pieralli 
et al., 
2018100)

Data on the osseointegration 
rate were extracted considering 
BIC, removal torque analysis 
(RTQ), and push-in tests. Meta 
analyses were conducted using 
multilevel multivariable mixed-
effect linear regression models. 
The Sidak method was used in 
case of multiple testing. Sources. 
An electronic screening of the 
literature (MEDLINE/Pubmed, 
Cochrane Library and Embase) and 
a supplementary manual search 
were performed.

No significant influence of the evaluated 
bulk materials on the outcomes of interest 
could be detected. When comparing 
different animal models, significant 
differences for the evaluated variables 
could be found. These results might be of 
interest for the design of further animal 
investigations.

Biological effect 
of the abutment 
material on the 
stability of pre-
implant marginal 
bone levels: 
A systematic 
review and meta-
analysis.

Sanz-
Sánchez 
et al., 
2018103)

A protocol was developed to answer 
the following question: “What is the 
effect of the abutment material on 
stability and health of the peri-
implant hard tissues?” Randomized 
controlled trials (RCTs), controlled 
clinical trials
(CCTs), or prospective case series 
(CS) with at least 6 months of 
follow-up were included, and 
meta-analyses were performed 
to compare abutment materials 
with titanium and to evaluate 
the impact of various abutment 
materials on bone changes (primary 
outcome), probing depth, plaque 
levels, and pre-implant mucosal 
inflammation.

Twenty-nine publications from 33 
investigations were included. Results 
from the meta-analyses demonstrated 
no significant differences between the 
different abutment materials when 
compared to titanium, in regard to the 
changes in marginal bone levels. The 
meta-analysis reported a significantly 
greater increase in bleeding on probing for 
titanium compared to zirconia abutments. 
When evaluating the behavior of each 
material different from titanium, there 
was a significant bone loss over time for all 
individual materials except for titanium 
nitride. This systematic review has shown 
that the abutment material has minimal 
impact on marginal bone levels when 
compared to the standard titanium.

31Dent Mater J 2020; 39(1): 24–36



Table 4 continued

Title
Author and 
reference

Method Conclusions

Is zirconia a 
viable alternative 
to titanium for 
oral implant? A 
critical review

Sivaraman 
et al., 
201815)

The literature search for articles 
in PubMed and Cochrane Library 
database from 1990 till December 
2016.

Zirconia implants are a promising 
alternative to titanium with a superior 
soft-tissue response, biocompatibility, 
and esthetics with comparable 
osseointegration. However, further long-
term longitudinal and comparative clinical 
trials are required to validate zirconia as a 
viable alternative to the titanium implant.

Zirconia 
compared to 
titanium dental 
implants in 
preclinical 
studies—A 
systematic 
review and meta-
analysis

Roehling 
et al., 
2019113)

In March 2017, electronic 
(MEDLINE, EMBASE) and hand 
search was performed to identify 
preclinical studies comparing 
zirconia and titanium implants. 
Primary outcomes were BIC, RTQ, 
and push-in (PI) measurements. 
Secondary outcomes included 
biologic width (BW) dimensions.

Zirconia and titanium implants 
demonstrate a similar soft and hard 
tissue integration capacity. However, 
titanium tended to show a faster initial 
osseointegration process compared to 
zirconia. Importantly, not only material 
characteristics but predominantly 
animal species and study protocols can 
significantly influence the outcomes.

Zirconia 
abutments in the 
anterior region: A 
systematic review 
of mechanical 
and esthetic 
outcomes

Naveau 
et al., 
2019124)

An electronic search was conducted 
in Medline (PubMed) for studies 
on zirconia abutments. All clinical 
studies with at least a 1-year 
follow-up and case series (>5 
abutments) published after 2013 
were included. Mechanical and 
esthetic outcomes were collected.

No difference was found between 
prefabricated and custom abutments 
or internal and external implant 
connections regarding fractures or screw 
loosening. All authors reported “good to 
excellent” esthetic integration in terms of 
restorations and soft-tissue color and the 
presence and height of papillae. The most 
difficult esthetic parameters to achieve 
were root convexity, soft-tissue color, and 
texture and level of mucosa.

difference between zirconia and titanium was observed 
regarding changes in the marginal bone levels. A 
zirconia abutment had minimal impact on marginal 
bone levels when compared to the standard titanium103). 
Collagen fiber orientation was similar, regardless of 
the implant material, demonstrating a predominantly 
parallel or parallel-oblique pattern104). On the basis of 
the available peer-reviewed data, the osseointegration of 
zirconia dental implants may be comparable with that of 
titanium implants93).

On the other hand, some papers have demonstrated 
the preference of zirconia over titanium. Bone healing 
around zirconia implants was found to be relatively 
more than that around titanium implants105). A similar 
rate of bone apposition on zirconia and surface-modified 
titanium implant surfaces during early healing was 
found when a histological examination of early bone 
apposition around zirconia dental implants at 2 and 4 
weeks after insertion was compared to that of surface-
modified titanium implants106).

On the contrary, several studies have supported the 
excellence of titanium for osseointegration compared to 
zirconia. The removal torque values of machined zirconia 
implants, sandblasted zirconia implants, and acid-
etched titanium implants were evaluated. Machined 

zirconia showed the least removal torque value, while 
acid-etched titanium implants showed the highest value, 
followed by sandblasted zirconia implants107). Comparing 
the biomechanical properties of six types of implant 
surfaces, the removal torque value of zirconia implants 
was the least108). Zirconia implants are not currently 
recommended because their clinical use lacks scientific 
support109). Compared to titanium, zirconia is inferior in 
osseointegration and requires improvement by surface 
modification. The removal torque value of zirconia 
implants was improved after surface modification, 
but was not more than that of titanium implants. It is 
known that Y-TZP is not capable of bonding chemically 
with hard tissues directly110,111). The bone tissue response 
throughout the healing periods was characterized by a 
constant bone remodeling accompanied by resorption 
of the old bone in favor of the new bone formation at 
both titanium and zirconia implants. Surface roughness 
had a positive effect on BIC, although not showing 
statistical significance. Due to the poor survival rate, the 
experimental zirconia implants investigated may not be 
suitable for clinical use112). Titanium tended to show 
a faster initial osseointegration process compared to 
zirconia113). At 12 weeks, the only significant difference 
in the removal torque was between titanium and 
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sandblasted zirconia, with titanium demonstrating the 
higher value50). The adhering U2OS osteoblast cells were 
significantly more displaced from differently modified 
titanium surfaces by challenging sub-gingival pathogens 
than those from Ti-Zr alloys and zirconia variants114). 
BMP4 and 7 are more expressed in osteoblasts exposed 
to the CP Ti surface, suggesting that the CP Ti surfaces 
can provide some advantages to immediate load 
implantology115).

Although titanium shows superior osseointegrative 
property than zirconia, zirconia shows almost the same 
gratitude of osseointegration after surface treatment. 
Surface roughness is the most predominant factor 
governing osseointegration. The methods and results 
of review papers corresponding to this review are 
summarized in Table 4. Most of them revealed that 
titanium is superior for osseointegration than zirconia, 
followed by the comments that more studies are 
necessary.

SOFT-TISSUE ADHESION

The adhesion of soft tissue to materials is necessary when 
they are used as abutments in dental implant systems. 
If the adhesion between the device and soft tissue is not 
sufficient, bacteria can invade the interface between the 
junctional epithelium; this results in irritation between 
the device and bacteria, thereby causing the implant to 
loosen, shake, and fall out.

Some studies have revealed that soft tissue adhesion 
to zirconia is comparable to that to titanium. Zirconia 
abutments were attached to soft tissues in a clinical 
study and there was no loosening and fracture of the 
abutment screw over three years116). The collagen fiber 
orientation around zirconia implants was parallel to the 
implant surface, similar to that in the case of titanium104). 
Zirconia showed similar probing depth to titanium79). 
The distance from the peri-implant mucosa to the apical 
termination of the barrier epithelium for zirconia was 
less than that for titanium, and zirconia had less mucosal 
color change as compared to titanium. On the other hand, 
healing of soft tissue around the titanium abutment was 
better than that around the zirconia abutment117,118). 
There was no significant difference in the soft tissue 
response between zirconia and titanium abutments119). 
When zirconia and titanium implants were inserted in 
the extraction sites of monkeys, both implants showed 
the same peri-implant soft tissue dimensions120).

On the other hand, some studies have demonstrated 
the merit of zirconia to soft tissue compatibility. Zirconia 
showed favorable interaction with the soft tissue32). A 
high-wettability surface of zirconia using a CO2 laser 
is important to cell adhesion82). In addition, zirconia 
showed superior soft tissue integration compared to 
titanium for an oral implant in terms of reaction to 
bacteria15,121). The presence of more remodeling and/
or inflammatory phenomena around titanium implant 
abutments than those around zirconia abutments of a 
different design was observed during the early stages 
but not at 1 year122).

One study showed the merit of titanium for soft 
tissue adhesion. Smooth titanium implant surfaces 
provide the best opportunities for a soft tissue seal to 
form on bacterially contaminated implant surfaces123).

CONCLUSIONS

The mechanical property of titanium is superior to that 
of zirconia, while some studies have shown that zirconia 
is acceptable for use as a dental implant, especially 
for abutment. The current surface treatment research 
has been focusing on inhibiting bacterial adhesion and 
improving osseointegration and soft tissue adhesion, 
which make it difficult to evaluate the properties of 
materials themselves without surface treatment. 
The osseointegration of titanium is superior to that 
of zirconia itself without surface treatment, while 
surface morphology is a more important factor for 
osseointegration than surface composition. In the case 
of bacterial adhesion, zirconia is superior to titanium, 
suggesting that it is suitable for abutments. On the 
other hand, both materials show similar property for soft 
tissue adhesion. We would like to demonstrate again that 
all materials have both advantages and disadvantages, 
so optimal materials must be selected according to the 
purpose.
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