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ABSTRACT
Metal-ceramics dental prosthetic restorations are clinically recommended for their advantages related to good  
aesthetic features along with strength and long-term clinical use. Given the importance of the quality of the metal- 
ceramic (M-C) bond, the metal substructure analysis has a major importance to the quality of the manufactured 
dental prosthesis. In the present study was analyzed the behavior of experimentally developed novel titanium alloys 
(TiZr, TiZrNbTa) comparatively with other frequently used titanium alloys (e.g., Ti Cp, Ti6Al4V) designated for the 
technology of mixed prosthetic restorations. All samples were been plated, simultaneously in the same conditions, 
with the same titanium specific compatible ceramic plating material (Ti22 Noritake). The examination of the surface 
of both components was performed by scanning electron microscopy SEM) analysis and EDS analysis, which showed 
differences in the characteristics of the oxide layer formed, depending on the composition of the metal substructure. 
The evaluation of the alloy-ceramic adhesion was performed by mechanical tests, which attest to the fact that the 
adhesion and the quality of the bond between metal and ceramic depend on the thickness of the oxide films formed. 
The results showed the superiority of titanium novel titanium alloys (TiZr, TiZrNbTa), having highest hardness values, 
highest values of shear strength, a continuous thin oxide films, and consequently, a better metal-ceramic adhesion. 
Comparatively, less ductile titanium alloys (TiZrNbTa/Ti3) are generating lower adhesion forces with values above 
30MPa in some samples justifying less predictable clinical results.
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INTRODUCTION

Metal-ceramic restorations are clinically recom-
mended for patients who desire prostheses with 
special aesthetics (provided by the physiognomic 
component) but at the same time with a good resist-
ance to mastication (provided by the metal compo-
nent) [1,2]. The adhesion between the metal compo-
nent and the physiognomic component is determined 
by the nature of the metal-ceramic bond. Is based on 
mechanical, physical, and chemical mechanisms, 
which will act insofar as the ceramic plating materi-

al covers the metal surface as intimately as possible, 
when optimal ratio between the alloy-ceramic con-
tact surface and the coating size is provided [3-5]. 
The quality of the metal component depends on 
both the precision of execution and the good capac-
ity to withstand stresses that will act on the ceram-
ics. In other words, the good progress of specific 
processes, which ultimately contributes to the qual-
ity of metal-ceramic adhesion is also ensured by the 
optimal selection of alloys. It must have a number of 
basic characteristics, as follows: greater melting 
range than the sintering range of the ceramic, high 
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mechanical resistance at high temperatures in or-
der to not deform during the firing of the ceramic, 
coefficient of thermal expansion greater or at least 
equal to the one of the ceramic plating material to 
avoid the appearance of stresses at the alloy-ceram-
ic interface and therefore specific defects, such as 
cracks and or even fractures on cooling, after burn-
ing on the ceramics [6,7]. Commonly used non-noble 
alloys have a lower coefficient of thermal conduc-
tivity than noble alloys and a lower specific weight. 
Compared to noble alloys, they are characterized by 
higher values of hardness, residual yield strength 
and modulus of elasticity, given that the elongation 
at break is approximately equal to that of noble  
alloys [8-10]. During heating at relatively high tem-
peratures (960-980°C in the case of noble alloys and 
about 1035°C in the case of non-noble alloys) oxida-
tion occurs at the surface of the alloy, a process con-
sidered beneficial in terms of metal-ceramic bond, 
by forming of ionic networks. However, obtaining a 
thick layer of oxides (a situation in which only po-
larized metal oxides are formed) can lead to a de-
creased adhesion strength [11,12]. Non-noble alloys 
generally have a lower ductility than the noble al-
loys and the softer alloys are generating, by transfer, 
continuous thick films. The quality of the metal-ce-
ramic adhesion is also affected by the thickness of 
the oxide films formed. Taking all these aspects into 
consideration, metal-ceramics (MC) bond is consid-
ered better in case of non-noble alloys compara- 
tively noble alloys.

Another important aspect that must be taken 
into consideration from dental technician point of 
view, is that non-noble alloys have a higher hard-
ness, are difficult to be processed (grinding surfaces 
is tough), have higher casting temperatures and 
higher values of the shrinkage coefficient. All this 
makes the resulting castings less accurate, and me-
tallic components will be adapted with deficiencies 
on the dental prosthetic field [13,14].

However, due to advantages of significant clini-
cal importance, such as exceptional resistance espe-
cially to high temperatures, non-noble alloys have 
prevailed in the technology of metal-ceramic resto-
rations. From their category, titanium and titanium 
alloys [15-19] are currently an ideal solution due to 
their exceptional properties such as: biocompatibil-
ity, corrosion resistance and high mechanical 
strength, low density, lower values of the thermal 
conductivity coefficient (approx. 13 times lower 
than gold-based alloys and 3 times lower than that 
of Co-Cr alloys) and lower values of the thermal ex-
pansion coefficient.

MATERIALS AND METHODS

In this study was analyzed the behavior of exper-
imentally developed novel titanium alloys: TiZr,  

TiZrNbTa (different chemical compositions/alloys 
marked Ti1, Ti2, Ti3) comparatively with other fre-
quently used titanium alloys (e.g., Ti Cp, Ti6Al4V) 
[12] designated for the technology of mixed pros-
thetic restorations. 

Table 1 shows, respectively, the chemical compo-
sition and the physical-mechanical properties (VH 
hardness) of the alloys taken into the experiments:

- The alloy TiZrNbTa1 has as alloying elements 
Nb (over 9%) and Zr (8%) and a hardness  
(average value of three determinations be-
tween the hardness value of the Ti2 alloy and 
the hardness value of the Ti3 alloy).

- Alloying by 14% Nb (increased the concentra-
tion in Nb from 9.26 to 14%) and additional 
alloying with Ta (4.68%), in the conditions of 
decreasing Zr content (from 8% to 4.53%) 
causes a decrease in hardness from 360HV to 
319HV.

- The increase of Ta content from 4.68% (alloy 2) 
to 7.6% (alloy 3) associated with the addition 
of Zr (8%) and Nb (10%) led to an increase in 
hardness to 437HV.

 It can be deduced that for the studied chemical 
compositions, the contribution of niobium to the in-
crease of hardness is insignificant compared to the 
contribution of zirconium and tantalum (but these 
in proportion of over 5%).

All samples have been plated, simultaneously  
in the same conditions, with the same titanium spe-
cific compatible ceramic plating material (Ti22 Nor-
itake). For the study of the metal-ceramic connec-
tion, samples were made using the technology of 
depositing ceramics on titanium in metal-ceramics 
restorations (see Figure 1).  The working procedure 
for Ti-22 ceramics [12] includes the following steps: 
sandblasting, bonding application in two stages, the 
application of the opaque, the application of dentin 
and enamel and, finally, the firing of the ceramic 
layers under vacuum, according to the technology 
described in the previously published paper.

To determine the strength of the metal-ceramics 
connection by measuring the values of shear 
strength (axial load) the samples were embedded in 
acrylate and fixed in a device provided with a 
clamping mechanism (Figure 2a and Figure 2b), 
adapted to standardized mechanical equipment 
(universal machine for static tests or dynamic trac-
tion/compression, type UFP400 Germany).

The equipment used to determine the strength of 
the M-C connection is the universal machine for 
static / dynamic (axial) traction/compression testing. 
Each test is accompanied by the diagram drawn using 
the processing software also, recording the value of 
the force [N] at which the detachment of the ceram-
ic from the metal substrate occurred (Figure 4).
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FIGURE 2. Holding mode of the sample in the support mechanism and in the grips of the testing machine: (a) - TiGrd4, 
Ti10Zr, Ti6Al4V, (b) - Ti1, Ti2, Ti3); (c) - Appearance of the sample after the axial traction test

FIGURE 3. Macroscopic appearance (x5) of the sample surface Ti1 (a), Ti2(b), Ti3) after detachment of the ceramic from 
the metal substructure

a b c

FIGURE 1. Appearance of samples after deposition of ceramics (Noritake T22) on the metal substructure of: (a). TiGrd4; 
Ti6Al4V, Ti10Zr; (b). TiZrNbTa (sample Ti1)

a b

a b

TABLE 1. Chemical composition of unalloyed titanium, Ti6Al4V alloy and novel experimental titanium alloys, %(*) [13], (**) 
[12], (***) [20]

Ti /Alloy Al V Fe 
max.

H2 
max.

O 
max.

N 
max.

C 
max. Zr Nb Ta Si Cu Ni Ti HV

TiGrd4(*) - - 0,30 0,013 0,45 0,05 0,1 - - - rest 125-353
Ti6Al4V(*) 5,5-6,75 3,5-4,5 0,30 0,015 0,20 0,05 0,08 - - - rest 330-390
Ti10Zr(**) - - 0,61 - - - - 9,91 - 0,39 0,03 0,01 rest 212-330
Ti 1(***) - - - - - - - 8 9,26 - - - - 82,74 360
Ti 2(***) - - - - - - - 4,53 14 4,68 - - - 76,79 319
Ti 3(***) - - - - - - - 8 10 7,6 - - - 74,40 437
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As the formation of metal oxides in the interface 
area must take place under certain conditions, 
which allow the alloy an atomic contact with the 
coated ceramic mass, a thorough study of the metal 
– ceramic interface has been carried out. The exam-
ination of the surface of both components was per-
formed by scanning electron microscopy (SEM) 
analysis and EDS analysis.

RESULTS

Results obtained from the testing of experimen-
tal samples for the determination of shear strength 
are presented in Table 2.

TABLE 2. Comparative results of shear strength of the novel 
titanium alloys (TiZr, TiZrNbTa) comparatively with other 
frequently used titanium alloys, with the same testing 
conditions

Material/  
bio alloy

Sample 
surface area) 

[mm2]

Force  
[N]

Shear 
strength 

[MPa]
Ti 1 7,43 199,20 26,79
Ti 2 27,50 398 14,47
Ti 3 12,91 396 30,67
TiGrad4 [12] 5,5 31.95 5,80
Ti6Al4V [12] 5,62 57.76 10,10
Ti10Zr [12] 5,24 99.68 19,02

In the experimental samples, the deposited ce-
ramics detached off totally or partially, as indicated 
by the macroscopic appearance of the breaking sur-
face, which differs depending on the type of metal 
substructure (sample). An in-depth analysis of the 
type of metal-ceramic fracture was performed by 
electron microscopy, investigating the interface 
area at the detachment of the ceramic, during the 
traction of the specimen (Figure 5). 

The microstructural analysis (MagnaRay on 
Common SEMs electron microscope) of the metal- 
ceramic interface area after the detachment of the 
ceramics from the metal substructure reveals a dif-
ferent behavior of the researched materials. This 
highlights the appearance of a ductile fracture in 
some cases (e.g., TiGrade4 or Ti10Zr) and granular 
appearance, the effect of less tenacious fractures 
(e.g., TiZrNbTa).

The research on the interface area continued 
through EDS analysis which indicated the composi-
tional nature of the detached surfaces.

The results obtained are highlighting the connec-
tion between the chemical composition of the inter-
face area (signaling the presence of oxides in all ex-
perimental studied samples, oxide layer of different 
thicknesses depending on the material) and the spe-
cific material of the metallic substructure. The point 
analysis indicates the composition of the metal, of 
the transition area (at the interface), or in the depos-
ited ceramics (Figures 6, 7, 8 and 9).

DISCUSSION 

The initial composition of the metal substructure 
can be easily observed (points 1, 2, 3 for TiGrd4 or 
points 1, 2 for Ti10Zr), as well as the presence of ox-
ygen in the interface area (point 3 of the sample 
with Ti10Zr alloy metal substructure). The analysis 
and interpretation of the experimental results have 
taken into considerations the existing literature re-
garding the nature and strength of the MC bond es-
tablished between the alloys used as substructure 
and the ceramic plating materials.  We noticed the 
benefits of a continuous thin oxide films upon the 
strength of the MC bond, unlike the supposition that 
intense preoxidation would promote the bond 
strength, McLean and Sced [7].

FIGURE 4. Diagram of shear resistance determination for some experimental samples with metallic substructure of: a) 
Ti1Alloy, b) Ti2Alloy. The blue curve: the evolution of the force applied to detach the ceramic material from the metal 
support. The red curve: the evolution of shear strength. The maximum values at which the detachment of the ceramic 
from the metal support occurs are noted (Table 2). Detachment occurs at a constant linear increase in the applied force, 
without plastic deformation

a b
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FIGURE 5. Macroscopic aspects (x50) of the metal-ceramic interface area after detachment of the ceramic plated material 
from the metal substructure: a. TiGrade4 [12], b. Ti10Zr [12], c. TiZrNbTa and d. TiZrNbTa. The aspect of the fracture in 
images c) and d) indicates a higher resistance to detachment compared with the images a) and b), as demonstrated by 
the residues of ceramic material (white color) present on the surface of the metal support. In images a) and b) these 
residues are not present

FIGURE 6. EDS Analysis of the TiGrd4 Substructure and T22 Noritake Ceramic Interface Areas (Sample no.3 / the field1). 
In field 3 located in the contact area between the two materials, the deviations of the elements C, Al, and Ti compared 
to fields 1 and 2, are due precisely to this contact area between the two materials affected by their detachment. The 
presence of carbon in this area may be due to the sample preparation process



Romanian JouRnal of Stomatology – Volume 69, no. 4, 2023218

Figure 10. Oxide layer 1.10-3.03 microns (μm) thick on the TiZrNbTa surface (LEICA stereomicroscope, X50 magnification)a b

FIGURE 8. EDS Analysis of the TiZrNbTa substructure - Noritake Ceramic - Interface Area (Sampleno.2 / the field 3)

FIGURE 7. EDS Analysis of the Ti10Zr Substructure and T22 Noritake Ceramic Interface Areas (Sample no.3 / the field5)

The analysis of the experimental samples reveals 
discontinuous layers with large thicknesses (over  
5 μm), especially in those with non-alloy titanium 
metal substructure [12]. However, uniform, contin-
uous layers with smaller thicknesses were obtained 
in the samples with metallic component from titani-
um alloys, respectively of maximum 3.9μm for those 
with Ti10Zr and of 1.10-3.03 μm for those with TiZ-
rNbTa (Figure 10). 

In another studies, the authors show that the 
strength of the M-C bond is influenced by the char-
acteristics of the oxide layer formed at the interface, 

which can reduce the coefficient of thermal expan-
sion of the ceramic mass and can favor the action of 
residual stresses with implications in generating 
cracks or fractures at this level [8,10]. The fracture 
at the interface where the oxides detach from the 
surface of the metallic material and remain attached 
to the clad ceramic mass occurs especially in the 
case of unalloyed titanium, when large layers of ox-
ides are formed. Confirming the data from the liter-
ature, the experimental results obtained in the case 
of non-alloy titanium (TiGrade4) [12] demonstrate a 
poor bonding behavior compared to the other mate-
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rials studied (e.g., Ti10Zr or TiZrNbTa), explained by 
the identification and highlighting of discontinuous 
and thick oxide layers.

Titanium is a chemically active element with a 
specific weight of 4.5 g/cm3. It is 2 times lighter than 
Co-Cr-Mo alloys (8.3 g/cm3), 3 times lighter than pal-
ladium-silver alloys or palladium-gold alloys and 4 
times lighter than gold alloys (17.5 g/cm3). Unalloyed 
titanium has a melting temperature of about 1660°C, 
is an allotropic element, presenting up to 882°C a 
compact hexagonal structure (allotropic form α), 
and above this temperature an internally centered 
cubic structure (allotropic form β). Depending on 
the content of impurities (oxygen, hydrogen, car-
bon, iron, nitrogen) there are four grades of unal-
loyed titanium. Hydrogen is considered the most 
harmful impurity because it produces cold brittle-
ness by forming metal hydrides. The same negative 
effect has the carbon because is forming metal car-
bides at concentrations higher than 0.2%. The oxy-

gen content in titanium greatly influences its me-
chanical properties leading to an increase in their 
values as the oxygen content increases. Thus, at a 
content of 0.18% O2, the yield strength of titanium is 
about 170 MPa, and at a content of 0.40% O2 the 
yield strength reaches values of 485 MPa. However, 
higher increases in oxygen content are not allowed 
as this worsens processability and decreases its 
chemical resistance. Titanium alloys with α struc-
ture include the following systems: Ti-Al, Ti-Al-Sn, 
Ti-Al-Zr, Ti-Al-Sn-Cu, Ti-Cu-Zr and others. Those in 
the Ti-Al system contain 2-7% Al, an element that 
raises the allotropic transformation temperature 
from 882 to 1100°C, favoring the formation of inter-
metallic compounds such as Ti6Al, Ti3Al and Ti2Al. 
They are alloys that can be easily processed by forg-
ing and molding and do not harden by thermal 
hardening treatments. Also, it is easy to weld them 
in argon atmosphere and have a special corrosion 
resistance. This type of alloys can have in their com-

Figure 9. a) sample no. 2: ceramic plated TiZrNbTa alloy; b) EDS Analysis of the TiZrNbTa substructure - Noritake Ceramic - 
Interface Area (it can be noticed the variations of oxygen content from ceramic to metallic substructure through the interface)

Figure 10. Oxide layer 1.10-3.03 microns (μm) thick on the TiZrNbTa surface (LEICA stereomicroscope, X50 magnification)a b

a b

a b
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position also other metals, such as Sn, Zr, Cu added 
in order to improve the mechanical properties, 
while maintaining the α structure. Titanium alloys 
with structure (α + β) are alloys from the systems: 
Ti-Al-Mn; Ti-Al-V; Ti-Al-Mo-V; Ti-Al-Mo-Cr etc., in 
practice those of the form Ti-Al-stabilizing β element 
are frequently encountered. The presence of alumi-
num in Ti-Al binary alloys contributes to raising the 
allotropic transformation temperature and increas-
ing the solubility of β stabilizing elements, and the 
addition of elements such as Fe, Mn, Cr, Mo, V has 
the effect of eliminating brittleness, preventing the 
formation of α phase. The alloys from the Ti-Al-V 
ternary system have good mechanical and techno-
logical properties due to vanadium which, in a con-
centration of about 5%, increases plasticity, refrac-
toriness and corrosion resistance [21].

The alloy with the widest use in dental prosthesis 
technology is Ti6Al4V, which has a particularly good 
corrosion resistance in specific corrosive environ-
ments and high mechanical properties. Due to the 
specific properties of titanium and its alloys, respec-
tively the high melting temperature and the sudden 
increase of chemical activity with temperature, they 
are developed in electrical arch and induction fur-
naces, only in protective atmosphere with inert gas-
es or vacuum. Also, special casting installations, ma-
terials and specific technologies are needed for the 
preparation of the mockup and the mold in dentist-
ry. In general, the limitation of the use of titanium 
alloys in dentistry and orthodontics has been linked 
to the difficulties of processing them through cast-
ing, milling and electro-erosion, but advances today 
in processing technologies make it possible to use 
these alloys successfully [22]. 

Regarding the metal-ceramic technology, it is 
considered that the nature and characteristics of the 
metal structure decisively influence the adhesion 
after sintering of the overlying ceramic mass. In 
fact, this technology requires the use of specially de-
veloped alloys, with properties that vary depending 
on their chemical composition [23,24].

A previously published paper presented some 
experimental results regarding the study of the met-
al-ceramic bond, in restorations with metal compo-
nent made of titanium and titanium alloys of the 
experimental Ti10Zr type [12]. The evaluation of the 
strength of the metal-ceramic bond was performed 
by mechanical tests that allowed the direct meas-
urement of the strength of the bond at the metal-ce-
ramic interface. The mechanical tests consist of ap-
plication on the test samples of some forces of 
traction, compression, flexion, shear, until the de-
tachment of the ceramic component, moment in 
which the final value of the applied force is noted. In 
all mechanical tests, after the detachment of the ce-
ramic component, the aspect of the fracture at the 

interface is evaluated, which can be of the adhesive, 
cohesive or adhesive-cohesive type. Experimental 
research has shown superior values of M-C bond 
strength for Ti10Zr experimental alloy compared to 
those obtained in conventional Ti6Al4V alloy and 
pure commercial titanium (TiGrad4). This behavior 
was explained and related to the influence of the 
thickness of the oxide layer formed at the metal-ce-
ramic interface.  It was based on the experimental 
samples from the studied materials.

Research has continued and includes both the re-
sults obtained from the study of the behavior of new 
experimental titanium alloys, such as alloys from 
the TiZrNbTa system. The observations on the com-
parative study of the behavior of these alloys with 
those previously studied, respectively alloys from 
the Ti10Zr system, with the purpose of identifying 
and highlighting the influence of the chemical com-
position of the metal substructure on the alloy-ce-
ramic adhesion processes and, finally, the strength 
(durability) of the MC bond.

In this research of the metal-ceramic connection, 
were mainly studied the conditions of ensuring a 
good adhesion, which would guarantee the optimal 
transfer of the stresses from the ceramic to the re-
sistant metal substructure. The experimental results 
obtained when using titanium and titanium-based 
alloys (e.g., Tigrd4, Ti6Al4V, TiZrNbTa, Ti10Zr) as a 
metal substructure showed their behavior influ-
enced by their physical-mechanical properties. 
Since the experimental tests were performed using 
the same technology and steps of the Ti-22 ceramic 
deposition procedure, the results obtained in evalu-
ating the characteristics of the MC bond are compa-
rable and provide information on the adhesion af-
ter sintering of the ceramic mass, decisively 
influenced by the nature and characteristics of the 
metallic structure. It is observed, for example, that 
for the studied TiZrNbTa alloys (Table 1), the contri-
bution of zirconium and tantalum to increase the 
hardness is significant compared to the contribu-
tion of niobium, and this effect influences the char-
acteristics of the oxide layer at the metal-ceramic 
interface. The study of the interface area and the 
examination of the surface of both components by 
scanning electron microscopy (SEM) analysis and 
EDS analysis identified differences in the character-
istics of the oxide layer formed (thickness, uniform-
ity, etc.), depending on the composition of the metal 
substructure. It turned out that the formation of 
metal oxides at the ceramic interface takes place un-
der certain conditions and can be beneficial for the 
quality of the metal-ceramic bond. Although there is 
no established correlation between the degree of 
pre-oxidation and the strength of the bond between 
unalloyed titanium and sintered ceramic plating 
material, some researchers argued that intense 
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pre-oxidation favors the strength of the bond [7]. 
Other authors [8,10] have shown that the strength of 
the MC bond is influenced by the formation of ox-
ides at the interface, in the sense that they reduce 
the coefficient of thermal expansion of the ceramic 
mass, favor the action of residual stresses and con-
tribute to crack formation or fractures that may oc-
cur at this level. However, what is confirmed exper-
imentally is that the adhesion between metal and 
ceramic depends on the thickness of the oxide films 
formed and that metals or alloys with lower hard-
ness, which generate thicker oxide films (e.g.,  
TiGrd4) [12] have determined forces of adhesion to 
lower values, expressed by shear strength values 
[MPa]. The results of the experimental study demon-
strated the superiority of some titanium alloys, 
namely those with higher hardness, in which case 
continuous and thinner oxide films were highlight-
ed, and in which the highest values of shear strength 
were obtained. (Table 2, Ti1 and Ti3 Samples).

CONCLUSIONS

In the metal-ceramic technology, the nature and 
the characteristics of the metal structure decisively 
influences the adhesion of the overlying sintered ce-
ramic mass. A good adhesion between metal and 
ceramics is mandatory for masticatory stress trans-
fer from the plated ceramics to the metal substruc-
ture.

The characteristics of metals and alloys indicated 
for metal-ceramic technology are directly related to 
the formation of metal oxides at the ceramic inter-
face area. This phenomenon happens under certain 
conditions and allows the alloy to obtain an atomic 
contact with the plated ceramic mass. The oxide  
layer formed has a good adhesion to the surface of 
the alloy and chemically reacts with the ceramics 
without changing its characteristics.

The formation of oxides on the surface of the  
alloy is beneficial to the metal-ceramic bond, but  

obtaining a thick layer of oxides can lead to de-
creased adhesion resistance (in which case no ionic 
networks are formed, but only polarized metal  
oxides with a low bonding strength/force).

Titanium and titanium alloys can be a good solu-
tion based on their exceptional properties, such as 
corrosion resistance and high mechanical strength, 
density, thermal conductivity and low coefficient of 
thermal expansion, X-ray translucency, odorless 
and tasteless nature.

The results presented in the paper illustrate the 
behavior of non-alloyed titanium, along with con-
ventional alloys commonly used in dentistry and 
experimentally obtained titanium alloys, such as 
Ti10Zr and TiZrNbTa, towards their recommenda-
tion as substructures for titanium-specific ceramics 
in metal-ceramic restorations.

The results showed the superiority of titanium 
novel titanium alloys (TiZr, TiZrNbTa), having high-
est hardness values, highest values of shear strength, 
a continuous thin oxide films, and consequently, a 
better metal-ceramic adhesion. Comparatively, less 
ductile titanium alloys (TiZrNbTa/Ti3) are generat-
ing lower adhesion forces with values above 30MPa 
in some samples justifying less predictable clinical 
results. 
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