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Purpose: Corrosion resistance of titanium used in metal-ceramic restorations in manufacturing is based on the presence of oxide
layer on the metal surface. The procedures used during combining metallic material with porcelain may affect the changes in oxide layers
structure, and thus anticorrosive properties of metallic material. The aim of the study was an evaluation of potential changes in the
structure and selected corrosion properties of titanium after sandblasting and thermal treatment applicable to the processes of ceramics
fusion. Methods: Milled titanium elements were subjected to a few variants of the processes typical of ceramics fusion and studied in
terms of resistance to electrochemical corrosion. The study included the OCP changes over time, measurements of Icorr, Ecorr and Rp as
well as potentiodynamic examinations. Surface microstructure and chemical composition were analyzed using SEM and EDS methods.
Results: The results obtained allow us to conclude that the processes corresponding to ceramic oxidation and fusion on titanium in the
variants used in the study do not cause deterioration of its anticorrosive properties, and partially enhance the resistance. This depends on
the quality of oxide layers structure. Conclusions: Titanium elements treated by porcelain firing processes do not lose their corrosion
resistance.
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1. Introduction

Currently, despite the growing popularity of full-
ceramic restorations, a significant number of pros-
thetic restorations is made using the ceramics fusion
on metal method.

The technology of dental porcelain fusion on
metal has gained a predominant position among
manufacture of dentures like crowns and bridges,
due to their toughness, esthetics and economical
characteristics.

Metal substructure assures a very high mechanical
strength of such crowns, while ceramic veneer guar-
antees, in most cases, a desirable esthetic effect. Tita-
nium and its alloys occupy a significant position

among metallic materials for substructures [18]. Tita-
nium properties, such as the highest corrosion resis-
tance and compatibility, of all so-called base metal
alloys, allow us to classify this metal as the most bio-
compatible of metallic materials.

In contact with physiological fluids, metallic mate-
rials may be subject to electrochemical pitting and
crevice, as well as fretting, fatigue corrosion, and
stress corrosion cracking. The presence of chloride
ions in the environment, very high oxygenation of
electrolyte solution, and its relatively high tempera-
ture (37 °C) are the significant factors in the phe-
nomenon of both metal and alloy corrosion. Con-
stantly changing conditions in oral cavity (e.g.,
changes in saliva pH, presence of food, microorgan-
isms) are highly unfavorable. Titanium and its alloys
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are also exposed to corrosion [3], [9], [20]. Corrosion
concerns not only metal elements of prostheses being
in direct contact with saliva, but also occurs in the slot
of metal substructure connection with ceramic veneer.
Above all it concerns an internal surface of metal-
ceramic crowns, since none of the prosthetic cements
used for embedding crowns and bridges assures a suit-
able tightness of the connection. The electrolytic envi-
ronment of oral cavity penetrates and stays in touch
with metal surface (crown interior) causing corrosion
processes.

Titanium, as a material used in metallic substruc-
tures, suffers from problems resulting from its allo-
tropic crystalline lattice transformations (at a tem-
perature of 882 °C), high affinity to oxygen and low
thermal expansion. Low-melting ceramic masses of
a firing temperature below 800 °C are used for tita-
nium veneering [23]. This is a suitable range of tem-
peratures, which prevents formation of too thick lay-
ers of titanium oxide, and thus is optimum for stable
metal-ceramics connection occurrence [19].

The procedures of ceramics fusion on metal: sur-
face oxidation, opaquer ceramics fusion, dentin and
enamel ceramics fusion, glaze fusion, involve an oxi-
dation of metallic surface and scale formation, which
may affect corrosion properties, and thus biological
properties of metallic material [8], [24].

Understanding corrosion behaviors of titanium in
oral cavity environment constitutes a key issue in the
clinical aspect and its biological tolerance. An effect
of porcelain fusion on corrosion process occurrence
in dental metal alloys is still not fully recognized
issue.

The aim of the study

The aim of the study was an evaluation of an ef-
fect of thermal treatment applicable to dental ceramics
fusion, on the state of surface, mainly corrosion resis-
tance, of titanium prosthesis elements obtained in
milling process.

2. Materials and methods

Material preparation

The study included titanium Grade 2 in the form
of disc aimed at prostheses metal elements manu-
facturing. The samples for the research, in a form of
drilled discs of a diameter of 14 mm and height of 7
mm, were designed in Netfabbbasic CAD software
and made using 5-axis YenaDC40 CNC dental

milling machine. The surface of the samples sub-
jected to corrosion examinations was wet polished
on a disc polisher with abrasive papers P600 to ob-
tain flat structure similar to the structure of an in-
ternal surface of metal parts of the crown obtained
after polishing with fine-grained stones with dia-
mond coating.

After degreasing and clearing in water vapor
stream, the samples were subject to thermal processing
corresponding to ceramics fusion on metal in the Ivoclar
Vivadent Programat EP3000 furnace for ceramics fir-
ing. The furnace was delivered with VP4 vacuum pump
which reaches final vacuum at 30 mbar.

Heat treatment of samples
simulating porcelain firing processes

Particular processes of thermal treatment corre-
sponded to (in accordance with Noritake Super Por-
celain Ti22 ceramics):

Oxidation:
• heating in the range from 500 °C to 800 °C with

a rate of temperature growth of 50 °C/min, then
• at a temperature of 800 °C, holding in vacuum for

3 min.
All the samples were subjected to the oxidation

process described above on the alloy surface.

Ceramics fusion on metal:
• variant I – 5 min heating at a temperature of 790 °C,
• variant II – three heating processes at temperatures

of 780 °C, 770 °C and 760 °C,
with temperature growth rate from 40 to 50 °C/min.

The heating procedures corresponded to the
temperatures of opaquer and dental ceramics fusion.
Firing processes are precisely described in Table 1,
with a division into stages and their approximated
duration time. The time of each process was set by
automation depending on humidity of the ceramics
layer (and usually the size of the denture). Total
time of the process is difficult to specify, because
we need to include the time of drying, the time of
heating under vacuum, and the time of cooling the
specimens down after opening the furnace. The
oven ends the program the second the heating
chamber is fully open, however we need to wait
until the oven signals cooling the chamber down to
about 500 °C, which also takes time.

After cooling, such prepared samples were subject
to electrochemical corrosion trials – the analysis in-
cluded all variants of thermal treatment combined
with control group sample not subjected to thermal
treatment process.



The effect of heat treatment simulating porcelain firing processes on titanium corrosion resistance 95

Experimental methods
determining the corrosion resistance

Before corrosion tests the samples were degreased,
then rinsed with ethyl alcohol and dried. Electro-
chemical examinations were conducted in glass elec-
trolytic dish manufactured by Radiometer-Analytical,
in which the sample studied was the working elec-
trode (Ew), supporting electrode (Ec) was platinum
electrode, and a reference electrode (Eref) was calo-
mel electrode in saturated KCl solution. The working
surface of the sample was about 0.95 cm2. The meas-
urements were made in 0.9% NaCl solution at a room
temperature.

The NaCl solution (natriumchloratum 9 g, water
for injections 1000 ml, NaOH, HCL q.s. – osmolarity
308 m, Osmol/l) was manufactured by infusion fluids
factory in Kutno. Company responsible for fluid was
Fresenius KABI.

The measurements using ATLAS 0531 set with
AtlasCorr05 software enabling control of measure-
ments and registration of results were made for each
sample. The calculations were done using AtlasLab
software enabling determination of corrosion process
parameters.

The examinations included:
– measurement of free corrosion potential (Ecorr) in

an open circuit (OCP),

OCP – The open circuit electrode potential versus
time measurement – method description

The goal of potential measurements is to measure
the potential of the specimen without affecting, in any
way, electrochemistry reactions on the specimen sur-
face. The open circuit potential is a parameter which
indicates the thermodynamical tendency of a material
to electrochemical oxidation in a corrosive medium.
After a period of immersion it stabilises around a sta-
tionary value. This potential may vary with time be-
cause changes in the nature of the surface of the elec-
trode occur (oxidation, formation of the passive layer
or immunity). The open circuit potential is used as
a criterion for the corrosion behavior. A rise of poten-

tial in the positive direction suggests the formation of
a passive protected film, and the steady potential indi-
cates that protective layer is intact.

The Tafel straight extrapolation method was used
to determine the value of corrosion current (Icorr) and
polarization resistance (Rp).

The values of corrosion current density were ob-
tained by an analysis of polarization line in the curvi-
linear area. The fact that anodic and cathodic corro-
sion reactions occur concurrently in the vicinity of the
corrosion potential was considered, and in the ana-
lyzed cases both reactions occurred with the activation
over potential.

The applied method of analysis involved adjust-
ment of corrosion parameters such as (Icorr), (ba),
(bk) in polarization curve equation to obtain maxi-
mally precise description of the data acquired from the
measurements.

j = jcorr*(10∧ ((E-Ecorr)/ba) –10∧ ((Ecorr-E)/bk))

where:
Icorr – corrosion current density,
Ecorr – corrosion potential,
ba, bk – anodic and cathodic coefficients of Tafel

equation, respectively,
j – density of imposed external current.
The unknown values were (Icorr), (ba) and (bk).
Also, the polarization curves were registered using

potentiodynamic method in conventional three-elec-
trode system with calomel reference electrode (E0 =
0.236 V vs. NEW) and platinum supporting electrode.
The values of conventional breakdown potential (Ebr)
understood as a measure of resistance to pitting corro-
sion were calculated from the potentiodynamic curves.
Ebr – potential for which the current density in the ano-
dic range of polarization charts (in passive range)
reached the value of 10 μA/cm2.

The surfaces of all examined samples before and
after corrosion trials were analyzed using scanning
electron microscope Hitachi SEM-4700 with X-ray
microanalyzer of Thermo Scientific Ultra Dry. The
study included both test scanning surface in contrast
secondary electron (technique SEM-SE), as well as

Table 1. Firing parameters for Noritake Super Porcelain Ti22

Dry-out
time

Low
temp.

Vacuum
start

Heat
rate

Release
vacuum

Hold
time

High
temp.

Heating time
– closed
furnace

Oxidation 3 min 500 °C 500 °C 50 °C/min 790 °C 3 min 800 °C ~6 min
Opaque 5 min 500 °C 500 °C 50 °C/min 770 °C – 780 °C ~5 min 36 s

Body/Enamel
1st & 2nd 7 min 500 °C 500 °C 40 °C/min 750 °C – 770 °C ~6 min 30 s

Glaze 5 min 500 °C – 50 °C/min – – 760 °C ~5 min 12 s
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the chemical analysis which was performed using
X-ray spectroscopy of an energy dispersive (EDS).
EDS method was used for qualitative analysis of
chemical composition in selected micro-areas of the
samples based on the presence or absence of the char-
acteristic peaks in the spectrum. The value of acceler-
ating voltage for all the samples was 25 keV.

Scanning Electron Microscopy (SEM) produces
and scans a finely-focused beam of electrons across
the specimen and measures signals resulting from
the electron beam/specimen interaction. Two most
common signals employed in SEM analysis include
secondary electrons (SE) for imaging surface topog-
raphy and backscattered electrons (BSE) for high-
lighting compositional differences. The SEM-SE
produce very high-resolution images of a sample
surface, revealing details less than 1 nm in size. The
SEM-SE type was chosen due to the possibility of
obtaining a characteristic three-dimensional appear-
ance useful for understanding the surface structure
of samples examined, especially after corrosion
tests.

Energy-Dispersive X-Ray Spectroscopy (EDS)
– method description

An energy-dispersive spectroscopy was used to
separate the characteristic X-rays of different ele-
ments into an energy spectrum and to analyze this
spectrum in order to determine the abundance of
specific elements. EDS was used to find the chemical
composition of materials (down to a spot size of
a few microns), and to create element composition
maps over a much broader raster area. Together,
these capabilities provide fundamental compositional
information for specimens examined. The obtained
outputs from EDS analysis are presented in this
study in the form of:
– Spectrum: a plot of the number of X-rays de-

tected versus their energies. The elements pres-
ent in the sample are identified by the charac-
teristic X-rays.

– Map: an image showing how the concentration of
one element varies over an area of a sample. In this
example, the number of points indicates higher or
lower concentrations of an element.

3. Results

EDS spectra and maps of distribution of selected
chemical elements in the samples of titanium milled

and polished with papers of granularity of 600, de-
pending on the kind of treatment are presented in
Figs. 1–4. Figures 5–8 present the state of sample
surface in all variants of manufacturing after corrosion
tests. Morphology of the alloy was examined using SE
detector. The obtained results of the changes in free
potential over time for particular ways of surface
preparation are presented in Fig. 9. The values of po-
larization resistance (Rp), potential (Ecorr), density of
corrosion current (Icorr), breakdown potential (Ebr)
for particular ways of alloy surface preparation deter-
mined using AtlasLab software are presented in Table 2.
Potentiodynamic characteristics for polarization in the
range from –1.0 V to 1.5 V with the rate of potential
changes of 5 mV/sin semi-logarithmic arrangement
are presented in Fig. 10.

Table 2

Kind of sample j corr
[A/cm2]

Ecorr
[mV]

Rpol
[Ohm*cm2]

Ebr
[mV]

Control sample 6.62E-08 –492 8.44E+05 430
Sample after oxidation 1.80E-07 –214 1.55E+04 676
Sample after oxidation
and single firing 5.22E-07 –97 2.71E+04 701

Sample after oxidation
and triple firing 9.25E-08 –194 2.96E+05 1003

4. Discussion

A comparison of the results of EDS analysis
(Figs. 1–4) in selected micro-areas of milled and
polished titanium surface that were not subject to
thermal treatment, and micro-areas that were subject
to both the oxidation processes and corresponding to
fusion processes, allow us to determine the changes
of state of alloy surface. After thermal treatment
processes, the chemical composition of surface lay-
ers of the samples was not subject to changes (not
taking into account high-temperature oxidation proc-
esses). A very low contribution of impurities was
noted, and they would have been a result of surface
modification – these components were observed on
EDS spectra in the form of peaks of considerably
lower intensity. The maps of surface distribution of
the elements for the samples after oxidation and after
the processes simulating the fusion demonstrated an
increasingly more uniform distribution of oxygen
covering samples surface with subsequently applied
thermal treatments.
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Fig. 1. SEM-SE micrograph showing morphology of profile-milled sample (control sample);
EDS map of Ti, Si, C, Fe surface distribution (left) and averaging EDS results from area presented above (right)

Fig. 2. SEM-SE micrograph showing morphology of profile-milled sample after oxidation;
EDS map of Ti, Si, C, O, Al, N surface distribution (left) and averaging EDS results from area presented above (right)

Fig. 3. SEM-SE micrograph showing morphology of profile-milled sample after oxidation and single firing;
EDS map of Ti, Si, C, O, Al surface distribution (left) and averaging EDS results from area presented above (right)
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Figures 5–8 present the state of samples surface
after complete corrosion tests. Single surface dam-
age without distinct corrosion traces was observed
for the reference sample (Fig. 5). Oxidized sample
(Fig. 6) did not exhibit any symptoms of corrosion
damage. The areas covered with cracked oxide
layer, i.e., the sites predisposed to an initiation of
corrosion processes, were observed on the surface
of the sample oxidized and subject to single fusion
(Fig. 7). It should be believed that just these defects
of sample surface are responsible for its reduced
corrosion resistance compared to other samples. No
corrosion damage was either observed on the sur-
face of the sample oxidized and subject to three-
time fusion (Fig. 8). It was covered with a uniform
oxide layer.

Fig. 5. SEM-SE surface state of profile-milled sample
(control sample) after potentiodynamic tests

Fig. 6. SEM-SE surface state of profile-milled
and oxidized sample after potentiodynamic tests

Fig. 7. SEM-SE surface state of profile-milled sample
after oxidation and single firing and after potentiodynamic tests

Fig. 4. SEM-SE micrograph showing morphology of profile-milled sample after oxidation and triple firing;
EDS map of Ti, Si, C, O, Al surface distribution (left) and averaging EDS results from area presented above (right)
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Fig. 8. SEM-SE surface state of profile-milled sample
after oxidation and triple firing and after potentiodynamic tests

All OCP curves (Fig. 9), except the curve for the
sample oxidized and subject to single fusion, dem-
onstrated an increasing tendency, which means an
increase in corrosion resistance progressing in time
function (an increase in auto-passive layers proper-
ties). The highest dynamics in potential value growth
was demonstrated for the oxidized sample subject to
three-time fusion. Corrosion parameters (corrosion
current and potential, and polarization resistance)
(Table 2) did not demonstrate any decrease in cor-
rosion resistance of alloy surface after the processes
of oxidization and fusion, except the curve for the
sample oxidized and subject to single fusion, since
for the oxidized titanium sample as well as oxidized
and subject to three-time fusion, an increase in po-
larization resistance was noted, the values of corro-
sion current density were subject to a decrease, and
corrosion potential shifted towards more positive
values.

Fig. 9. OCP versus time curves of all kinds of samples
in 0.9% NaCl solution

w

Fig. 10. Potentiodynamic polarization curves
of all kinds of samples in 0.9% NaCwl solution

Potentiodynamic curves for oxidization and fusion
processes were shifted towards positive values with
respect to the reference sample and also presented
lower values of currents density in anodic ranges com-
pared to the initial sample. All the curves in anodic
range demonstrated a considerably wider passive range
compared to the initial sample, which proves an in-
creased resistance to pitting corrosion. The shapes of all
curves are typical of localized corrosion with a break-
down of passivity caused by the presence of Cl–1 ions
in corrosive environment. The breakdown potential is
the highest for sample after oxidation and triple firing
(Ebr = 1003 mV in comparison with Ebr = 430 mV for
control sample).

There are only sparse reports in the literature
concerning an evaluation of dental ceramics fusion
effect on corrosion resistance of titanium-based me-
tallic materials in dentistry. The studies concerning
titanium thermal processing in prosthetic applica-
tions are mainly focused on evaluation of surface
morphology and selected mechanical properties.
Jamesh et al. [7] evaluated the properties of titanium
surface before and after thermal oxidization process
(TO) at a temperature of 650 °C for 48 h. The mor-
phology of Ti TO surface demonstrated the presence
of oxide layer on the whole surface without any
damage. Oxide layers were evaluated as relatively
uneven. The mechanism of Ti TO was also presented
in the studies of Kumara [10], [11]. The results of
XRD analysis for Ti TO demonstrated the presence
of rutile and internal oxidization zone in Ti. The
same structure was also reported in other publica-
tions [6], [16], [22]. Siva Kriszna et al. [22] reported
TiO formation at temperatures lower than 700 °C,
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and rutile above 800 °C, as dominant phases of tita-
nium oxidization. Guleryuz and Cimenoglu [6] in-
formed about the presence of anatase for the samples
oxidized at 600 °C for 24 and 48 h, while rutile was
the predominant phase only in the case of oxidization
at 650 °C/48 h. Ti oxidization considerably enhanced
the hardness, both due to the presence of hard oxide,
and also the zone of internal oxidization. Nearly
three-fold hardness increase was noted after TO at
650 °C/48 h. It was observed that mechanical prop-
erties of Ti TO depend to a high degree on the con-
ditions of TO process, which limit the kind of oxide
layers formed on a surface, thickness, potential po-
rosity and state of stresses present in the layer [4],
[11], [15], [17], [22].

The reports concerning corrosion properties of
titanium and its alloys were presented by Jamesh et
al. [7], who also examined corrosion behavior of
titanium in 0.1 and 4 MHCl and HNO3 before and
after the process of thermal oxidization at a tem-
perature of 650 °C for 48 h. Insignificant changes
were observed in the course of OCP curves in time
function for the samples non-oxidized and oxidized
in HCl. In turn, Yu et al. [25] observed a sud-
den decrease in OCP value for alloys Ti-50Zr and
Ti-45Nb, which was due to a decreased thickness of
naturally formed passive layer followed by a uniform
dissolution and in consequence activation of both
alloys surface at 5 M HCl/37 °C. The shift of OCP
curve in anodic direction was observed in the study
of Jamesh after corrosion examinations in HNO3 for
both concentrations (0.1 and 4 M). Oxidizing charac-
ter of HNO3 favored passivation and facilitated pas-
sive layers thickness. The shifts of potentials towards
anodic direction were higher for the samples in an ini-
tial state compared to those after oxidization. Similar
results were noted by Robin [21] for Ti-4Al-4V alloy
in 1 M HNO3 solution.

Further research in the study [7] demonstrated that
the curves of TO polarization for titanium, compared
to the samples in an initial state, are shifted towards
lower current values in both solutions HCl and HNO3.
Thermally oxidized titanium was characterized by an
enhanced corrosion resistance compared to the sam-
ples in an initial state, both in HCl and HNO3. An
improved corrosion resistance, according to the
authors, is an effect of surface covering by thicker
oxide layers (~20 μm), constituting an effective bar-
rier physically separating metal surface from corro-
sion environment. It was also observed in the studies
of Firstov and other researchers [4], [5], [22] that in
the case of titanium samples cooled with furnace, the
oxide layers after oxidization process are character-

ized by lower porosity, which is directly reflected in
higher corrosion resistance. The results of the studies
of Kumar and other researchers, like the study of
Jamesch [7], point to a significantly higher corrosion
resistance of thermally oxidized titanium in various
corrosive environments [6], [10]–[14]. Guleryuz and
Cimenoglu [6] demonstrated in the fast corrosion tests
in 5 M HCl that Ti-6Al-4V after thermal oxidization
in air at a temperature of 600 °C/ 60 h presented
a considerably higher corrosion resistance compared
to the initial state. The authors did not observe any
losses in oxidized alloy mass, even after 36 h plunging
in corrosion solution, and they relate this to the for-
mation of thick and solid oxide layer on alloy samples
surface. Bloyce et al. [2] using the potentiodynamic
method compared corrosion resistance in 3.5% NaCl
of titanium samples subject to plasma nitriding (PN),
thermal oxidizationand chemical passivation in palla-
dium salts and then thermally oxidized (PTO), and the
samples in an initial state. Both TO and PTO samples
demonstrated a shift of corrosion potential in a posi-
tive direction compared to PN and control samples.
Fast corrosion tests in boiling 20% HCl demonstrated
13-fold and 27-fold resistance increase for TO and
PTO samples, respectively, compared to PN samples.
The study of Ashrafizadeh [1] examined a corrosion
resistance of titanium alloy Ti–6Al–4V after different
variants of thermal oxidization: at 500 °C, 600 °C,
700 °C and 800 °C with heating at a rate of 5 °C/min.
Typical potentiodynamic polarization curves for con-
trol (PK) and thermally oxidized titanium alloy in
0.9% NaCl pointed to a difference in corrosion be-
havior of the oxidized samples depending on oxidiza-
tion variant. The rate of corrosion decreased with an
increase in oxidization temperature from 500 °C to
600 °C and 700 °C that was related to the formation of
rutile layer on alloy surface, which is characterized by
good anticorrosion properties, and its increasing
thickness with an increase in oxidization temperature.
In the case of TO at a temperature of 800 °C, the sur-
face of the samples demonstrated a decrease in corro-
sion resistance which, as demonstrated in SEM ex-
aminations, was caused by the occurrence of cracks
and porosity of already too thick an oxide layer and
formation of galvanic corrosion. The highest corro-
sion resistance was obtained after TO at 600 °C. For
these oxidization conditions, the critical potential
(Ebr = 1.5 V) was 0.5 V higher compared to TO
samples at other temperatures. The layer of titanium
oxide covering the surface of TO alloy at 600 °C was
even, free from cracks, characterized by good adhe-
sion to the substrate. Thermal oxidization at 600 °C
for 1 h, with heating rate of 5 °C/min and cooling
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with furnace, was considered as optimum for an im-
provement in corrosion resistance of the titanium al-
loy examined.

The conclusions from the papers cited are con-
sistent with the results obtained in this study – ther-
mal oxidization in selected ranges of temperatures
enhanced titanium corrosion resistance, and it was
dependent on the quality of oxide layer structure,
free of defects layers ensured an increased electro-
chemical corrosion resistance, surface defects of
oxide layer observed for the sample oxidized and
subject to single thermal processing corresponding to
fusion resulted in deterioration of anticorrosion
properties in comparison with other thermally treated
samples.

An increase in titanium corrosion resistance obtained
for other variants of thermal processing modeling oxidi-
zation and ceramics fusion allows us to expect improved
biological properties in clinical conditions.

5. Conclusions

The processes corresponding to oxidization and
ceramics fusion on titanium do not cause deterioration
of its anticorrosion properties, and partially enhance
the resistance.

The best corrosion resistance, in particular resis-
tance against the pitting corrosion, was achieved for
sample after oxidation and triple firing with the high-
est value of breakdown potential equal to 1003 mV.

Metal elements of crowns and bridges not cov-
ered with porcelain, and especially crowns interior,
should not be subject to mechanical processing
(polishing), which may decrease their corrosion
resistance.
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