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Abstract
Purpose: This study evaluated the resistance to corrosion in welds made with
Tungsten Inert Gas (TIG) in specimens made of commercially pure titanium
(cp Ti) in comparison with laser welds.
Materials and Methods: A total of 15 circular specimens (10-mm diameter, 2-mm
thick) were fabricated and divided into two groups: control group—cp Ti specimens
(n = 5); experimental group—cp Ti specimens welded with TIG (n = 5) and with
laser (n = 5). They were polished mechanically, washed with isopropyl alcohol, and
dried with a drier. In the anodic potentiodynamic polarization assay, measurements
were taken using a potentiostat/galvanostat in addition to CorrWare software for data
acquisition and CorrView for data visualization and treatment. Three curves were made
for each working electrode. Corrosion potential values were statistically analyzed by
the Student’s t-test.
Results: Statistical analysis showed that corrosion potentials and passive current den-
sities of specimens welded with TIG are similar to those of the control group, and had
lower values than laser welding. TIG welding provided higher resistance to corrosion
than laser welding.
Conclusion: Control specimens welded with TIG were more resistant to local corro-
sion initiation and propagation than those with laser welding, indicating a higher rate
of formation and growth of passive film thickness on the surfaces of these alloys than
on specimens welded with laser, making it more difficult for corrosion to occur.

The most important factors considered in the choice of den-
tal metals and alloys are biocompatibility, mechanical prop-
erties, manipulation, and resistance to tarnish and corrosion.1

Titanium has many desirable properties for dental use, such as
low density, excellent biocompatibility, corrosion resistance,
high strength-to-weight ratio,2,3 and relatively low thermal
conductivity.2,4 Notwithstanding, Ti presents some difficulties
with melting and welding because of its high melting point
and great affinity for gases, such as oxygen, hydrogen, and
nitrogen5 and high reactivity at elevated temperatures.6 The
high reactivity of Ti with gases will cause Ti materials to
become brittle because of oxygen diffusion through inter-
stitial spaces interlaced throughout the Ti during the melt-
ing/solidification process. This change in the microstructure
has effects on the mechanical properties of Ti and its alloys.2

To weld cast Ti and its alloys, laser welding is commonly
used. This is an adequate method because of its higher propor-
tions of laser beam absorption and lower thermal conductivity
than those of other dental casting alloys; however, because of
the strong reactivity of molten Ti with ambient air oxygen, the
incorporation of oxygen during laser welding may affect the
union resistance.5 When exposed to the atmosphere soon after
casting, Ti oxidizes extremely quickly because of its high affin-
ity with oxygen. This adherent oxide is around 10 μm thicker
and determines the chemical properties and corrosion resistance
of the metal.7 Due to this thick and adherent oxide, Ti presents
a passive state determined by the protective passivating oxide
film layers that form in moist media.8

The corrosion behavior depends on the passive film proper-
ties influenced by the microstructure and chemical composition
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of Ti alloys, although other factors, such as surface finish qual-
ity, residuum quantity, microstructure homogeneity level, and
defects, may affect resistance to corrosion.8

The strong chemical reactivity of Ti and its fast level of
reaction and diffusion at elevated temperatures result in prob-
lems with welding, melting, and brazing processes.2 Conven-
tional welding techniques do not work well in commercially
pure (cp) Ti because of Ti’s high reactivity, which promotes a
thicker oxide layer. The welding process may have a signifi-
cant influence on the physical properties of the Ti restoration.9

Therefore, these methods are not recommended for uniting
Ti prostheses.2,3

Procedures used to weld Ti are Metal Inert Gas, Tungsten
Inert Gas (TIG),2 plasma, laser,2,10 hearth brazing, and in-
frared brazing10—all performed with a protective atmosphere.2

Researchers have concluded that the laser welding method is
effective, but results can vary greatly because of the different
radiation intensities used.2

Because of the difficulties evolved in the welding process and
the high cost of laser welding equipment, a preliminary study by
Wang and Welsh2 showed it is possible to perform welding by
applying the TIG method, requiring less expensive equipment.
This process is extensively used in Ti industrial production; its
corrosion resistance is one of the important properties of this
welding system.

As the oral environment is favorable to metal biodegrada-
tion, due to its ionic, thermal, microbiological, and enzymatic
conditions, one assumes that the patient should be exposed to
a large amount of products from the corrosion process. Dental
alloy biocompatibility is mainly linked to corrosion behavior.
The higher corrosion of an alloy is more related to the amount
of elements that will be released, and the risk of unexpected
reaction by the oral tissues may be increased.11 According to
Kobayashi et al,12 corrosion resistance is one of the most impor-
tant characteristics of biomedical materials, because it concerns
not only the service life of devices made from them, but also
their harmfulness to the living body. So, it is necessary to search
for adequate materials where corrosion resistance relies on the
presence of a passive film on its surface.13

The goal of this study was to analyze the in vitro anodic be-
havior of Ti specimens welded by laser and by TIG processes in
an artificial saliva environment, using the electrochemical po-
tentiodynamic polarization technique. The research hypothesis
was that there was a difference between the corrosion potentials
(Ecorr) of different groups.

Materials and methods
This in vitro study evaluated the anodic behavior of specimens
made from cp Ti without weld, welded with laser, and TIG
processes. Specimens were made in a circular Teflon matrix
(DuPont, Wilmington, DE) (10-mm diameter, 2-mm thick). The
matrix was isolated with petroleum jelly and wax (Kerr Corpo-
ration, Romulus, MI), then was melted and put into the matrix.
After solidification, excesses were removed with a spatula and
the wax pattern was removed from the matrix. Specimens (n =
15) were divided into three groups: control group—specimens
melted with cp Ti (n = 5) and experimental groups—specimens
melted with cp Ti welded with TIG (n = 5) and with laser

(n = 5). A metal matrix was used to standardize placement of
brass stems and make central cuts of experimental wax patterns
with a microtome blade.

Brass stems (2-mm diameter) were cut, and at one of the
extremities, the retention was made with a flexible diamond disc
(K.G. Sorensen Ind. e Com. Ltd., Barueri, Brazil) to facilitate
union with the wax pattern. Afterward, the wax patterns were
put into the metal matrix. Stems were positioned and fixed in
the wax patterns. In the experimental patterns, stems were used
as feed channels as well as to position the device for welding.
Patterns were positioned in the metal matrix and cut through
the middle with a surgical blade, so that in each semicircle,
marks were made on the stems to identify the parts of the same
specimen.

Wax patterns—control group and experimental groups
(identified semicircles)—were adapted to the ring base
and invested with Rematitan Plus (Dentaurum, Pforzheim,
Germany—Batch Number 060645) in a proportion of
56 mL/350 g, then manipulated under vacuum and put into
the silicone ring. The casting rings were placed in a furnace
(Model Edgcon 5P, EDG, Sao Carlos, Brazil) to burn out pat-
terns and thermally expand the molds. After removal from the
furnace, the rings were positioned in a Discovery Plasma Ar-arc
vacuum-pressure casting machine (Rematitan, Dentaurum),
where casting of the cp Ti specimens, Titan—grade 1 (Ti min
99.5%, additional elements Fe, O, H, N, and C) (Dentaurum—
Batch Number 0100) was melted with a voltaic arc. This
casting machine produces electric arc melting in vacuum and
an argon-inert atmosphere, with vacuum-pressure injection of
the alloy into the mold. After the rings cooled, the castings
were manually divested and airborne-particle abraded (Model
Microjet III, EDG) with 100-μm aluminum oxide particle abra-
sive under 2-bar pressure for 5 seconds to remove residual in-
vestment, and then put into isopropyl alcohol. Ultrasound was
used to remove any aluminum oxide residuum.

Specimens were positioned in the device by the lateral
stems for the TIG and laser welds to be performed. The de-
vice/specimen set was put inside the laser machine (Desktop
Laser, Dentaurum, Ispringen, Baden-Württemberg, Germany)
and welded with 380 V and pulse length of 8 ms. For the TIG
welding, the device/specimen set was placed on a work surface,
and the welding was done with an Esab machine (Esab S/A,
Contagem, Brazil) with electric current of 36 A and 12 seconds
of argon post flow. After welding, the rods were removed
with a carborundum disk 223 (Dentorium Products Co. Inc.,
New York, NY) mounted on a high-speed device (Nevoni, Sao
Paulo, Brazil).

Specimens were placed in a wood device, and the set placed
on a flat polisher (Model DPU-10, Struers, Denmark, SC)
mounted with carborundum abrasive papers and a stream of
water. The two faces of specimens were finished with abra-
sive paper numbers 80, 360, 400, 600, and 1200 (Norton Ind.
e Com. Ltda., Sao Paulo, Brazil) and polished with felt (Fortel
Ind. e Com. Ltda., Sao Paulo, Brazil) and an aluminum sus-
pension (AP-A Suspension aluminum agglomerated, Struers).
Specimens with mirror-like finish were washed with isopropyl
alcohol and dried with a drier.

Specimens with any porosity were discarded to avoid inter-
ferences in the assay results. The control group was obtained
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Figure 1 Apparatus for the determination of polarization curves of a
metal in a solution using a potentiostat.

by placing the wax patterns into the metal matrix and only one
stem, which worked as a sprue for welding, was put in.

For electrochemical potentiodynamic polarization technique,
a conventional electrochemical cell, constituting a reference
electrode (saturated calomel electrode—SCE), a platinum
counter electrode, and the working electrode (specimens of cp
Ti) was used (Fig 1). The typical anodic polarization curve gen-
erally consists of regions showing active, passive, and transpas-
sive states. In the active state, current density increases quickly
with an increase in the applied potential, resulting in the for-
mation of an oxidized layer on the surface. In the passive state,
increase in current density is reduced and fixed at a specific
level due to the protective effect of the previously formed film.
As potential is increased, the passive film begins to disrupt, and
current density increases vertiginously.

Measurements were taken using a potentiostat/galvanostat
(Model SI 1287 A, Solartron, Farnborough, Hamphsire, UK)
in addition to CorrWare software (Scribner Associates Inc.,
Southern Pines, NC) for data acquisition and CorrView (Scrib-
ner Associates Inc.) for data visualization and treatment. The
potentiodynamic polarization was performed in an artificial
saliva solution (Table 1), with pH 6.9 naturally aerated, in an
ambient temperature of 25◦C, with scanning rate of 2 mV/s,
starting from a cathodic overpotential equal to 100 mV until a
1000 mV (SCE) anodic potential. After 1 hour in open-circuit
conditions, specimen potentials did not range over ± 2 mV for
180 seconds. This potential value was considered as the Ecorr.

To assure reproducibility in the polarization results, three
similar curves were made for each working electrode. Corrosion
potential values were statistically analyzed by the Student’s
t-test.

Results
Figure 2 shows the potentiodynamic polarization curves repre-
sentative of the studied specimens in artificial saliva environ-

Table 1 Artificial saliva composition

Substances Concentration (1L)

Potassium diacid phosphate 0.326 g
Potassium dibasic phosphate 0.803 g
Potassium chloride 0.62 g
Sodium chloride 0.865 g
Magnesium chloride (6H2O) 0.125 g
Calcium chloride (H2O) 0.072 g
Sodium fluoride 4.25 mg
Sorbitol 70% 42.7 g
Flavoring and colorant Minimal quantity for pleasant odor

and taste
Preservative (Nipagin/Nipasol) 10 mL
Thickening 5.0 g
Qsp water 1.0 L

ment. From Figure 2 the electrochemical parameter, ipass, was
measured and included in Table 2 with the Ecorr values.

Figure 2 indicates that the control specimen and TIG spec-
imen have a similar anodic behavior, different than the laser
specimen. Similarly, the control specimen and TIG specimen
have a more active potential than the laser specimen.

The mean potential corrosion values were established
(Table 3) using Student’s t-test as shown in Table 4. The values
are in accordance with the experimental results indicated in
Table 2 and Figure 2.

Figure 2 Potentiodynamic polarization curves representative of exper-
imental and control groups. (Electrolyte: mimetizing saliva solution,
v = 2mV/s, T = 25◦C.)

Table 2 Corrosion potentials (Ecorr) and values of passive current (ipass)
densities obtained from the representative anodic polarization curves

Specimen Ecorr (V) Ipass (A/cm2)

Control −0.47 5.69 × 10−6

Laser −0.06 1.65 × 10−5

TIG −0.43 4.19 × 10−6
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Table 3 Medium values of corrosion potentials (Ecorr) obtained from the
representative anodic polarization curves

Specimen Ecorr (V)

Control −0.49
Laser −0.16
TIG −0.45

Table 4 Results of Student’s t-test—distribution of corrosion potential
values

Control × TIG Control × Laser TIG × Laser

Nonsignificant Significant Significant
(p > 0.05) (p < 0.01) (p < 0.05)

Discussion
The control and the TIG specimens had a similar anodic behav-
ior with clear passive regions and well-defined passive current
densities (ipass) around 5 × 10−6 A/cm2 (Fig 2). On the other
hand, the laser specimen does not show a specific passive re-
gion, because the current densities increase slowly with the
applied potential. Despite the improvement of current density
with potential, the level of current is still very low around 3 ×
10−5A/cm2 at 1000 mV × SCE. As a consequence, it is pos-
sible to observe a very low anodic current in all specimens as
a typical characteristic of titanium. Even though the artificial
saliva environment has a significant amount of chlorides, the
polarization curves do not show a characteristic pitting poten-
tial, indicating that superficial film remains intact because film
disruption does not occur in any case. Laser and TIG processes
have a typical heat input during the welding processes and, as a
consequence, the Ti microstructures are different in both cases,
promoting a different anodic behavior. For Ni-Ti alloys, inter-
metallic phases may promote places of passive film disruption
and decrease resistance to corrosion at the points of union of
laser welding.13

The hypothesis was accepted, because the analysis of Ecorr

indicates a remarkable difference in specimen Ecorr, show-
ing that control and TIG specimens have a similar Ecorr

(around −0.46 V), which corresponds to 400 mV more ac-
tive than the Ecorr of the laser specimen (around −0.06 V). This
fact indicates that laser specimens are less susceptible to corro-
sion than the other two specimens. On the other hand, it is more
difficult to reach the passive condition with laser specimens
than with control and TIG specimens. These results indicate
that the laser and TIG welding processes have distinct roles
in corrosion resistance of cp Ti due to different heat input oc-
curring during the welding processes. Each process promotes
specific Ti microstructures with different anodic behavior.

Conclusions
Within the limitations of this study, the following conclusions
can be drawn:

1. Specimens welded by laser processes are less susceptible
to corrosion.

2. Specimens welded by TIG are easier to passivate.

Although in vitro electrochemical polarization techniques are
valuable aids in the comparison of metal electrochemical behav-
iors, data obtained from these studies are useful for comparative
purposes only, and direct extrapolation to the clinical situation
should be made with caution and supported with long-term
clinical studies.
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