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Tensile and Flexural Strength of
Commercially Pure Titanium Submitted
to Laser and Tungsten Inert Gas Welds

Juliana Abdallah Atoui', Daniela Nair Borges Felipucci', Valéria Oliveira
Pagnano’, lara Augusta Orsi', Mauro Antonio de Arruda Nébilo?, Osvaldo
Luiz Bezzon'

This study evaluated the tensile and flexural strength of tungsten inert gas (TIG) welds
in specimens made of commercially pure titanium (CP Ti) compared with laser welds.
Sixty cylindrical specimens (2 mm diameter x 55 mm thick) were randomly assigned to
3 groups for each test (n=10): no welding (control), TIG welding (10 V, 36 A, 8 s) and
Nd:YAG laser welding (380 V, 8 ms). The specimens were radiographed and subjected to
tensile and flexural strength tests at a crosshead speed of 1.0 mm/min using a load cell
of 500 kgf applied on the welded interface or at the middle point of the non-welded
specimens. Tensile strength data were analyzed by ANOVA and Tukey's test, and flexural
strength data by the Kruskal-Wallis test (a=0.05). Non-welded specimens presented
significantly higher tensile strength (control=605.84+19.83) (p=0.015) and flexural
strength (control=1908.75) (p=0.000) than TIG- and laser-welded ones. There were no
significant differences (p>0.05) between the welding types for neither the tensile strength
test (TIG=514.90+37.76; laser=515.85+62.07) nor the flexural strength test (TIG=1559.66;
laser=1621.64). As far as tensile and flexural strengths are concerned, TIG was similar to
laser and could be suitable to replace laser welding in implant-supported rehabilitations.
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Introduction

The development of safe surgical techniques and
biomaterials increased greatly the use of osseointegrated
implants. However, research is still needed to make this
method increasingly safer (1).

Titanium and its alloys are used since 1950, first in the
aerospace industry and currently in several areas including
Dentistry, due to its excellent biocompatibility, low density,
high module of elasticity, high resistance to corrosion,
low cost and low thermal conductibility (2-4). These
characteristics allow their use by lost wax technique and
mechanical and electronic polishing process is facilitated,
increasing its applicability.

In Dentistry, commercially pure titanium (CP Ti) stands
out with success as implant material even as prosthesis
supra-structure, due to biocompatibility and low cost. In this
way, CP Ti is considered the ideal material for restorations
that involve osseointegrated implants and metallic supra-
structure restorations (5,6). However, the strong chemical
reactivity of Ti and its fast level of reaction and diffusion at
high temperatures resultin problems with welding, melting
and brazing processes (7). The welding has the greatest
potential of affecting material properties, usually increasing
hardness and decreasing tensile strength and ductility
(8,9). Thus, the processes that seem to be suitable to weld
titanium are plasma, electron beam, laser, hearth brazing,

infrared brazing, metal inert gas (MIG) and tungsten inert
gas (TIG) (3,10). Itisimportant to note that all these methods
are performed in a protective atmosphere (11,12), because
the contamination with gases turns the metal crumbly
and it can result in alterations of the crystalline structure,
that influence directly on the mechanical properties of
the titanium and its alloys. The laser process is the most
common method used to weld titanium. It is characterized
by a monochrome electromagnetic light whose energy
beam can be concentrated in a focal point resulting in the
union process (11). Some advantages of this method are
the absence of direct contact with the welded area, more
defined welding area with less heating and no influence
of magnetic field on the laser beam (13,14). However,
the main disadvantage of laser welding is the cost of the
equipment, which makes the implant-supported prostheses
with titanium supra-structures expensive. Furthermore,
researchers concluded that laser welding is effective, but the
results may vary greatly because of the different intensities
of radiation and argon gas flow used (7,15).

In TIG welding, the arc is formed involving the non-
consumable electrode and the piece of metal. The electric
or welding arc is formed by a flow of inert gas around the
electrode minimizing oxidation during the welding process
(16). This process is widely used in manufacturing and
industrial maintenance, welding plates of small thickness
(0.2 to 8 mm), carbon steel, stainless steel, aluminum and



its alloys, copper and its alloys, titanium, zirconium, nickel
and its alloys and tungsten. As the cost of TIG welding
equipment is lower than that of laser welding, this method
could contribute significantly to reduce the final cost of
oral rehabilitations.

Evaluating the effect of TIG welding on titanium
properties (e.g.: tensile and flexural strength) as a less
expensive alternative to laser welding is important to
reduce the cost of implant-supported prostheses. This study
evaluated the tensile and flexural strength of TIG and laser
welds in CP Ti specimens. The work hypothesis was that the
tensile and flexural strengths of Cp Ti are not different for
the TIG-welded and laser-welded groups.

Material and Methods

Sixty cylindrical titanium specimens (2 mm diameter
and 55 mm thick) were fabricated for the tensile and
flexural strength tests using the lost-wax casting technique.
Six wax rod patterns were distributed in each silicon-
casting ring. Inclusion was done using Rematitam Plus
investment (Dentaurum, Pforzheim, Germany) according
to the manufacturer’s instructions. The investment molds
were placed in a furnace (Edgcon 5P; EDG, Sdo Carlos, Séo
Paulo, Brazil) to burnout wax patterns and expand the
investment thermally. The heating and cooling rate was 5
°C/min, and the cycle steps were: room temperature up to
150 °C, hold 90 min; 150 °C to 250 °C, hold 90 min; 250
°C to 1,000 °C, hold 60 min and 1,000 °C to 400 °C with
a holding time of no longer than 90 min before casting.
The duration time of the complete cycle was 10 h. After
removal from the furnace, the investment molds were
positioned in the casting machine (Rematitan; Dentaurum)
where titanium was melted with a voltaic arc. Air was
automatically evacuated from the casting machine's
functional chamber and an inert argon atmosphere was
provided for melting and casting. The molten titanium was
injected into the investment mold by a combination of
vacuum and pressure. To cast each investment mold, 22 ¢
of CPTi (Tritan, Titanium 99.6%, Grade |; Dentaurum) were
used. After the investment mold cooling, the castings were
divested manually and airborne-particle abraded (Model
Microjet lll; EDG) with 50 um aluminum oxide (Aluminum
Oxide 50; Asfer Industria Quimica Ltda., Sdo Caetano do Sul,
SP, Brazil), under 2 bar pressure for 5's, to remove residual
investment. Castings were then separated from the sprue
and randomly assigned to 3 groups (n=10) for each test
(tensile and flexural strength): no welding (control), TIG
welding and Nd:YAG laser welding.

A digital caliper (Mitutoyo Digimatic Caliper, model
500-151; Mitutoyo Corp., Tokyo, Japan) was used to delimit
the central areas of the specimen that were sectioned with
an extra high-quality carborundum disk (Dentorium Export
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Ltd, New York, NY, USA).

The specimens were radiographed with periapical films
(Ektaspeed Plus, Eastman Kodak, Rochester, NY, USA) to
check the presence of porosities in an x-ray unit with 60
KV, 10 mA, 0.6 s exposure time and a 10 cm focus-film
distance. The radiographs are used to evaluate cast titanium
and titanium alloy frameworks as an efficient method to
identify internal porosities (15-17). Two specimens with
excessive voids were excluded.

Specimens were positioned in the device by the lateral
stems for the TIG and laser welds to be performed. For
the TIG welding, the device/specimen set was placed on a
working surface and welding was done with an electric Esab
machine (Esab S/A, Contagem, MG, Brazil) with 10V, 36 A
and 8sofargon post flow. For the laser welding, the set was
placed inside the laser machine (Desktop Laser; Dentaurum)
and welded with 380 V and pulse length of 8 ms. After
welding, the specimens were tested in a mechanical testing
machine (Model DL 2000; EMIC, Sdo José dos Pinhais, PR,
Brazil) and subjected to shear bond testing with a 500-kgf
load cell at a crosshead speed of 1.0 mm/min. The tensile
test value (MPa) was recorded as the maximum value before
the disruption. A three point bending flexural test (MPa)
was used for analysis of flexural strength.

Tensile strength data were analyzed by ANOVA and
Tukey's test, and flexural strength data by the non-
parametric Kruskal-Wallis test. All statistical analyses were
performed with o equal to 0.05.

Results

Non-welded specimens presented significantly higher
tensile strength (control=605.84+19.83) (p=0.015) an
flexural strength (control=1908.75) (p=0.000) than TIG- an
laser-welded ones. There were no significant difference
(p>0.05) between the welding types for neither the tensil
strength test (TIG=514.90+37.76; laser=515.85+62.07) no
the flexural strength test (TIG=1559.66; laser=1621.64
(Figs 1 and 2).

Discussion

Since its introduction in the 1980's, titanium and its
alloys have been a material of great interest in Dentistry,
mainly for dental implants, fixed and removable prostheses,
due toitsreduced cost, physical properties, biocompatibility,
high corrosion resistance, low specific gravity and
satisfactory mechanical properties (1,3,4,8,9). However,
many technical problems are associated with the use of
Ti cp and its alloys in dental prostheses, as the welding
process. In the welding process, three zones are formed on
the metal surface: welded, heat-affected zone and metal-
base zones. The quality of the joint is an important factor
in determining the resistance of welded titanium (3,18-20).
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The results obtained in this study demonstrated
statistical differences between the experimental groups
(TIG and laser) and control. The TIG- and laser-welded
specimens presented lower tensile strength values than the
non-welded group, but there was no statistical difference
between welding groups. Wiskott et al. (21) obtained
similar results when TIG and laser methods were compared
in relation to tensile results. The authors also studied the
hardness, which was not indicated to evaluate the joints
resistance, and just compared the welding types between
them, but not to the control (no welding).

Due to the lower amount of gas included during

titanium casting compared with the amount included
during the welding process, hardness is increased and
ductility is reduced (19). Some studies have reported that
welded structures present worse properties than cast
specimens, such as lower mechanical resistance, higher
corrosion and increased pore incorporation (11,22).

Using scanning electron microscopy, it was observed
that the laser-welding region is not completely melted
and the 0.7 mm penetration depth reduced specimen's
resistance, indicating that this method is not suitable for
welding surfaces exceeding 1 mm in diameter (22).

The welded laser mechanical strength depends on
the type of welding metal (23,24)
quantity and laser wavelength,
energy density, duration of exposure

and pulse repetition rate (4). Titanium
has low thermal conductivity, high

Control TIG

Figure 1. Tensile strength results. Error bars represent standard deviations (=0.05). Different
uppercase letters indicate statistically significant difference (Tukey’s test).

melting point and it is extremely
reactive at high temperatures (2).
Titanium's low conductivity and
high laser absorption capacity allow
increasing the penetration depth
into different thicknesses, without
affecting its strength properties
(14,22). In this study, 2-mm diameter
specimens were welded using at
least four laser pulse applications
(380 V and 8 ms) on both sides to
obtain complete welding and more
substantiated results. Specimens
with 2 mm in diameter were used
because they are compatible with
welded joints used in prosthodontics
clinically.

There are some laser welding

Laser

parameters that must be followed
in order to obtain high-quality
welding results (3,15,24). Welding

TIG

Control

Figure 2. Flexural strength results. Different uppercase letters indicate statistically significant

difference (Kruskal-Wallis test).
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the specimen bilaterally significantly
improves the welding strength (25).
Studies suggested that the use of
multi-pulsed laser on titanium can
improve the depth of penetration
and reduce damage to the surface
(11,23). No differences were found in
the depth of penetration, according
to pulse duration (23). When 3 mm
diameter rods were evaluated, it was
observed that the central portion was
not well welded, which demonstrates
low ductility, probably due to failure
grains cleavage (12).

Laser



The combination of laser welding and titanium was
indicated as an efficient method (12,21,24) despite the
results differing with the applied radiation intensity
(3.9,20,24). Some studies suggested that the mechanical
strength of laser-welded areas was similar or better than
the non-welded metal (3,9,19,22). The use of 300 V voltage
and pulse duration of 12 ms may increase the welding
depth and improve the mechanical properties of the welded
joints (3,9,19,22). In this study, despite the higher voltage
(380 V) and lower exposure time (8 ms), the results were
corresponding to these other studies findings, due to the
proportionality of the adjustment parameters.

In the present study, visual analysis revealed that the
heat-affected zone (HAZ) of TIG welding was greater than
of the laser, despite the similar strength results. Exposure
time and voltage were adjusted in order to compensate this
method's limitation. Other factors should be considered in
order to evaluate the HAZ by technicians and dentists, as
the design of the joint, the energy released to the areas
to be joined, the method of energy dispersion, the cooling
rate and amount of contamination during the procedure.

The flexural strength test simulates the three-point of
a prosthesis at least two elements. The results revealed no
significant differences between the two welding methods,
but there was significant difference between non-welded
and welded specimens. Similar results were shown in the
tensile strength test. Changes of the micro-crystalline
structure and contamination of welded joints are suggested
to be responsible for reducing considerably the flexural
strength compared to the non-welded specimens (control).

The study of Rocha et al. (14) demonstrated differences
between laser and TIG welding, where TIG welding is carried
out under the following parameters: 10V, 15-20 A and 12
s post-flow time and it showed higher flexural strength
than laser welding and without filling material. In this
study, the argon was used to avoid the oxidation process
that could be harmful to the process of union. There was
no signifciant difference between the two welded groups
for tensile and flexural strength. The same finding was
observed in the study of Hart and Wilson (13), where the
laser welding showed worse results than TIG welding.
TIG welding is characterized by greater amount of heat,
suggesting that more metal should be melted, resulting in
more extensive, deeper and stronger gathering. In order
to compensate the low energy during TIG welding, the
equipment must be adjusted to apply a continued electrical
discharge for a longer period (3 to 12 s) (7,20).

Under the tested conditions and considering the study
limitations, it may be concluded that, as far as tensile
strength and flexural strength are concerned, the TIG
method used to weld titanium was similar to laser and
could be suitable to replace laser welding, reducing the
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final cost of implant-supported rehabilitations.

Resumo

Este estudo avaliou a resisténcia a tracdo e a flexdo de soldas feitas com
gés inerte de tungsténio (TIG) em amostras de titdnio comercialmente
puro (Ti CP) em comparagdo com a solda a laser. Sessenta amostras
cilindricas (didmetro de 2 mm e espessura de 55 mm) foram distribuidas
aleatoriamente em trés grupos para cada ensaio (n=10): sem solda
(controle), solda TIG (10V, 36A, 8 s) e solda com laser de Nd:YAG (380 V, 8
ms). As amostras foram radiografadas e submetidas aos testes de resisténcia
a tracdo e a flexdo em maquina de ensaios mecanicos a velocidade de
1mm/min com célula de carga de 500 kgf aplicada na interface soldada
ou no ponto médio das amostras controle. Os dados de resisténcia a tracdo
foram analisados estatisticamente por ANOVA e teste de Tukey e os dados
de resisténcia a flexdo pelo teste de Kruskal-Wallis (¢=0,05). Espécimes
nio-soldados apresentaram resisténcia a tracéo (controle=605,84+19,83)
(p=0,015) e resisténcia a flexdo (controle=1908,75) (p=0,000)
significantemente maiores que os solados com TIG ou laser. Ndo houve
diferenca estatisticamente significante (p>0.05) entre os tipos de solda
no teste de resisténcia a tragdo (TIG=514,90+37,76; laser=515,85+62,07)
nem no teste de resisténcia a flexdo (TIG=1559,66; laser=1621,64). As
resisténcias a tracéo e a flexdo foram similares quando as amostras foram
soldadas com TIG e a laser.
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