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Mesquita TR. Avaliacao in vitro da solda elétrica em fios de niquel-titanio [Dissertacao
de Mestrado]. Araraquara: Faculdade de Odontologia da UNESP; 2016.

RESUMO

OBJETIVO: Determinar a poténcia mais adequada para a solda elétrica em fios de
NiTi; mensurar a resisténcia a tracdo desta solda; avaliar a superficie da solda
microscopicamente e com um rugosimetro digital. MATERIAIS E METODOS: Cento
e oitenta pares de fios de NiTi foram divididos em grupos de acordo com seus
fabricantes: Gl (Orthometric, Marilia, Brazil), Gll (3M OralCare, St. Paul, CA) e GllI
(GAC,York, PA); e soldados por uma maquina de solda elétrica. Cada grupo foi
subdividido em subgrupos com soldas de diferentes poténcias. O estudo foi dividido
em duas partes: a primeira parte testou noventa pares de fios soldados desde a
poténcia minima de unido até a poténcia 0.5 menor aquela que provocou a fratura dos
fios durante a solda, de modo que o Gl e Gll compreendem 6 subgrupos (poténcias
2.5, 3, 3.5,4,4.5e5) e o Glll 4 subgrupos (poténcias 2.5, 3, 3.5 e 4), sendo que cada
unidade de poténcia da maquina utilizada representa 500W. Os pares de fios soldados
foram testados em uma maquina de ensaios mecanicos até a ruptura e os valores de
resisténcia maxima foram registrados. Analise de variancia (ANOVA) e teste de Tukey
foram realizados para determinar qual poténcia dentro de cada grupo apresentava a
melhor resisténcia a tracdo. A segunda parte do estudo utilizou a poténcia mais
adequada para cada fabricante, obtida no estudo anterior, e variou a poténcia 0.25
para mais e para menos em cada grupo, assim o Gl e Gll testou as poténcias 3.75, 4
e 4.25 e o Glll as poténcias 3.25, 3.5 e 3.75. De maneira anéloga a primeira parte do
estudo, mais noventa pares de fios foram soldados de acordo com seu grupo e
testados até a ruptura. Adicionalmente, foi realizado microscopia eletrénica de
varredura com feixe de emissdo de campo e testes de rugosidade superficial para
refinar os resultados sobre a poténcia mais adequada. ANOVA e teste de Tukey foram
realizados para definir qual subgrupo dentro de cada grupo obteve a maior resisténcia,
e testes de Friedman e Wilcoxon foram utilizados para os resultados da rugosidade.
RESULTADOS: No primeiro estudo, a poténcia 2.5 exibiu a menor resisténcia a tracéo
(43.75N GI, 28.41N Gll e 47.57N Glll), enquanto que a poténcia 4 apresentou melhor
performance nos Gl e GIl (97.90N e 99.61N, respectivamente), e a poténcia 3.5 no
GllII (79.28N). No segundo estudo, houve diferenca entre as resisténcias a ruptura
apenas nos Gl e GIl. A poténcia 4 apresentou uma resisténcia de 95.37N (Gl) e
101.90N (GlI), entretanto semelhantes as poténcias 3.75 e 4.25 para seu respectivo
grupo. O diametro da area de solda e o extravasamento do material aumentaram
conforme as poténcias foram aumentadas nos trés grupos. A rugosidade mostrou-se
diferente no GlI, ja no Gl e GlIlI as poténcias mais altas apresentaram rugosidades
semelhantes (1.15Ra e 1.47Ra no Gl, e 0.54Ra e 0.71Ra no Glll). CONCLUSOES: A
poténcia mais adequada para solda elétrica a ponto em fios de NiTi das marcas
Orthometric e 3M foi 4 e para a marca GAC 3.5.

Palavras-chaves: Soldagem. Titanio. Ortodontia. Topografia.



Mesquita TR. In vitro evaluation of welding nickel-titanium wires [Dissertacdo de
Mestrado]. Araraquara: Faculdade de Odontologia da UNESP; 2016.

ABSTRACT

OBJECTIVE: To determine the most appropriate power for the electric welding of NiTi
wires; measure the weld tensile strength; asses the weld surface microscopically and
by a digital profilometer. MATERIALS AND METHODS: One hundred and eighty pairs
of NiTi wires were divided into groups according to their manufacturers: Gl
(Orthometric, Marilia, Brazil), Gll (OralCare 3M, St. Paul, CA) and GlII (GAC, York,
PA); and welded by a welding machine. Each group was divided into subgroups with
different powers welding. The study was divided into two parts: the first one tested
ninety pairs of welded wires from the minimum power up to a 0.5 below that of the weld
fracture, such the Gl and GlI incluses 6 subgroups (powers 2.5, 3, 3.5, 4, 4.5 and 5)
and GllIl 4 subgroups (powers 2.5, 3, 3.5 and 4), where in each power unit of the
machine is 500W. The welding were tested in a mechanical testing machine until failure
and maximum resistance values were recorded. Analysis of variance (ANOVA) and
Tukey tests were performed to determine which subgroup showed the best tensile
strength. The second part of the study used the most appropriate power for each
manufacturer, obtained in the previous study, and varied 0.25 power to up or down in
each group, so the Gl and GlI tested the powers 3.75, 4 and 4.25 and GlII the powers
3.25, 3.5 and 3.75. In a similar way, ninety pairs of wires were welded according to
their group and tested to fracture. Scanning electron microscopy with field emission
beam and surface roughness testing were made to refine the results on the most
appropriate power. ANOVA and Tukey tests were conducted to determine which
subgroup within each group had the highest strength and Friedman and Wilcoxon tests
were used for the roughness results. RESULTS: In the first study, the 2.5 power
exhibited the lower tensile strength (43.75N GlI, Gll and 28.41N 47.57N GlII), while the
4 power showed better performance in Gl and GIlI (97.90N and 99.61N, respectively)
and 3.5 power in GlII (79.28N). In the second study, there was a difference between
the tensile strengths only in Gl and GII. The 4 power showed a resistance of 95.37N
(Gl) and 101.90N (GlI), but similar to the 3.75 power and 4.25 for these groups. The
weld area diameter and material leakage increased as the power was increased in all
three groups. At Gl and Glll the higher powers had similar roughness (1.15Ra and
1.47Ra in Gl and 0.54Ra and 0.71Ra in Glll), while was different in the Gll.
CONCLUSIONS: The most suitable power to electric spot welding of NiTi wires of
Orthometric and 3M brands was 4 and 3.5 to GAC brand.

Keywords: Welding. Titanium. Orthodontics. Topography.
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1 INTRODUCAO

O movimento ortoddntico € obtido pela aplicacdo de forcas sobre os dentes que
resultam no processo de remodelacdo 6ssea (Arciniegas et al.3, 2013; Sevilla et al.??,
2008). As forcas devem ser de baixa magnitude e natureza continua para um
movimento fisiolégico e controlado dos dentes e estruturas adjacentes (Gravina et al .8,
2013; Krousbroeck et al.'4, 1982). Isso minimiza a destruicdo tecidual e produz
estresse relativamente constante no ligamento periodontal (Andreasen, Morrow?,
1978; Andreasen, Zwanziger?, 1980; Sevilla et al.??, 2008).

Os fios em forma de arco representam a unidade basica da terapia ortodéntica
(Juvvadi et al.1%, 2010; Krishnan, Kumar!3, 2004), sendo que a deformacéo elastica
deste arco e a sua consequente resiliéncia irdo originar as forcas corretivas para o
movimento ortoddntico (Krousbroeck et al.14, 1982; Sevilla et al.?2, 2008).

O niquel titanio (NiTi) foi descoberto em 1959, mas sua aplicacdo comercial é
mais recente, pois o0 entendimento sobre seu comportamento vem sendo aprimorado
(Tam?4, 2010). Assim, por volta de 1965, o pesquisador metalurgista William F.
Buehler, no Laboratério da Artilharia Naval (Naval Ordinance Laboratory —NOL) da
marinha dos Estados Unidos, desenvolveu uma liga metélica com memoria, que foi
chamado de Ni-Ti-Nol (Andreasen, Morrow?!, 1978; Kauffman, Mayo'?, 1997).

O NiTi é definido como um composto intermediario (IMC) equiatdmico ou
aproximadamente equiatdmico de niquel e titdnio. E ao contrario dos convencionais
IMCs, a liga pertence a uma classe de materiais especiais denominadas de ligas com
memoria de forma (Shape Memory Alloys- SMA) (Tam?4, 2010).

A liga de NiTi apresenta um conjunto de pequenas regides de cristais simples,
chamados graos ou granulos, todos com tamanho, forma e orientacao aleatérias. O
aguecimento reestrutura a rede atbmica dentro dos graos individuais, e 0os atomos
adotam a fase austenitica (atomos ordenados), que tem uma estrutura atbmica em
que cada atomo de niquel é cercado por oito atomos de titdnio nas arestas do cubo.
Cada atomo de titdnio € igualmente rodeado por um cubo de atomos de niquel
(Kauffman, Mayo'?, 1997).

O NiTi apresenta propriedades funcionais como superelasticidade, boa
resisténcia a fadiga e a corrosao, baixo custo e biocompatibilidade, o que permite
varias possibilidades de utilizacdo (Andreasen, Morrow?!, 1978; Lin et al.'®, 2007;

Tamada et al.?%, 2012). Estas particularidades facilitaram o uso na clinica ortodontica,
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ja que a liga permite uma boa distribuicdo de forcas com um menor desconforto ao
paciente (Andreasen, Morrow?, 1978; Andreasen, Zwanziger?, 1980). O resultado é
um movimento efetivo em um tempo menor quando comparado com as demais ligas,
como por exemplo o aco inoxidavel (Arciniegas et al.3, 2013; Sevilla et al.??, 2008).

A base da elasticidade e da memodria de forma do NiTi sdo dois aspectos do
mesmo efeito, ambos intimamente ligados a transformagdo de fase cristalina
reversivel que ocorre no estado sélido do material, conhecida como transformacao
martensitica (Delobelle et al.®, 2012; Tam?*, 2010). Esta transformacdo se inicia
quando a liga é resfriada- por uma temperatura denominada Ms (martensite start), e
se completa em Mf (martensite finish), quando o material é considerado martensitico.
No sentido oposto, a transformacdo reversa ou austenitica, se inicia, com o
aguecimento- na temperatura As (austenite start) e termina em Af (austenite finish),
quando entdo o material é austenitico (Buehler, Wang*, 1967; Kauffman, Mayo??,
1997).

Todavia, mesmo com as caracteristicas ja mencionadas, a necessidade de
realizar soldas de acessorios ou fragmentos de fio em ligas de NiTi ainda existe e traz
consigo novas possibilidades de mecanicas ortodonticas (lijima et al.1°, 2008). Por
isso, a unido de acessoérios em fios de arco ortoddnticos com a finalidade de
proporcionar forcas adequadas tem fascinado os clinicos (Vijayalakshmi et al.?,
2009).

A soldagem € um processo metallrgico de unido de superficies, que consiste
na fusdo dos metais, com ou sem metal de preenchimento, para formacao da junta
(Tambasco et al.?®, 1996; Wang, Chang?®, 1998; Wang, Welsch?3°, 1995), que pode ou
nao ter sofrido aquecimento. Para ocorrer a solda, deve existir uma quantidade de
energia capaz de unir dois metais similares ou néo (Wiskott et al.3?, 2001), sem causar
distorcdo na peca. Uma solda satisfatéria ndo deve ter sofrido oxidagdo nem ter sido
comprimida durante a fusdo (Philips'®, 1991). Este processo € importante, pois a
gualidade das soldagens diminui o tempo final de tratamento e os custos, porque evita
desperdicio de tempo ao repetir o procedimento.

A solda prata é bastante utilizada na clinica ortodéntica, no entanto pesquisas
demonstram que alguns ions podem ser liberados a partir dela (Oh, Kim?8, 2005;
Sestini et al.?1, 2006; Vande Vannet et al.?’, 2007) e isto pode levar a efeitos colaterais

que causam alteracdes toxicas ao ser humano, como interferéncia na diferenciacao
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dos osteoblastos, viabilidade dos fibroblastos e crescimento dos queratécitos (Freitas
et al.”, 2009; Sestini et al.?1, 2006). Assim, a solda ponto elétrica tem sido indicada
como uma alternativa segura em ortodontia, pois € bem tolerada pelas células (Sestini
et al.?, 2006).

A solda ponto elétrica € um processo em que duas ou mais superficies sao
unidas pelo calor gerado por uma corrente elétrica que passa através das amostras
mantidas em unido pela forca aplicada pelos eletrodos (Correr Sobrinho®, 1997)
(Figura 1). Os eletrodos séo aquecidos por um rapido pulso de baixa voltagem e alta
amperagem para fundir o metal, o que gera a solda (Williams, Stell*?, 2005). Este tipo
de solda apresenta menor tempo de confeccao, facilidade de trabalho, custo inferior
em relacdo a solda a laser, trabalho laboratorial simplificado, higiene e estética
favoraveis. Porém, tem sido evitada onde € necessaria uma maior resisténcia
mecanica (Lopes et al.’®, 2000). Dentre os fatores que interferem na qualidade da
solda e nas suas caracteristicas mecanicas devem ser considerados: o tipo de
maquina de solda, o formato e pressao dos eletrodos, a liga do fio utilizado, seccao
transversal dos fios, orientacdo dos fios na unido, resisténcia a tracéo, dissipacéo do

calor e condicéo da superficie (Nelson et al.X’, 1987; Tamada et al.?°, 2012).

Figura 1 - Desenho esquematico do processo de solda elétrica ponto.

a. Eletrodos proximos para a passagem da corrente elétrica.
b. Formagé&o da solda.
Fonte: Elaboracéo prépria

As ligas de NiTi sdo caracteristicamente dificeis de sofrer a solda, devido ao

alto ponto de fusao e reatividade com gases oxigénio, nitrogénio e hidrogénio em altas
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temperaturas (lijima et al.’?, 2008; Taira et al.?, 1989). Entretanto, em diversas
situacdes clinicas, unides homogéneas ou heterogéneas entre componentes do NiTi
sdo desejadas, 0 que aumenta o interesse pela influéncia nas propriedades fisico-
mecanicas da liga, com destaque ao método de soldagem (Gugel et al.®, 2008; Qiu et
al.?%, 2006).

Assim, o uso clinico das ligas de niquel-titnio poderia ser mais explorado com
a utilizacao de soldas nesses fios. Soldagem de pequenos pedacos de fios de NiTi ao
fio principal da mesma liga permitiriam a utilizacdo de ganchos para a uso precoce de
elasticos e stops, sem contar que molas de NiTi soldadas aos fios permitiriam trazer
a superelasticidade, a memoria de forma e a baixa deformagéo da liga a outras
situacdes clinicas do que as convencionais.

Estes fios sdo muito Uteis ao ortodontista, pois permitem ganho de tempo de
atendimento ao paciente, por evitar a confeccao de alcas ou dobras auxiliares, e
podem permanecer ativos na cavidade bucal por um longo periodo de tempo. A
possibilidade de realizar a soldagem por resisténcia neste tipo de liga traz muitas
alternativas mecanicas para os ortodontistas por permitir modificacdo do sistema de
forcas e consequentemente apresenta uma grande importancia clinica. Diante disso,
0 objetivo deste estudo € determinar a poténcia mais adequada para se alcangcar uma
solda elétrica a ponto suficientemente resistente ao uso clinico e sem alteracdes

significativas na superficie.
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2 PROPOSICAO

Serdo descritos neste topico 0s objetivos gerais e especificos deste trabalho

cientifico.

2.10bjetivo geral

O objetivo desse estudo é avaliar a solda a ponto elétrica em fios de niquel-
titdnio e determinar a poténcia mais adequada para soldar fios 0.018” € 0.017” x 0.025”

NiTi de 3 marcas comerciais Orthometric, 3M e GAC.

2.2 Objetivos especificos

1- Mensurar a resisténcia a tracdo até a ruptura de soldas elétricas a ponto em
fios de NiTi 0.018” e 0.017” x 0.025” com 0 aumento das poténcias utilizadas,
dentro das marcas comerciais testadas;

2- Avaliar microscopicamente a area de fusdo de soldas elétricas a ponto em fios
de NiTi 0.018” e 0.017” x 0.025” com o aumento das poténcias utilizadas,
dentro das marcas comercias estudadas;

3- Comparar a rugosidade superficial da area de soldas elétricas a ponto em fios
de NiTi 0.018” e 0.017” x 0.025” com o aumento das poténcias utilizadas,

dentro das marcas comerciais testadas.
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3 PUBLICACOES

Este trabalho de dissertacdo de mestrado foi subdividido em dois artigos cientificos
que serdo posteriormente publicados em periédicos.

3.1 Publicacéo 1

WELDING STRENGTH OF NITI WIRES*

* Artigo a ser submetido ao periédico American Journal of Orthodontics and Dentofacial
Orthopedics.
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ABSTRACT

Objective: To identify the appropriate power level for an electric resistance welding of
nickel-titanium (NiTi) wires. Materials and Methods: Eighty pairs of 0.018" and
0.017"x 0.025" NiTi wires were divided into three groups according to their
manufacturers: Gl (Orthometric, Marilia, Brazil), Gll (3M OralCare, St. Paul, CA) and
Gl (GAC,York, PA); and welded by electrical resistance. Each group was divided into
subgroups of 5 pairs of wires where welding was done with different power levels. In
Gl and GlI, power levels of 2.5, 3, 3.5, 4, 4.5 and 5 were used while in Glll 2.5, 3, 3.5
and 4 were used (each unit of power of the welding machine represents 500W).The
pairs of welded wires underwent a tensile strength test on an universal testing machine
until rupture and the maximum forces were recorded. Analysis of variance (ANOVA)
and post hoc tests were conducted to determine which subgroup within each brand
group had the greatest resistance to rupture. Results: The 2.5 power exhibited the
least resistance to rupture in all groups (43.75N for GI, 28.41N for Gll and 47.57N for
Glll) while the 4.0 power provided the highest resistance in Gl and Gl (97.90N and
99.61N, respectively), while in GlII (79.28N) the highest resistance was achieved with
a 3.5 power welding. Conclusions: The most appropriate power for welding varied for
each brand, which is 4.0 for Orthometric and 3M, and 3.5 for GAC NiTi wires.

Key Words: Spot welding, Nickel titanium, Orthodontics.
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INTRODUCTION

Electric resistance spot welding allows two or more metallic surfaces to be
joined by the heat produced from an electric current conducted by two electrodes that
hold both surfaces in tight contact.? This procedure is routinely in orthodontics with
stainless steel and beta-titanium wires, but has not been used with nickel-titanium
(NiTi) alloys. The reason for that might be because the orthodontic literature reports
that NiTi wires cannot be welded,® even though this information diverges from
evidences on the field of materials engineering.*

NiTi wires could be further explored if welding is used. Short pieces of NiTi wires
could be welded to the NiTi leveling wire acting as hooks, allowing early use of elastics,
and also as stops, decreasing cost in the orthodontic office. Moreover, springs made
of NiTi could also be welded to the main wires allowing use of superelasticity, shape-
memory and low deformation of NiTi in nonconventional clinical situations. Thus, an
approximate weld of round wires, usually used as initial leveling wire, to rectangular

wires might he used for the mentioned situations.

Even though four papers on electrical resistance welding of NiTi wires have
been published,>2 two of them did not compare the resistance to rupture among the
welding power used.>® Moreover, none of them tested the welding configuration of
round to rectangular wires and did not use more than one commercial brand of NiTi. If
it assumed that different wires might exhibit different responses to heat, an incorrect

power level used for the weld may damage the wires.

Therefore, this study aims to test the weld resistance of NiTi wires in order to
identify the most appropriate power level to be used on wires produced from three

different manufacturers.

MATERIALS AND METHODS

Eighty pairs of 0.018" round and 0.017" x 0.025" NiTi wires were divided into
three groups according to their manufacturers. Group | (GI) was made form wires from
Orthometric (Marilia, Sado Paulo, Brazil), Group Il (GlI) from 3M (3M OralCare, St. Paul,
CA), and Group 111 (GlII) from GAC International (GAC, York, PA, United States).
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The thinner surface of the rectangular wire of each group was welded by
electrical resistance to a respective round wire, (Fig. 1) using a modified spot welding
machine (Pontomatic NiTi - Electronic Automatic/Kernit, Indaiatuba, S&o Paulo, Brazil).
Subgroups were created within each group according to the power levels used for the
welding. Group | and Il were divided into 6 subgroups (5 pairs per subgroup) which
were welded with power levels of 2.5, 3, 3.5, 4, 4.5 and 5 (where each power level of
the welding machine represents 500W), while Group Il wires were divided into 4
subgroups, welded with power levels of 2.5, 3, 3.5 and 4. The tests started at a power
level of 2.5 because it was the smallest power capable of welding wires while higher
values than the ones tested damaged the wires during welding. The welding machine
was calibrated to apply an electric current for 3 milliseconds between two flat
electrodes, that produced a force of 12N when joining the wires, according to the
manufacturer. The weld switch activated only once per weld by the same calibrated

operator.

Rectangular
wire

A) B)

Figure 1 A) Schematics of the electric resistance weld. B) Image of a weld analyzed
by this report.

For the tension test, the welded wires were secured with clamps specially made
for the study, and subjected to the tensile strength tests using a universal testing
machine (EMIC, S&o José dos Pinhais, Parana, Brazil), with a 5 kN load cell. The tests
were performed with a crosshead speed of 0.5 mm per minute until the rupture of the
wires. The dedicated software of the machine recorded the breaking-point force in
Newtons (N).
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Statistical analysis was performed using SPSS software, version 16.0. (SPSS
Inc., Chicago, IL, USA). The data distribution was normal and subgroups were
compared using an analysis of variance with a significance level of 0.05 to identify
subgroup differences while Tukey post hoc test (p=.05) was used to determine which

groups were different.

RESULTS

All the wire ruptures were very close to the weld, in round wire. There was a
difference between the forces registered on the subgroups of Gl (p<.001) (Table 1).
The power levels of 2.5, 3, 3.5 and 5 produced similar forces of rupture, with values of
43.75N, 61.69N, 65.00N and 53.76N, respectively. The power levels of 4 and 4.5 were
similar to each other, but different from the remaining welds, with forces of 97.90N and
92.11N, respectively (Fig. 2).

Table 1: Average of the resistance strength (in Newtons) of NiTi wires welded at
different powers, standart deviations (SD) and significance of the ANOVA (p>.05).
Each unit of power value of the welding machine represents 500W. Different letters in
the columns depict groups differences.

Power Gl (SD) Gll (SD) Glll (SD)
2.5 43.75N2 (6.10)  28.41N2(12.36)  47.57N2(4.39)
3 61.69N2(9.41)  79.66N°°(7.64)  67.96Nab (4.77)
3.5 64.99N%(11.11)  89.75N°(12.48)  79.28Nx(12.62)
4 97.90NP (11.59) 99.61N°(10.14)  67.69N2P(18.14)
4.5 92.11NP(17.51)  93.61Nc(15.74)
5 53.74N2(14.39)  58.79NP (18.29)

Sig.

<.001

<.001

.004
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Figure 2 Graph of maximum tensile strength of the electric resistance welds in NiTi
wires of the groups tested according to the powers used. * One unit of power of the
welding machine represents 500W.

There was also a difference between the force values of Gll (p<.001). The power
level 2.5 resulted in a maximum force of 28.41N different to the other power levels.
The power level 5 and 3 (58.79N and 79.66N, respectively) produce similar forces,
which were different from the remaining weld powers. The levels 3, 3.5, 4 and 4.5 were
similar and produced forces of 79.66N, 89.75N, 99.61N and 93.61N, respectively (Fig.
2).

Glll also showed a difference between the force registered (p=.004). The weld
with a power level 2.5 produced a maximum force of 47.57N, which was similar to the
power levels 3 (67.96N) and 4 (67.69N). The power level 3.5 produced a maximum
force of 79.28N, which was similar to the power levels 3 and 4. The power levels 4.5

and 5 were not tested as the wires were destroyed during welding (Fig. 2).

DISCUSSION

The power that produced the strongest weld in the NiTi wires was identified for
each of the brands tested. Although there are only four articles in the literature related
to electric resistance welds in NiTi wires,>® none of them tested wires of different
commercial brands, which is very important, according to our results. Moreover, none
of them tested which power was more appropriate to be used according to the

resistance of the weld.
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The most appropriate power level for each brand was defined as the one that
produced a weld with the highest tensile strength. The tests started at a power of 2.5,
since a lower power did not weld the NiTi wires, and these power levels were increased
in steps of 0.5 until the heat produced by the weld broke the wires during the welding
process. Our results show that the maximum tensile strength of the welded wires
increased with the power levels up to a certain point only after which the resistance
began to decrease. These peaks of resistance (Fig. 2) were at the power 4 for the
Orthometric and 3M brands and 3.5 for GAC. The resistance decrease with higher
power occurred because the heat produced by the resistance weld anneals of the wire’
which is sufficient to significantly alter its mechanical properties and sometimes even
break the wire, as occurred in the wires of the GAC brand when welded at power levels
higher than 4 (and therefore were not used in this study). The difference of power levels
which obtained the highest resistance for each group can be explained by variations
in the manufacturing process of the wires. Variations in the wires may be due to the
composition, as the nickel percentage can vary,® or due to the wire drawing machine

and cooking processes.

The rupture of the wires never occurred at the weld but very close to it. This was
probably due to the heat produced around the weld, which anneals the wire making it
less resistant. Welded wires show less maximum resistance to tension than solid
wires,>1%-12 however, they need to be high enough to tolerate orthodontic forces. In this
report, we found values ranging from 8 to 10 kilograms-force, which are high enough
to support orthodontic forces. This results are lower than the results reported in the
literature®>’ because the wires used in this work had smaller diameters. The clinical
implications of welded NiTi orthodontic wires are of great importance as they allow a
combination of the advantages of the alloy such as high flexibility, shape memory,
superelasticity, the possibility of using hooks for attaching elastics, and the use of
omega loops or stops. Additionally, springs may also be welded to alignment the wires
to assist in that phase of treatment.

Although these results open up new possibilities for the use of NiTi alloys in
orthodontics, further studies should be made to evaluate these welded wires in the
long term within the oral cavity where they are subjected to factors, such as corrosion

by saliva as well as thermal and mechanical cycling. Additionally, it would be of great
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value to develop a type of weld, if possible, where there was no annealing of the wire
around the weld point, both for NiTi wires and steel wires, which are usually reinforced

with a silver alloy weld.

CONCLUSIONS
The most suitable power levels for electric resistance welding of NiTi wires

varied for the different brands.

The most appropriate power level to weld the wires with the parameters given
by the welding machine used was identified as being 4 (2000W) for the Orthometric
and 3M brands and 3.5 (1750W) for GAC.
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RESISTANCE, MICROSCOPIC ANALYSIS AND SURFACE ROUGHNESS*
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ABSTRACT

Aim: To determine the most appropriate power level for electric spot welding of nickel-
titanium wires (NiTi). Methods: Ninety pairs of Niti wires (0.018" and 0.017"x0.025")
were divided into groups according to their manufacturer: Gl (Orthometric, Marilia,
Brazil), Gl (3M OralCare, St.Paul, CA) and Glll (GAC Int., York, PA). Each group was
divided into 3 subgroups of 10 pairs of wires, which were welded using three different
power levels (3.75, 4 and 4.25 for Gl and Gll, and 3.25, 3.5 and 3.75 for Glll), where
each power level represented 500W on the electric welding machine used. The welded
wires were subjected to a tensile test until rupture on an universal machine and the
maximum forces were recorded. Weldings were analyzed by scanning electron
microscopy and subjected to a roughness test. Analysis of variance and post-hoc
Tukey tests were conducted to determine which subgroups produced the highest
resistance. Friedman and Wilcoxon tests were used for the roughness data. Results:
Forces needed for rupture were different within Gl and GllI, but in GlIl. The power level
4 showed a rupture force of 95.37N(GI) and 101.90N(Gll), which were similar to the
forces produced in power levels 3.75 and 4.25, within these two groups. Nugget and
flash increased with the power used in all groups. Roughness increased with the power
used in all groups, but did not change on the higher powers in GI and GlIl.
Conclusions: Power level 4 is suggested as the most appropriate for the Orthometric
and 3M manufacturers wires tested, while 3.5 is suggested for GAC wires.

Key Words: Spot weld, Nickel titanium, Orthodontics, Topography.



35

INTRODUCTION

Nickel-titanium (NiTi) based wires are normally the choice of the majority of
orthodontists in the initial stages of treatment [1] due to specific characteristics, such
as high elastic recovery and low modulus of elasticity. The use of electrical resistance
spot welding (ERSW) of these wires would further increase its applications in
orthodontics because it would enable the orthodontist to use their properties

associated to intermaxillary elastics and to passive and active stops.

Accuracy in defining safe power levels for welding NiTi wires is extremely
important, since too much power could result in unwanted annealing of these wires,[2]
modifying their mechanical behavior.[3-5] Even tough we have defined a suitable value
of power for welding NiTi wires or three manufacturers previously [6] it is not known
whether slight differences in power could increase or decrease the weld strength

significantly without affecting the wires.

Therefore, this study aims to identify the most appropriate power levels for
ERSW NiTi wires from three manufacturers by assessing the forces needed to rupture
the wires, by microscopically evaluating changes in the surface topography and by
analyzing surface roughness changes using a digital rugosimeter of the wires before

and after welding.

MATERIALS AND METHODS

Ninety pairs of 0.018" and 0.017" x 0.025" wires were divided into three groups
according to their manufacturer to be welded by ERSW. Group | (Gl) wires were
manufactured by Orthometric (Marilia, Sdo Paulo, Brazil), Group Il (Gll) were
manufactured by 3M Oral Care (St. Paul, CA, USA) and Group Il (Glll) wires were
manufactured by GAC International (York, PA, USA).

These three groups were further divided into three subgroups, with 10 pairs of
wires each, to be welded with different power levels using an appropriate spot welder
(Pontomatic NiTi, Kernit, Indaiatuba, Sdo Paulo, Brazil). In Gl and GllI, the power levels
used were of 3.75, 4 and 4.25 (each unit of power is equivalent to 500W) while the GllI
the pair of wires were welded with 3.25, 3.5 and 3.75 of power. The groups were tested
with different power values since each wire respond differently to the heat produced

by welding. The flat electrodes of the welding machine held each pair of wires with a
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force of 12 newtons (N) while the current was applied for 3 milliseconds, as
standardized by the spot welder. All wires were position in a way that the smaller

surface of the rectangular wire (0.017") was the one welded to the round wire (Fig. 1).

Figure 1 Spot electric welding of NiTi wires (0.018" and 0.017" x 0.025").

The specimens were subject to a tensile test using a universal testing machine
(EMIC, Séao José dos Pinhais, Parana, Brazil) with a 500 N load cell, and load speed
of 0.5 mm/min until the wires ruptured. Each of the two wires were held by a clamp
attached to testing machine and the dedicated software of the machine recorded the

maximum force before rupture of the wires in N.

The round wires were used for the surface topography analysis because they
are more likely to be effected by heat during welding due to their transverse geometry
and might be, therefore, more susceptible to fracture. The wire surfaces of one sample
of each subgroup were examined before and after the welding by a high-resolution
scanning electron microscope with field emission beam FEG-SEM (JEOL 7500F
model) equipped with an energy dispersive spectroscopy (EDS) and magnifications of
43x. Before taking the images, the samples were cleaned with an acetone solution,
placed in an ultrasonic cleaning tank for 10 minutes and dipped in isopropy! alcohol for
10 more minutes. The images obtained allowed a qualitative evaluation of the nugget
of the welding area, the flash of the alloy and the interface between the welded wires.

A digital rugosimeter (Mitutoyo Surftest SJ-400, Aurora, lllinois, USA) with a
diamond needle along a single axis was used to measure the surface roughness of the
wires. An average, in arithmetic roughness (Ra), of the surface roughness in the weld
region of the round wires was obtained after 3 needle readings. Ten wires of each
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manufacturer, of the same batch used in the welding and as received, were similarly

measured to allow comparison with the welded wires.

Statistical analysis was performed using SPSS software, version 16.0. (SPSS
Inc., Chicago, IL, USA). An analysis of variance with a significance level of p>.05 was
used to identify differences between the maximum forces registered with the rupture
of the wires within each group. The post-hoc Tukey test was used to determine which
power levels were different from the others within each group. For data surface
roughness analysis, the Friedman and Wilcoxon test was used with a significance level

of p>.05, since they had a non-normal distribution.
RESULTS

Differences were found between the maximum forces registered for the NiTi
wire welds in Gl (p=.037) (Fig. 2 and Table 1). The welding done with a power level of
4.25 showed a maximum force of 93.65N, which was similar to welds done with power
levels of 3.75 and 4 (with values of 81.13N and 95.37N), even though these latter two
were different from each other. Differences were also found in GIl (p=.004). The
welding done with power level of 4.25 showed a maximum force of 89.38N, which was
similar to the values found for when the power levels of 3.75 (82.29N) and 4 (101.90N)
were used, but the welding done with these two last power levels were different from
each other. No differences were found among the maximum force values of the wires
in Glll (p=.387).
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Figure 2 Graph of the maximum force registered before rupture given the power levels
used for welding of the three groups tested. *Each power level is equivalent to 500W.



38

Table 1: Average of the resistance strength (in Newtons) of NiTi wires welded at
different powers, standart deviations (SD) and significance of the ANOVA (p>.05).
Each unit of power value of the welding machine represents 500W. Different letters in
the columns depict groups differences.

Power Gl (SD) Gl (SD) Glll (SD)
3.25 72.16 (11.09)
3.5 80.97 (13.88)
3.75 81.13N2(8.64)  82.29N?(12.87)  81.92 (23.82)

4 95.37NP(13.06)  101.90NP (10.48)
4.25 93.65N2b (15.44)  89.38N2P (12.15)
Sig. 037 .004 387

The welded wires clearly showed changes in their surface roughness when
compared to as-received wires. Roughness increased as the power levels used for
welding increased. Gl showed the greatest change in surface roughness followed by
Gll and GlII. In addition, the Gl wires showed a greater increase in roughness between
the power levels 3.75 and 4, with no increase in roughness when the power used was
raised to 4.25. Groups Il and Il showed a progressive increase in roughness with

increasing power levels.

The size of the weld area (nugget) and the flash of the material increased as the
power levels increased in all three groups. In general, it became more difficult to
identify the interface between the wires as power levels increased in all groups (Figs.
3,4¢ebh).
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Figure 3 Scanning electron microscopy with a field emission beam and 43 times
magnification of the electrical spot welds carried out on the Gl wires. A. Welds with
power level 3.75; B. Welds with power level 4 and C. Welds with power level 4.25.
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Figure 4 Scanning electron microscopy with a field emission beam and 43 times
magnification of the electrical spot welds carried out on the GII wires. A. Welds with
power level 3.75; B. Welds with power level 4 and C. Welds with power level 4.25.
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Figure 5 Scanning electron microscopy with a field emission beam and 43 times
magnification of the electrical spot welds carried out on the GlII wires. A. Welds with
power level 3:25; B. Welds with power level 3.5 and C. Welds with power level 3.75.
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The GI wires showed different roughness before (0.10 Ra) and after welding.
The wires welded with a power level of 3.75 had a different surface roughness (0.51
Ra) compared to when the powers levels of 4 (1.15 Ra) and 4.25 (1.47 Ra) were used,
which on the other hand, produced similar roughness (p=.153) when compared
amongst themselves (Table 2). All subgroups within GllI showed different roughness,
including when the subgroups compared to the non-welded wires (0.13 Ra). The power
level of 3.75 produced a roughness of 0.33 Ra, while the power level of 4 produced
0.95 Ra and the power of 4.25 produced 1.34 Ra of roughness. All subgroups of GllI
showed different roughness. The power level 3.25 (0.25 Ra) produced a roughness on
the wires which was different to the non-welded wires (0.05 Ra) and to the wires
welded with the power levels of 3.5 (0.54 Ra) and 3.75 (0.71 Ra), which were similar

(p=.093) when compared to each other.

Table 2: Median of the surface roughness of NiTi wires (in Artimetic Roughness)
welded at different powers, standart deviations (SD) and significance of the Friedman
test (p>.05). Each unit of power value of the welding machine represents 500W.
Different letters in the columns depict groups differences.

Power Gl (SD) Gll (SD) Glll (SD)
As received 0.10 Ra? (0.02) 0.13 Ra?(0.04) 0.05 Ra?(0.02)
3.25 0.25 RaP (0.07)
35 0.54 Rac (0.20)
3.75 0.51 Ra(0.09)  0.33Ra’(0.07)  0.71 Ra‘®(0.27)
4 1.15Ra®(0.35)  0.95 Rac(0.39)
4.25 1.47 Ra®(0.58)  1.34 Ra‘(0.50)
Sig. <.001 <.001 <.001
DISCUSSION

The power level of which provided the best relation between force of resistance,
roughness and visual quality of welding was identified in this paper. In a pilot study [6]

an appropriate power level for this type of welding, for the same three manufacturers,
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was identified more broadly, without such precision. Our results bring an improved
security to the welding process used, decreasing the risk of changing the mechanical
resistance of the wires due to increased temperature [2, 5, 7] and also decreasing the
likelihood of the wire breakeage during the welding process. Thus, the previously
identified power levels (4 for Orthometric and 3M and 3.5 for GAC) were compared
against slightly higher and lower power levels (+/- 0.25) in order to check if resistance
would change. The results showed that the slightly higher powers level produced
similar resistance while the slightly lower power levels were less resistant in GI and
Gll, but not in GllII, where the power used did not change the resistance to rupture.
Four previous studies which have tested NiTi ERSW presented results which are
difficult to compare to ours because two of them did not test orthodontics wires[2, 8]
and the remaining two did not compare the effect of power level on the resistance to
rupture.[9, 10]

The welding power used changed the surfaces of the wires. The boundaries of
the wires could be easily identified in the lower powers used, but on the higher powers
the wires could not be told apart. Metallurgical studies on NiTi ERSW have shown this
same relationship between the power used and the weld interface, [2, 8] suggesting
an increased weld quality with power. Flash and nugget appear to be more evident on
the higher power welds, what is also in agreement with the literature.[2, 8] The increase
in the nugget area appeared to be connected to an increase in roughness around it,
which was measured quantitatively with a rugosimeter in order to evaluate a possible

relationship between power and roughness.

The surface roughness increased with the power used for all manufacturers,
which is due to an increase in the porosity formed by air bubbles, within the melted
region that did not escape before solifidification.[11] Higher electric currents will
increase the temperature of the interface, thus increasing the solubility of gases that
contribute to the pore formation. An increase in roughness of the surfaces in
orthodontic wires might be detrimental because it makes them more prone to
corrosion,[12] which could change the mechanical properties of the wires.[13]
Additionally, nickel ions released by corrosion of NiTi wires, may be associated to

hypersensitivity on interacting with saliva.[14]
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The power levels considered the most appropriate in this study provided an
appropriate relationship between tensile strength, with a good visual weld, and as low
as possible surface roughness. The power level 4 showed the best performance in the
3M wires, producing greater resistance than the lowest power and the same resistance
compared to a highest power, but with a good visual union and less roughness. The
power level 4 was also the most appropriate for the Orthometric wires. The resistance
was greater than the lowest power and similar to the highest power used with the visual
analysis of the weld and surface roughness similar to the latter level. Therefore, we
considered the power 4 more appropriate than 4.25, in order to have a safety margin
since it will show the same properties with a lower power, an thus smaller weld
temperature. The welding of the GAC wires showed similar resistance for all three
power levels, but the lowest power showed a smaller diameter weld, which may
characterize a low quality weld. Thus, the power level 3.5, the medium power level
used, was considered by us the one that produced the best benefit weld for the GAC

wires, still providing a safety margin.
CONCLUSIONS

The power level 4 presented the best benefit for welding the NiTi wires of
Orthometric and 3M manufacturers. For the GAC wires the most appropriate power
level was 3.5, according to the parameters of the welding machine used. The scanning
electron microscopy and measurements of the digital rugosimeter showed that the
changes to the topography of the wires were more evident at the highest power levels

tested in the wires from the three manufacturers studied.
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4 CONSIDERACOES FINAIS

Estudos in vitro sdo Uteis para avaliar novos materiais, ferramentas ou técnicas,
determinando a possibilidade da aplicacdo in vivo, apesar dos resultados
apresentarem algumas limitagbes. Os objetivos propostos neste estudo foram
alcancados, apos a execucao dos experimentos relatados:

1- A poténcia mais adequada para solda elétrica a ponto nos fios de NiTi testados
variou para as trés marcas comerciais do estudo. De acordo com a metodologia desse
estudo foi identificada como: 4 para as marcas Orthometric e 3M e 3.5 para a marca
GAC.

2- A solda dos fios de NiTi das marcas Orthometric e 3M apresentaram a melhor
relacdo entre resisténcia a tracao e rugosidade superficial com a poténcia 4, j& com
os fios da GAC a poténcia considerada mais adequada foi de 3.5, de acordo com 0s

parametros da maquina de solda utilizada.

3- A microscopia eletrbnica de varredura e as medidas do rugosimetro digital
mostraram que as alteracbes da topografia dos fios foram mais evidentes nas

poténcias mais altas para as trés marcas comerciais estudadas.
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