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MEPIAHWH

Zkondg Tou dp8pou eival va napoucidoel pia avackdonnon
TWY EPAPLOYWV TwV KPAATwy VikeAiou-Tiraviou ornv opdo-
Sovrikij, va avaAioer T peraAdoupyikij Toug Sopr Kai va
OUVOWICEI Ta XapPaKTNPIoTIKG peraBoAic pdone Twv ouppd-
Twv autwy. Akdun, napoucidfoviar npdopara oroiyeia oxe-
TIKG € TO MPOTUNO EVOOOTONATIKIIG YPAvong autwy Twy UAF-
kwv. H enintwon twy petaAoupyikwyv kai pnxavikwy 181o1i-
TWV TWV CUPPATWY oTNV KAIVIKI] TOUG eépappoyij oulnTeitar v
Syer npoopatwy Oedopévwy nou OIEPEUVOUV TIG XPOVIKEG
napapérpous e opdodovrikiic Sepaneiac pe ) xprjon oup-
pérwy NiTi j evalakrikwyv ouppdrwy. [lapéxovrai oroiyeia
nou KaTadeIKvUouy OTi 1) TAon nou eKppAaleral and Ta UNEPE-
Aaortika oUppara vikediou-titaviou avédver pe 1 depudtnra
kai peidverar pe v woén. Zuvowilovral Ta anoreAéopara
twv Badundorwyv Seppokpaciakwyv peraBoAwv kard mn Oép-
pavon kai wuén kar anodeiydnke 61 1) Tdon nou petpridnke oe
Oeppokpaocia owparoc wg TEAIKS o1ddio fjrav noAd peyaAu-
Tepn and aurij nou petpridnke oroug 37°C we apyiké orddio.
Avagépovral kAIVIKEG peAETeg olupuva pe TiG omoies Oev
naparnprdnkav onpavrikéc Siapopéc peralu unepeAacTikwy
kai pn ouppdrwy NiTi, ka1 noAvkAwvwy ouppdrwy avoleidw-
Tou xéAuBa Soov apopd ot Sidpkeia g Sepaneiag.
AEZEIX KAEIAIA: Xipuara NiTi, peratponrj gdong, unepera-
oTIKOTTa.
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ABSTRACT

The purpose of this paper is to present an overview of the
applications of NiTi alloys in orthodontics, analyze their
metallurgical ~ structure and  summarize the phase
transformation characteristics of these wires; recent evidence
on the intraoral aging pattern of these materials is also
presented. The implication of the metallurgical and mechanical
properties of the wires in their clinical application is discussed
in the light of recent evidence which explore the time variants
of orthodontic therapy with the use of NiTi or alternative
archwires. Evidence indicating that the load expressed by the
superelastic nickelitanium wires increases on heating and
decreases on cooling is provided. Effects on the stepwise
temperature changes on heating and cooling are summarized
revealing that the load measured at body temperature as the
final step was much higher than that measured at 37°C as an
initial step. Clinical studies are reported, according to which,
no significant differences among superelastic and
nonsuperelastic NiTi wires, and multistranded stainless steel
wires have been found with respect to treatment duration.
KEY WORDS: NiTi, metallurgy, phase transformation,
superelasticity.
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INTRODUCTION

Tooth movement in orthodontics is achieved by the
application of mechanical forces onto the crowns of

111

EAAHNIKH OPOOAONTIKH EMIOEQPHZH 2002 ¢ TOMOX 5 HELLENIC ORTHODONTIC REVIEW 2002 ® VOLUME 5



X [KIOKA ka1 ©. HAIAAH? Ynepehaorikdmnra opSoSovrikav oupparav vikehiou-Tiraviou

EIZATICOIrH

H odovrikf petakivnon oty op8odovrikh enimuyydave-
1al e TV epappoyr PNxavikay Ouvapewy oG piAeg
Twv dovriwv. And vwpig Toviomke n avdykn epappo-
YAG MWy kal cuvexwv Ouvapewy €0l wote o pududg
MG odOVIIKAG petakivnong va eival o kaAitepog
Suvardg (Reitan, 1960, Smith kar Storey, 1952). O
npoonddeieg oro euplrepo nedio g Bioiatpikrg
eoniGomkav oIV eloaywyr] epBIOPNYAVIK®Y UAIKOV
KAl CUOTNHATWY KAV va NApéyouv TEToIo 10w
1no dlvapng katd m Oidpkela MG op8odoviikig
unxavoSepaneiag. EninAéov, n diayeipion evég oly-
xpovou opdodovrikolU 1atpeiou anaitel  pelwpévn
napakoAoldnon 1wy aoBeviv pe peyaAltepa Heoco-
Siaorjpara peradl enokéyewy kal, €ol, eivar endu-
unm N epappoyr| evog CUCTAHATOG e EAGXIOTEG anal-
mMoeig napéuBaong and pépoug pag.

Or npoavagepeioeg 1016MTEG Kal N avaykn anotehe:
opartikol eAéyxou MG Olvaung nou epapudleral o
Séviia efaptdral noAl and TG UNyavikég 1I010TTEG Twv
ouppdtwy nou ypnoiponoiodviar om Sepaneia. To
1989, o1 Kapila kar Sachdeva npdievav i 1o 1davi-
k& op8odoviikd clppa npénel va ouvOudlel pHikpn
akapyia, kaAr ikavémra SIapdpewong Kai ikavomma
anodrjkeuong peydAng evépyelag. Eninpdodera, Sa
npéner va dladérer peydAn ikavdimia enavapopds, nou
Ico0Tal e TV CUVOAIKY NAPAPOPPWON peiov My LoV
un napaudpewor perd myv agaipeon mg 1édong (pop-
riou). H BiooupBatdmra, n xapnAj enipaveiakr| 10181
kai n duvardmra méng rj cuykdMnong oupnepihapBé-
vovial, enfong, ong 1816meg Tou 10avikol olpuarog,
onwg Tig ouvéyice o Brantley (Brantley, 2001).

Ta olppara avoleidwrou ydAuBa kal 1a clppara Co-
Cr-Ni (Elgiloy] dev nAnpoiv dAeg 1g npoavapepdei-
oeg anaimoelg, kadwg yapakmpifovial and peyain
akapyia, pikpr 1kavéinia enavagopds Kal PIKpo
elpog epyaciag, npdypa nou onuaivel o1 10 Nocd
MG eAaoTIKAG evepyonoinong npiv mv évapén mg
HOVIUNG napapdpwong eival pikpo.

O Burstone kai ouv. €deiéav 61 op8odovtikd clppa
e xapnAd Adyo 1éong/ napapdppwong napéxel enr-
Supnté eninedo dlvapng kal KaAitepo éleyxo Tou
peyédoug g (Burstone kai ouv., 1985). Ta clpparta
Ni-Ti nAnpolv 1o TeAeutaio kpimplo kar autd, oe ouv-
duacpd e TIG UNOAOINEG EUEPVETIKEG TOUG I01OTNTEG,
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the teeth. Early on, the necessity for applying light and
confinuous forces to optimize the rate of footh
movement process was emphasized (Reitan, 1960;
Smith and Storey, 1952). Efforts in the greafer
biomedical field have focused on the infroduction of
biomechanical materials and  systems capable of
providing such an ideal type of force during
orthodontic  mechanotherapy. In  addition, the
management of modern orthodontic practice requires
decreased monitoring of patients with longer infervals
between visits, and thus, it is desirable to apply a
sysfem with minimum intervention requirements.

The foregoing properties along with the need to
efficiently control the force applied onto teeth, greatly
depends on the mechanical properties of the wires
utilized in treatment. Kapila and Sachdeva in 1989
suggested that the ideal orthodontic wire should
combine low stiffness, good formality and high-energy
storage. In addition, it should express a large
springback, which is the fofal deflection minus the
permanent deformation when the load is removed.
Biocompatibility, low surface friction, and the
capability to be welded or soldered were also added
fo the list of the ideal wire properties as summarized
by Brantley (Brantley, 2001).

Stainless steel and Co-CrNi (Elgiloy) wires do not
fulfill all the oforementioned requirements since they
express high sfiffness, low springback and low
working range, which means that the amount of
elastic activation before the onset of permanent
deformation is small.

Burstone et al., have shown that a low load /deflection
rafio for an orthodontic wire provides a desirable force
level and better control of force magnitude (Burstone et
al., 1985). The NiTi wires fulfill this last criterion and,
in conjunction with their other beneficial properties,
their use has been expanded. NiTi alloys find
applications in the greater biomedical materials areq,
whilst in dentistry include orthodontic  wires,
orthodontic removable or fixed appliances such as
Quad Helix or Rapid Palatal expanders, coils springs
for use in cases of open or closed spaces, and clasps
for removable dentures.

The purpose of this paper is fo present an overview of
the use and applications of NiTi alloys in orthodontics,
analyze the metallurgical structure and summarize the
phase fransformation characteristics of these wires. In
addition, recent evidence on the intraoral aging
pattern of these materials is presented, whilst, pofential
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enékreive T xprjon toug. Ta kpdpara Ni-Ti éyxouv
EQAPHOYEG OTO eupltepo nedio Twv Bioiatpikwy UAI
KWV, eV O OOOVIIATPIKEG TOUG EPAPHOYEG MEPINAp-
Bavouv 1a op8odovrikd clppara Ni-Ti, 1g kivniEg 1
akivnieg  opBodoviikég ouokeuég dnwg 10 Quad
Helix i 11¢ ouokeuég 1ayeiag unepwiag diedpuvong,
1a nepleAlypéva eAatripia yia prion Oe MEPINTWOEIG
AVOIKTWV 1] KAEIOTOV OlaoTpdiwy Kail 10 AyKIoTPa Twv
HEPIKWY OOOVIOOTOIXIWV.

Ykondg 1ou dp8pou eival va napoucidoel pia ava-
okénnon NG XeHong Kal Twv EQAPPOYWY TwV KPApd-
wv VikeAiouTitaviou oty op8odovrikr, va avaAlioel
M peraMoupyikf 1oug Soprj kal va ouvoyicel Ta
XapakmpEIoTikG  PeraBoAG  ¢aong Twv CUupPaTwY
autwv. Akéun, napoucidlovial npdogara  orolxeid
oxenkd pe 10 MEATUNO  eVOOOTONATIKAG  YHPAVONG
autV 1wV UAIKGV. TENOG, N enintwon Twv peraAoupyI-
KWV KAl PNXavikoy 1010THIWY Twv CUPPATWY OtV KAIVI-
ki Toug epappoyr] oulnreital ev Syel npdopaTwv
Sedopévwy Nou OIEPEUVOUV TIG XPOVIKEG NAPAPETOOUG
g opdodovrikig Sepaneiag pe m xprion cuppdiwv
Ni-Ti 1} evaMakTik@v ouppdtwy.

E=ZEAI=Z=H TON KPAMATOON
NiTi

To kpdpa vikeAiouniaviou avakaAipdnke oo Naval
Ordnance Llaboratory m Sexaeria tou ‘60 «kar n
epappoyr] Tou oty opdodovrikr karom duvar omnv
apxi Mg Oekaeriag tou /0. To npwio opdodovrikd
oUppa NiTi (Nitinol) nipe 10 dvopd 1ou and 1o epya-
omplo énou éAaBav xwea ol euplTePeG PETAAOUPYIF
KEG epappovég Twv kpapdiwy (Nickel Titanium Naval
Ordnance Laboratory) (Andreasen kai Brady, 1972,
Andreasen kai Hilleman, 1971). H npam yevid oup-
parwy NiTi eixe 10 yapakmpionkd mg "uvApng oxr
parog', 10 onofo avagéperal omy ikavdénra 1ou olp-
Hatog va enavépyeral péow evog elpoug Sepuokpar
olwv perdBaong (transition tfemperature range — TTR)
oe npokarackeuacdév oxripa orav 1o olppa Sepuav-
8ei. O Andreasen 10 1985 £deie om, diav éva
olUppa Nitinol unoBéMeral ce napapdpewon peyd-
Aou elpoug, TeNikd enavépyeral oxeddv oV apyIkn
Tou 8éon aokGVIag TautdxEova fieg, CUVeXelG Ouvar
peig [Andreasen kai ouv., 1985), énwg gaiverar omy
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effects on their clinical efficiency are also probed.
Finally, the implication of the metallurgical and
mechanical properties of the wires in their clinical
application is discussed in the light of recent evidence,
which explore the time variants of orthodontic therapy
with the use of NiTi and alternative archwires.

EVOLUTION OF NiTi ALLOYS

The nickeHitanium alloy was invented at the Naval
Ordnance Laboratory in the 1960's and subsequent
application to orthodontics became possible during
the early 1970's. Actually, the first NiTi orthodontic
wire (Nitinol) was named after the laboratory where
the wider metallurgical applications of alloys took
place (Nickel Titanium Naval Ordnance Laboratory)
(Andreasen and Brady, 1972; Andreasen and
Hilleman, 1971). The first generation of NiTi wires
expressed the "shape memory" characteristic, which
refers to the ability of the wire fo refum to a previously
manufactured shape when heated through a transition
tfemperature range (TTR). Andreasen in 1985 showed
that when a Nitinol wire is deflected over a long
distance it eventually springs back to nearly its original
position while exerting light, confinuous forces
(Andreasen et al.,1985) as shown in Fig. 1., where
the significantly lower load exerted by the NiTi wires
for a 2-mm deflection is illustrated. The same author
characterized this distinctive property on the Nitinol as
the "superelasfic" property. However, in the following
years the term 'superelasticity" took o different
definition based on the structural changes also known
as phase transformation that take place during the
femperature changes or the loading process of the
wire. Superelasticity is now termed as a phenomenon
where the wire exhibits a low confinuous force with @
plateau during loading or unloading. This property
gives an almost constant force over a wide range and
provides clinical advantages over non-superelastic
nickelHitanium wires (lijima ef al., 2002).

During the mid-1980’s, two new superelastic nickel-
fitanium archwire alloy types were manufactured and
became commercially available: the Chinese NiTi
and the Japanese NiTi. The Chinese NiTi (marked as
NiTi by Ormco), was introduced in 1985 by
Burstone and colleagues, and exhibited 4.4 times the
springback of the sfainless steel wire and 1.6 times
the springback of the original Nitinol (Bradley, 1993).

HELLENIC ORTHODONTIC REVIEW 2002 ® VOLUME 5
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eikéva 1, énou aneikovietal n onpaviikd xapnAdrepn
1¢on nou ackeftar and 1a oUppara Nili yia napa-
péppwon 2 xiA. O idl0g ouyypapéag xapakiipioe
aur} mv Eexwpiom 1&16mia tou Nitinol wg "unepeha-
onki" 101émma. Ev tolroig, 1a endpeva ypdvia orov
6po "unepehaotikdmia’ 0&8nke OIAPOPETIKOG OpI-
opédG Baoel twv dopikwy aMaywy, nou eival eniong
YWWOTEG WG peraBoAr @dong, kal ol onofeg AapBa-
vouv wpa kard m Sidpkeld Twv SepUOKPACIAKWY
peraBoAwv 1 g diepyaciag edptiong 1ou clpuarog.
Q)¢ unepehaotikémra opiCeral ofjpepa 10 PaAIVOPEVO
énou 1o olppa ackel Ania ouveyrj Sdvapn, pe plateau
katd m @dprion 1 mv anogdptorn. H 1didmra aut
anodidel pia oxeddv oradepr] Slvaun ot peydAo
e0pog Kkal napéyel KAIVIKG NAEOVEKTHATa O OXEON HE
1a un unepeiaotikd olppuara vikeAiouTtiaviou (lijima

C GIOKA and T ELIADES Superelasticity o f nickel-fitanium orthodontic archwires

The loading/unloading portion of the stress/strain
curve for the NiTi alloy is a nonlinear curve which
provides light, constant force in the middle range of
deactivation, as shown in the load- deflection curves
produced by a cantilever bending fest for 0.016 inch
diameter Chinese NiTi and Nitinol (Fig. 1). Based on
this unique property of the wire, Burstone infroduced
the variable modulus orthodontics, which constitutes
an alternative method to incrementally increasing the
wire crosssection fo maintain confrol of the tooth
movement. His proposed scheme involved the
engagement of heavy rectangular wires of large cross-
section during the initial stages of ftreatment fo
efficiently gain proper spatial crown control, followed
by changing of wire stiffness by altering wire
composition rather than wire size (Burstone, 1981;
Burstone and Goldberg, 1983).

Load (g)

= = = Co-CrNi
[ [T Strainless steel
— — Work-hardened NiTi _ ="
— Japanese NiTi s /3
P B
,“ﬁ" I:.
1000 - < %

Deflection (mm)

Eik. 1: KapnoAeg tdong-napapdpewong ané Sokipaocieg KAUYng TpIwv onueiwy Teoodpwy SIaWopeTIKWY oLPUATWY SIAUETPOU

0.016 tng ivtoag (andé Miura kai ouv., 1986).

Fig 1: Load-deflection curves produced by three-point bending tests of four different 0.016-inch wires (adapted and redrawn from

Miura et al., 1986).
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kal ouv., 2002).

21a péoa mg Sekaetiag 1ou ‘80 karackeudomkav Kai
KukAopopnoav o1o epndpio dUo VEo! TUnol Kpapdtwy
UNEPEAQOTIKWY CUPHATWY VikeAiouTitaviou: 1o KIvE(Ko
NiTi kar 1o yianwvéQko NiTi. To kivéQko NiTi (ovo-
palépevo Ni-Ti and mv Ormco) dnpioupyridnke 10
1985 and 1oug Burstone kar cuvepydreg kai napou-
oiaCe 4,4 popég mv ikavomia enavapopds 1ou olp-
patog avoleidwrou xaAuBa kal 1,6 gopég mv ikavd-
mia  enavapopds Ttou  apyikol  Nitinol  (Bradley,
1993). To 1rjua pdpriong/anopdpnong MG kapno-
Ang 1éong/napapdpewong tou kpduarog NiTi efval
pia pn ypappikr kagnUAn nou napéyel ehappd, ora-
Sepr| Olvapn oto péoov Tou elpoug anevepyonoin-
ong, énwg @aiveral ong Kapniieg 1Gong/napapdp-
pwong piag dokipaciag kapyng olpuarog pe ehelde-
po dkpo yia kvéQko NiTi kar Nitinol Siapérpou
0.016 mg ivicag (Eik. 1). Me Baon aur mv povadi-
kil 1016ma Tou olpparog, o Burstone eiorjyaye mv
op8odovrikr| peraBAniol pérpou  eAaoTIKOMTIAG Nou
anoteel pia pédodo evarakrikr mg oradiakrg avén-
ong mg dlaTopriG Tou oUPHATOG e OTdXO Tov EAeyyO
G odovrkrg perakivnong. To oxrjua nou npdreive
apopd om xpenolgonoinon 1ETpdywvwy  cuppdiwy
peydAng Siaropis ora apyikd orédia mg Sepaneiag
WOTe va UNAPYEl ANOTEAEOHATIKOG €AeyXOG NG MUANG
010 ¥Wpo, nou akoroudeitar and peraBoAr] MG akap-
yiag tou olpparog ardloviag m olveon tou clp-
parog kar Oxi 1o péyeddéG tou (Burstone, 1981;
Burstone kai Goldberg, 1983).

To yianwvéQro Nili napouoidomke and tov Miura
(Miura kar cuv., 1986] éva ypdvo apydrepa kai ovor
pdomke Sentalloy ané mv GAC. To kpdua autd dio-
8érel napdpoleg 1016MNTEG KAPYNG HE AUTEG Tou KIVEQ-
kou NiTi, apod 10 Tpriua edpIIong/anoedEnong Mg
KapniAng 1dong/napapdpewong, 100 yia 10 KIVEQ-
ko 6oo kar yia 1o yianwvé(ko NiTi, eivar pia un
YPAUHIKA kapnUAn nou napéxel ehappd, oradepn
Slvapn oo péoov Tou elpoug anevepyonoinong
(Burstone kai ouv., 1985]. Tprjuara 6 yA. 1wy cup-
HATWY QUTEY (MoU OE NPAYHATIKEG KAIVIKEG OUVOrKeg
avrioroiyolv omv andotaorn peraéld aykuhiny) nou
unéomoav Ookipacia kapyng  eAeudépou  Gkpou
napouciacav kard mv anogdprion (anevepyonoinon)
pia oxedov opildviia nepioyn (plateau uneperaotiké-
mrag) oradepic ponrig kéuyng (Branfley kar ouv.,
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The Japanese NiTi was infroduced by Miura (Miura et
al., 1986) one year later and marked as Sentalloy by
GAC This wire alloy possesses very similar bending
properties fo those of Chinese NiTi since, for both the
Chinese and the Japanese NiTi the loading,/unloading
porfion of the siress/strain curve is a nonlinear curve
that provides light, constant force in the middle range
of deactivation (Burstone et al., 1985). Clinically
realistic Gmm-segments (corresponding fo interbracket
distances| of these wires tested in cantilever bending
showed a nearly horizontal region (superelastic
plateau) of constant bending moment upon unloading
(deactivation) (Brantley ef al., 1997). As shown in the
stress-strain diagram shown in Fig. 2, during the initial
loading the Japanese NiTi behaves like the original
work-hardened Nitinol (o-a portion). Over the ab
portion the stress remains constant. At point b the
removal of the stress results in the bc portion of the
graph, which is parallel to the oa portion. Finally the
cd portion is pardllel to the ab. The ab portion
expresses the gradual phase fransformation from the
ausfenite to the martensite during loading.

In the early 1990s a new orthodontic wire, marked
as NeoSentalloy by GAC was infroduced, presenting
frue shape memory at the temperature of the oral
environment, whilst Cu and Nb NiTi archwires
became available in the same decade by Ormco.

METALLURGY OF NiTi ALLOYS

The nickel- fitanium wires at room temperature contfain
approximately equiatomic proportions of nickel and
fitanium in a sfable phase. However some deviations
from stoichiometry are possible and the commercially
available orthodontic wires are usually fitanium-rich
(Brantley, 1997). At room temperature the crystal
structure of the NiTi alloys consists of a complex body-
cenfered cubic structure as a single phase or as one
component of a two- phase system. The second phase
might be either NiTi, or NiTi; (Goldstein et al.,
1987).

The two major NiTi phases are the austenitic NiTi (or
austenite] has an ordered body-centered cubic
structure that occurs at high temperatures and low
stresses and the martensitic NiTi (martensite), which is
formed at low temperatures and high stresses and
appears to have a distorted monoclinic, triclinic, or
hexagonal structure. A transformation from the

HELLENIC ORTHODONTIC REVIEW 2002 ® VOLUME 5
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5 o i — — - CoCrNi
A e Strainless steel
5 — —  Work-hardened NiTi
E — Japanese NiTi
150 4 i
= I3 /
S I //
£ I: //
) I: /7’
< 100 4 I /7
) I:j
(/9] I:
o )i
& : b
C
1
0 10

Strain (%)

Eik. 2: Xapaktnpiotikég kapnUAeg Tdong-napapdpewons teoodpwv SIapopetikwy ouppdtwy Siauétpou 0.016 tng ivtoag uné
tdon. Mapatnpeiote to eninedo tdong tou oUppatog oto plateau (andé Miura kai ouv., 1986).

Fig 2: Typical stress-strain curves of four different 0.06-inch wires under tension. Note the stress level corresponding to the plateau

(adapted and redrawn from Miura et al., 1986).

1997). Onwg gaiverar oto didypapua 1dong-napa-
HOPPWoNG MG eikdvag 2, kard mv apyiki eoETIon 1o
yianwvéQko NiTi oupnepipéperal dnwg 10 KAQooIkd
Nitinol nou unéomn okAfjpuvon pe pnyavikr karepyo-
ofa (ipripa oa). Zio wApa ab n 1Gon napapéverl ora-
8epr|. Y10 onueio b n apaipeon mg 1Gong éxel wg
anoréAeopa 1o Tprjua bc 1ou ypagrhuarog, nou eiva
napdMnAo pe 1o prjua oa. Téog, 1o 1ufua cd eival
napdMnro pe 10 ab. To rjua ab ekppdlel m oro-
Siakf peraBolAr] edong and mv woteviTiky om pap-
TeVOITIKI HoP®H KaTd T GoeTIoN.

2y apyxr] Mg Sekaetiag 1ou ‘PO napoucidomke and my
GAC éva véo op8odoviikd olppa, ovopaldpevo
NeoSentalloy, nou dia8érer apiyr| pviun oxrparog om
Seppokpacia Tou otdparog, eve My idia dekaeria KUKAO-
pdpnoav and my ORMCO NiTi otppara Cu kar Nb.
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ausfenite to martensite structure is possible under
specific conditions through twinning. The twin
boundaries are mirror crystallographic plates which
move to accommodate the stress, converting one twin
orientation into another (Bradley, 1993). The
austenite-martensite  transitions are  displacing-type
fransformations, thus the atoms forming one structure
undergo small movements and become rearranged
info a second sfructure. The complex cubic structure
for the austenite phase changes as if it were
elongated along one of the diagonal planes (Otsuka,
1990]. Martensite transitions occur when the parent
austenite phase of high energy is converted fo
martensite, with simultaneous liberation of heat
([exothermic reaction).

An infermediafe phase, which was termed as the R
phase  (thompohedral  phase),  delays  the
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METAAAOYPIIA KPAMATOON
NiTi

Ta olpparta vikehioutiraviou oe Seppokpacia dwpark-
OU MEPIEXOUV NEPIMOU ICOTTOPIKEG aVAAOYIEG VIKEAF
ou kal mmaviou oe oradepr] gdon. Ev 1olroig, eival
ni8avédy va undpyouv anokAiceig and m oTolxelope
1pia kar 1a op8odoviikd clpuata Nou KUKAOPopoUv
oo epndpio eivar ouvdwg nholoia oce Ttdvio
(Brantley, 1997). e Beppokpaoia Swyatiou, n kpu-
otaMikr| dopr] Twv kpapdtwy NiTi anoteAeital and pia
olunAokn Soprp oxfuatog kiBou wG Hepovwpévn
Qdon 1 wg THAPA evog digpacikol ouotiparog. H
AMn edon pnopel va eivar eite NiTi, efte NiTi,
(Goldstein kar cuv., 1987).

O 3o kipieg pdoeig NiTi eivar 10 worevinkd NiTi (A
wotevimg), 1o onofo éxer pia evookevipwuévn KuBIKA
Sopn pikpdtepng araéiag nou epgavileral oe UPNAEG
Sepokpacieq kal PIKPEG TACEIG KAl TO HAPTEVOITIKO
NiTi (paprevoimg), nou Onpioupyeitar oe XapnAég
Seppokpacieg kal PeyaAeg 1G0EIG Kal paiveral va €xel
NaPAHOPPWHEVN HOVOKAIVIKY, TPIKAIVIKY 1] e§aywvikn
Sopn. H perdniwon and my woteviTiky ofr HapTevoiT-
ki Sopn eivar duvam kdiw and CUYKEKPIUEVEG OUV-
Srjkeg pe avanuén dinAdv kpuotdMwy. Ta épia ng
neploxg OINAWY KPUOTAMwY eival aviikpIoTEG Kpu-
OTAAOYPAPIKEG NAGKEG NOU HeTakivolvial NPog avar
koUPION Twv TACEWY, PETATPENOVIAG ToV éva Npooava-
1ohiopd orov Mo (Bradley, 1993). Or peramoeig
ané m pia omv AN eaon (wotevITiKi-uapTevoITikr)
efval peraBolég tonou peraténiong. ‘Eror, 1a dropa
nou anoteholv pia Sopr| upiotavial PIKPEG HETaKIVI
OEIG KAl avakatavépovial Snpioupywviag pia dAAn
doprj. H oluniokn kuBikq Soprji MG woreviTikAG
pdong peraBaMeral oav va enignkiverar kard Prikog
evég Twv Siaywviny emnédwv (Otsuka, 1990). Orav
N HNTPIKY WOTEVITIKY] QA UPNAAG eVEPYEIQG HETaTRE:
netal oe paprevoitikl enioupBaivouv  peraBoiég
@dong npog v paptevoltiky dour He Tautdxpovn
aneheu8épwor Seppdmiag (e£ndepun aviidpaorn).
Mia evdidpeon @don, nou ovopdomke edon R (pop-
Boedpikn pdon), kaBuotepel m peratponn 1ou wotevi-
M oe paptevoim kard mv poln, péxpl va enireuySolv
xapnAdrepeg Seppokpaoieg (Miyazaki kar Otsuka,
1986). H napoucia mg edong R unoompiydnke and
peEAéTEG nou  unodeikviouv OTl Ol UNOAEIMOPEVEG
1Goeig kal/f ol 1doeig and 1Qjpaa ennpedlouy TG
apXIKEG Kal TENIKEG OepPHOKPAOIEG TwWY HAPTEVOITIKWY
peraBolav (Goldstein kai ouv., 1987).

EAAHNIKH OPOOAONTIKH EMIOEQPHZH 2002 ® TOMOX 5

C GIOKA and T ELIADES Superelasticity o f nickel-fitanium orthodontic archwires

fransformation of the austenite fo martensite until lower
tfemperatures, during cooling (Miyazaki and Otsuka,
1986). The presence of an R phase was supported
by studies suggesting that the residual stresses and/or
stresses from precipitates affect the start and finish
femperatures of the martensite transformations
(Goldstein et al., 1987).

A typical differential scanning calorimetry (DSC) plot
for these wires shows that on cooling, the Ms
(martensite-start) — and  Mf  (martensite-finish)
temperatures are the temperatures at which the
fransformation to martensite begins and is completed;
on heating, the As (austenite-start] and Af (austenite-
finish) temperatures are the temperatures at which the
fransformation to ausfensite begins and is completed,
respectively (Fig. 3). The TIR for each of the three
structures (austenite, R-phase, and martensite| refers to
the temperature range for the start and completion of
the transformation to that particular structure.

The original Nitinol and other nonsuperelastic nickel-
fitanium orthodontic wire alloys contain substantial
quantities of stable martensite. The As temperatures for
these alloys are much higher than room temperature
and the temperature of the oral environment (Bradley,
1993). The shape-memory wire alloys present Af
temperatures below that of the oral environment, and
therefore these wires have essentially the completely
austenitic structure in vivo.

The nonsuperelastic (nof true shape-memory) alloys
have microstructures that are incompletely fransformed
fo austenite at the temperature of the oral environment.
The Af temperatures for these wires can be much
greater than 37°C.

For the Nitinol SE alloy, the Af temperature on heating
is about 60°C, so that this alloy would be a mixture
of R-phase and austenite af the temperature of the oral
environment (Bradley, 1993).

The shape-memory alloy [NeoSentalloy), has
essentially a completely austenitic structure at the
temperature of the oral environment, whereas the
nonsuperelastic alloy [Nitinol) is composed of
martensite, ausfenite and perhaps Rphase af the
temperature of the oral environment. The Copper Ni-
Ti archwires are available in three temperature
variants of 27°, 35° and 40°C, corresponding to the
ausfenite-finish temperatures for the complefion of the
martensitefo-austenite  transformation  (Brantley,
2001). Thus, the 27°C variant would be useful for
mouth-breathers; the 35°C variant is activated at
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To yapakmpionkd didypappa diagopikis Seppido-
uerpiag odpwong (differential scanning calorimetry-
DSC| autiyv 1wy cuppdiwy Sefyver o1 katd mv ywiln,
ol 8eppokpacieg Ms (paprevoimg-apyikd) kar M
(paprevoimgteAikd) eivar auiég katd g onofeg apyr
Gl kal olokAnpwveral, aviiotoixa, n HetaBoAr oe
paprevoim. Opoiwg, katd m 8éppavorn, or Seppo-
kpaoieg As (worevimg-apyikr) kar Af (worevimngreAikr)
eival o1 Seppokpaocieg évapéng kal ohokAfjpwong,
avriotoiya, G peraBoArg oe worevim (Eik. 3). To TTR
yia k&8e pia and g 1peig Sopég (worevimg, edon R
Kal paprevoimg) avagéperal oto  Qeppokpaoiakd
elpog évapéng kar ohokArfpwong Twv peraBoldv
PAoEWV O CUYKEKPIPEVN OOU.

To npwro Nitinol nou kukhopdpnoe kar dMa kpdua-
10 0p80dOVIIKWY N UNEPEAQCTIKOY OUPHATWY VIKEAR
ou-TiTaviou nepiéxouv onuavikég noodmreg oradepol
paptevoim. Or Beppokpacieg As autv 1wy kpapdiwy

C GIOKA and T ELIADES Superelasticity o f nickel-fitanium orthodontic archwires

normal body femperature; and the 40°C variant
would provide activation only after consuming hot
food and beverages. The Af temperatures for the three
variants were within 3°C of the values reported by the
manufacturer (Brantley, 2001).

The superelastic nickelitanium wires, including the
frue shape memory nickeHitanium wires, show
exceptional temperature sensitivity. Thus, alterations in
mouth temperature could cause a stress fluctuation in
nickel- fitanium wires during orthodontic freatment. In
a recent study, three different superelastic nickel
fifanium wires were examined af constant femperature
and stepwise temperature changes from 37° to 60°C
and back to 37°C and from 37° to 2°C and back fo
37°C, in order to evaluate the effects of temperature
changes onfo mechanical properties of the wires
(lijima et al., 2002). It was shown that the load
expressed by the superelastic nickelHitanium wires
increases on heating and decreases on cooling.

Endothermic —

Heating

.
"

<+— Exothermic

¥ A

Cooling

10 20

Temperature (°C)

30 40 50

Eik. 3: Xapaktnpiotiké Sidypappa DSC opBodovtikol oUpuatog NiTi (auBaipeteg povddec).

Fig 3: A characteristic DSC plot of a NiTi orthodontic wire (arbitrary units).
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efval noAU upnAdtepeg and m Seppokpacia dwyatiou
kal aurj 1ou oropankol nepiBaMoviog (Bradley,
1993). Ta kpapara cuppdiwv pe pviun OX\PaTog
nopouoialouv Seppokpaocieg Af yaunAdrepeg aurrig
ToU OTéHaTog Kal, €101, 1a olppata autd £xouv oucia-
onkd nArfen woreviki dopr in vivo.

Ta un uneperactikd (pe pn aAndi pvipn oxriparog)
kpdGuata Oladétouv pIKPOOOPEG MOU EXOUV ATEAWG
petarpanel oe wotevimn om Seppokpacia Tou ordpa-
10G. O1 Beppokpaoies Al autdv Twv ouppdiwy pnopef
va eival noAl uynAdtepeg twv 3/°C.

Ma 10 kpapa Nitinol SE, n Beppokpacia Af ng 8ép-
pavong eivar nepinou 60°C, éio1 worte 10 kpdpa autd
va anotelel pefypa pdong R kal aouotevim o Sepr
Hokpaoia tou otéparog (Bradley, 1993).

To kpépa pe pviun oxrfuarog (NeoSentalloy), éxel
ouclaoTikd TeAeing wotevitiki dopr oe Seppokpacia
oréparog, evd 10 un uneperactkd kpdapa (Nitinol)
omv idla Seppokpacia anoteAeital and paprevoi,
worevim kai, mdavdy, edon R. Ta cuppdnva 16&a
NiTi pe xarkd (Copper Ni-Ti] SiariBeviar oe 1peig
Seppokpaocieg 27°, 35° kar 40°C, nou avroroixoly
onG 1ehikég deppokpacieg oAokAfpwong MG petaBo-
Njg Tou paprevoim oe woteviin (Af 8eppokpaoieg)
(Brantley, 2001). ‘Erol, 10 olppa wv 27°C eival
XPAoIo oe atopa pe otopankh avanvor], 10 oUppa
1wy 35°C evepyonoieiial oe puoloroyikr eppokpar
oia owparog kai 1o clppa Twv 40°C evepyonoieital
pévo perd and karavdAwon EoTwV TPOPWY Kal MOTV.
O1 8eppokpacieg Af yia 11¢ 1peig aurég napalayég
fArav eviog 3°C and TG TiPéEG nou avagépel o kara-
okeuaorrig (Brantley, 2001).

Ta uneperaotikd olppara NiTi, cupnepirapBavopé-
VWV KAl TwV Ouppdtwy  vikeAiouTitaviou e aAndr
pvipn oxrjparog, napoucidlouv eéaipetikr euaiodn-
oia om Beppokpacia. ‘Erol, o peraBoAég mg Seppo-
Kpaoiag otduartog Pnopel va npokalécouv Olaku-
pavoeig g 1éong ora otppara Nili katd myv opSo-
Sovrik Sepaneia. Ze npdogam peAém, eferdomkav
1pia diagoperikd unepehaotikd olppara NiTi ce oto-
Sepri Seppokpaocia kar oradiakég SeppokpACIakEG
peraBoAég and 3/° oe 60°C kar ndAl oroug 3/°C,
kal and 37° oe 2°C kal ndAi orouc 37°C, éiol ote
va alohoyndolv ol enidpdoeig Twv SepUoKPACIaKWY
HETABOAGV OTIG pNXaVIKEG 1010MTEG TwV  CUpPdTWY
(lijima kal ouv., 2002). Bpédnke o1 n 1don 1wy une-
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These phenomena were associated with a change in
the critical stress for marfensite transformation induced
by temperature changes. The critical sfress for
martensite formation appeared to increase on
heating, whereas the load during the stepwise
femperature changes on cooling was consistent with
that measured at a corresponding  constant
femperature. In the stepwise femperature changes on
heating, the load measured at body temperature as
the final step was much higher than that measured ot
37°C as an initial step. Two possible explanations
were proposed fo subsfantiate for this finding:

a) a change in the transformation temperature of alloy
because of the generation of dislocations, which were
infroduced by moving the interface between the
martensite and austenite phases upon heating and
cooling, and

b) the inhibitory effect of restraint on the
fransformation.

The previous study showed that the mechanical
properties of superelastic nickeHitanium wires were
substantially affected by temperature changes. Meling
and Odegaard [1998b) came to the same
conclusion, showing that some true shape memory
wires continued fo exert subbaseline bending force
after shortterm application of cold water, and this
effect remained even after 30 min of post exposure
restitution. In addition, it has been indicated that the
temperature of orthodontic wire increased up to 50°C
with an intake of a hot dink and several minutes are
required for it fo return to ifs original temperature
(Airoldi et al., 1997).

CLASSIFICATION OF THE
NiTi ORTHODONTIC
ARCHWIRE ALLOYS

The mechanical properties of the different types of
NiTi alloys that are currently available allow an initial
classification to the following categories: superelastic,
non-superelastic, and true shape memory. However,
this classification infroduces confusion with respect to
the meaning of the terms and as a result, an
alternative,  structured-based  classification  was
proposed by Kusy as cited by Branfley (Brantley,
2001):

Martensiticstabilized: the processing of this type of
wires creates a stable martensitic structure and thus no
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PEAQOTIKGY CUpPaTwY VikeAiouTitaviou auédvel pe m
Séppavon kal peiwveral pe mv wodn. Ta earvopeva
autd ouoyetiotnkav de aMayég MG Kkpioiung 1éong
HeETaBOArG Tou paptevoim nou npokaleital and aMa-
véG g SBeppokpaciag. H kpioiun 1éon yia dnuioup-
yia paprevoim eavnke va audver pe m Séppavon,
eV 10 poptio katd TG oTadIakég HetaBoAég mG Sep
Hokpaoiag pe mv Yoén frav napduolo pe autd nou
petpridnke oe avriotoiyxn oadepry Sepuokpacia. 21
o1ad1akég petaborég g Seppokpaoiag pe ) Sép-
pavon, 10 goptio nou perpridnke oe Seppokpacia
owpatog wg TeAikr] Seppokpacia Atav oAl uynAdre:
po and autd nou perprdnke oroug 37°C wg apyik
Seppokpaocia. Ato eivar ol mbavég eényfoeig yia 1o
elpnua autd:

a) aMayry Mg Seppokpaciag peraBoArig Tou kpdpa-
10G Adyw OnIoupyiag Napektonicewy, oI onoieg eni-
ouvéBnoav pe T perakivnon mg peodeaong peradl
NG WoTevITKAG Kal paprevoitkig edong kard m 8ép-
pavon kal mv yién, kai

B) avactaAnikr enidpacn nepIopIoTIKGY NAPaySVIwY
eni NG peraBoArg.

H nponyoUuevn peAémn éSeie Om of pnyxavikég 1016m-
TEG TWV UNEPEAQOTIKWY CUPNATWY ViKeAoU-TITaviou enn-
pedomkav ouciaotika and 1g SepuokPACIakES pera-
Bolég. O1 Meling kar Odegaard (1998b) karéAnéav
o1o id10 cupnépacipa, Seiyvoviag & opiopéva olp-
para pe aAndr pviun oxriparog eéakoroldnoav va
ackolv dlvapn kdpyng kdw and 1o Baoikd dpio
perd and olvioun epappoyr kplou vepol, kal 1o gar
vépevo autd napépeive akoun kar perd and 30 Aentd
anokardoraong. EninAéov, karadeiyxOnke o1 n Seppo-
kpaoia Tou opdodoviikol olpuarog aufidnke péxp!
toug 50°C perd and otd pdenua kar anaimdnkav
apkerd Aemtd péypl 10 olppa va enavéNder omy apyi-
krj ou 8eppokpacia [Airoldi kai cuv., 1997).

TA=ZINOMHIH TON
KPAMATOON TOON
OPOOAONTIKON
SYPMATCOON NiTi

O pnyavikég 1016mreg Twv Slapdpwy TiNwv KPAapaTwy
NiTi nou kukhopopolv orjpepa enitpénouy Hia apyr-
kA 1aéivéunon ong napakdiw kamyopieg: unepeAa-
oTkd, pn unepehaotikd kal e aAndr pvriun oxripo-
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shape memory or superelasticity is expressed. Typical
representative of this category is the non-superelastic
Nitinol wire.

Martensitic—active: this type of NiTi wires employs the
thermoelastic effect to achieve shape memory. The
temperature raise within the oral environment leads fo
the transformation of the martensitic back fo the
austenitic structure and as result the deformed arch
wire returns to the starting shape. This category
includes the superelastic, shape-memory wires, such
as NeoSentalloy and Copper NiTi.
Austenitic-active: these alloys experience a
pseudoelastic  behaviour, where the martensitic
structure transformation of these alloys is sfress-induced
resulting from the activation of the wire. Superelastic
wires that do not prossess thermoelastic shape
memory at the oral environment temperature, such as
Nitinol SE, belong fo this category.

METHODS OF STUDYING
THE NiTi ORTHODOINTIC
ARCHWIRE ALLOYS

The majority of studies investigating the mechanical
properties and structural conformation of NiTi wires
employed three major routes to elucidating certain
aspects of the wire structure of performance. The most
commonly-used method consists of deflection curves,
or canfilever testing of segments of archwires under
various loading patterns.  The problem with  this
method is that it cannot differentiate the superelastic
properties of archwires because this characteristic
refers fo the crystallographic structure of the materiol
and not specific mechanical property.

XRD studies of archwires, provide important evidence
on the crystallographic structure of the alloy. Xray
diffraction is inherently a near surface analytical
technique, since the depth of penefration of the X-ray
beam is typically no greater than 50 pm and
frequently less for the mefals of usual interest (Eliades
and Brantley, 2001).

lastly, differential scanning calorimetry (DSC) has
been increasingly used for study of nichelitanium
orthodontic archwire alloys. DSC  defermines
enthalpies (heat absorbed or liberated) for phase or
structural  transformations, and the transformation
tfemperature ranges, by measuring the differential heat
flow required to maintain a sample of the
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10G. Ev 1o0101G, N 1a§ivépnon aut npokalei olyxuon
doov apopd omy évvola Twv dpwv Kal, €101, NEoTd-
dnke and tov Kusy pia evalhakrikr, Bdoer g doprig,
1agivopnon, énwg avagéper o Brantley (Brantley,
2001):

21a8eponoINUEVNG LOPIEVOITIKIG OOUAG: 1 KATEPYa-
ofa autol 1ou 10nou cuppdiwy Onuioupyei oradepn
paprevortiky dopnp kai, €rol, autd Sev Oladéiouv
pvApn oxrpatog 1 unepehaotikdinta. Xapakinpiorkd
aviinpoowneutikd MG kamyopiag aumg clppa eival
10 pn unepehaotikd olppa Nitinol.

Evepyou paprevoinikiic dopurig: o 10nog autdg ouppd-
twv NiTi ypnoiponoiel 10 Seppoeractikd paivdpevo
yia mv eniteuén pvipng oxrparog. H aténon mg Sep-
Hokpacoiag evidg Tou otdpatog odnyel om perdBaon
and 1 PaPTEVOITIKY OV WOTeVITIKA OOWr| e anotéhe:
Opa 10 NApPApoPPWHéVO cuppdnvo 160 va enavép-
Xeral oto apyikd Tou oxApa. H kamyopia aut nepr
AapBavel 1a uneperactikd olppara pe pviun oxfipa-
106G, 6nwg 1o NeoSentalloy kai 10 Copper NiTi.
EvepyoU worevinikric Soprig: 1a kpduaia autd éxouv
pia peudoeAaoTiki oupnepipopd, kard myv onoifa n
peraBoAr] MG paptevoltikig SopAg Toug npokaAeital
and m onuioupyia 1doewy Adyw MG evepyonoinong
Tou olppaTog. Xmy kamyopia autj avikouv unepe:
Aaotikd olppara nou Oev dladérouv SepuoeAactikr
pvipn oxrpatog om Sepuokpacia Tou  o1dPaTog,
6nwe 1o Nitinol SE.

MEOSOOAOI MEAETHXZ TN
KPAMATOON TCOON
OPOOCAONTIKON
SYPMATCOON NiTi

H nAeiopneia twv peAetdv nou Sigpeuvolv TG pnya-
VIKEG 1010MTEG Kal T Sopr Twv cuppdiwy NiTi ako-
MouBolv 1peig kUpleg kateudivoelg peAémg mg and
doong evog olpparog. H ouvndéotepa ypnoiponor
olpevn pédodog apopd oe kapniAeg Napapdpu-
ong 1} dokipacieg eAeu8épou Gkpou THNPATWY CUPPE-
nvwv 168wy Katw and dIapopPeTikéG ouvankeg PopT-
ong. To npdBAnpa pe m pédodo auri eivar én dSev
unopel va diapoponolirioel perall 1wV unePEACOTIKWY
1I010TTWY TwV ouppdTwy, SISTI TO XAPAKINPIoTIKS autd
avagéperal oty kpuotaAoypaikr Sopr| Tou UAIKOU
Kal Oyl Oe OUYKEKPIPEVN pnxavikr 1d16ma.
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experimental material and an inert reference material
at the same temperature. This analysis provides
information about the bulk material, in contrast fo X-ray
diffraction (Eliades and Brantley, 2001).
Nonetheless, the structure of nickeHitanium (NiTi)
orthodontic wires, sfill consfitutes a matter of dispute.
Originally, it was proposed that the non-superelastic
NiTi wires consisted predominantly of work-hardened
martensitic NiTl, whereas the superelastic NiTl wires
consisted predominantly of  NiTi in the austenific
structure [Miura et al., 1986: Khier et al., 1991).
However recent Xray diffraction analyses comparing
superelastic wires with non-superelastic wires in the
asteceived condition and under tensile strain suggest
that the aseceived non superelasic wires are actually
predominantly austenitic NiTi, i.e., the same structure
as the superelastic wires (Thayer et al., 1995). This
conclusion is not supported by differential scanning
calorimetric (DSC) analyses which indeed verify that
the superelastic NiTi are predominantly austenitic
structure  and  the non-superelastic  wires are
predominantly martensitic NiTi at both room
temperature and 37°C degrees (Bradley et al.,
1996). The conflicting results of these two studies may
be attributed to the fact that X-ray diffraction typically
analyses a nearsurface region for a metal, whereas
DSC provides information for the overall bulk
specimen as nofed previously.

INTRAORAL AGING OF
NiTi ALLOYS

Several in vitro and in vivo studies have been made
in order fo evaluate the effects of exposure of the NiTi
orthodontic archwire alloys to the oral environment
and to the mechanical loading during treatment.
Cenerally, it has been shown that the intra-oral
exposure of NiTi wires alters the topography and
structure of the alloy surface through surface aftack in
the form of pitting or crevice corrosion or formation of
infeguments as shown in Fig. 4 (Eliades ef al., 2000).
Retrieved NiTi orthodontic wires are characterized by
the formation of a proteinaceous biofilm, the organic
consfituents of which are mainly alcohol, amides and
carbonate. The elemental distribution of the biofilm
complies with the formation of NaCl, KCI, and Ca-P
crysfalline precipitates on the wire surfaces, that alters
the surface composition and topography of the wire
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MeAéreg XRD 1wv ouppdiwy napéyouv onuaviikég nAn-
POPOPIEG OKETIKG HE TNV KPUOTAMOYPaPIKr dopr| Tou
kpdpatog. H d1iad8Aaon akrivwy X eival eyyevig noAl
eniQavelak avaAutikiy Texvikr, epdoov Tunikd 10
BaBog Odleioduong g Séoung Twv aktivwv X Oev
unepBaivel 1@ 50um, kai, kard kavéva, eival pikpd
Tepo yia 1a pérara ouviidoug evdiapépoviog (HAid-
dng kai Brantley, 2001).

Téhog, xpnoiponoleitar dAo kar nepicodiepo n dia-
popiki Sepuidoperpia cdpwong (DSC) yia m peAém
WV Kpapdiwy op8odovikGy CUPHATWY VIKeAloUTITavi-
ou. To DSC ka8opilel mv ev8aAnia (Seppdmra nou
anoppogdral rj aneleudepwveral) peraBorwv pdong
i Ooprg kadwg kai 1o Oeppokpaciakd elpog Twv
peraBolwy, perpwviag m dlapopiki por] Sepudmiag
nou anaiteital yia m diampnon omy idia Seppokpa-
ofa Oefypatog 10U nelpapankold UAIKoU kal evég
adpavols uAikoU avapopds. H avdiuon aut napé
XEl NANPOPOPIEG OXETIKA pe Tov KUpIo OYKO ToU UAK
kol oe avrideon pe m pédodo did8haong akrivwy X
(HNadng kar Brantley, 2001).

Ev oUr101G, n dopr 1wv opdodoviikiy cuppdiwy NiTi
eéakohouBel va anotelel avrikeipevo Sixoyvwpiag.
Apyikd unoompeixdnke o 1a pn unepehactikd olp-
para NiTi anoreholviav Baoikd and paprevoitkd
NiTi nou efye unoortel okA\fpuvorn pe Pnxaviky karep-
yaoia, ev) 1a uneperaortika olppata and NiTi wore-
vitikrig Soprig [Miura kai ouv., 1986; Khier kar cuv.,
1991). Tapdia autd, avaiioeig pe diG8Aaon akri-
vwv X nou ouykpivouv unepeAaotikd kal pn olppara,
agevog oy kardoraon nou autd napaiapBavovial
Kal, a@erépou, und ePEAKUOTIKY NApaudppworn, uno-
Seikviouv 11 1a un unepeAacTiké olppaTa otV NEWIN
nepintwon eival kupiwg wotevitikig douRg, onAadr
éxouv v Sia Sopn pe 1a unepehaotika (Thayer kai
ouv., 1995). To ocupnépacpa autd dev unoompileral
and avaiioeig diapopikig Sepuidoperpiag cdpwong
(DSC), o1 onoieg npaypart nictonoiolyv 41 1o unepe:
Aaotikd NiTi éyxel Baoikd wotevitikry Sopr| kal 1a un
unepeAacTikd olppata anoreholvial kuping and pap-
revoinkd NiTi 1éoo oe deppokpacia dwpariou doo
kal oroug 37°C (Bradley kai ouv., 1996). Ta avr-
KpOUOHEVa anoTEAéOPATa aUTWY Twv U0 PEAETWY pno-
pel va anododolv oto yeyovédg on n diddAaon akrr-
vwv X katd kavéva avaAlel neployr Tou peraAoU
kovid omv enipdveia, evey 10 DSC napéxel nAnpopo-
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alloy (Eliades et al., 2000).

At the wire edge opposing that engaged fo the
bracket, increased frequency of cracks and crevices
was observed presumably due to the presence of
tensile forces produced locally due to the wire
engagement. These force vectors induced changes in
the microstructure of the alloy evolving a reduction in
grain size at the compressed locations, which
extended beyond the nearsurface region. Changes in
grain size are well documented in the NiTi metallurgy
as SIM (stresssinduced martensite] where the
martensitic transformation occurs below the transition
tfemperature range (TTR) when external stress s
applied (Weyman, 1993). Whether this transfo-
rmation reflects an effect with clinical implications
possibly related to the expression of the superelastic
properties of the wire is not known.

The microscopic investigation of the metallographic-
ally-polished specimens showed that the wire surfaces
engaged to the bracket slots demonstrated material
loss and various modes of corrosion such as
delamination, crevice, and pitting corrosion. The sites
of the refrieved wires engaged to the brackefs
exhibited much smaller grain size compared fo the
etched reference wires.

Several important differences were noted in the
surface profile morphology of the longitudinally-
sectioned and polished wires relative fo the as-
received specimens. Surface regions engaged to the
bracket slot showed surfaces demonstrating excessive
wear, while characteristic patterns of delamination
were observed. The enhanced deferioration of this
specific region may be assigned to compressive
forces accompanying wire activation through ligation,
and possible frictional damage produced inside the
slof. Alternatively, this effect may arise from plowing
during sliding of NiTi alloy wire on stainless steel
bracket slot. NiTi and 8-Ti wire alloys are most likely
fo present this effect because of the presence of rough
surfaces associated with the wire drawing process.

CLINICAL IMPLICATIONS
OF THE SUPERELASTIC
PROPERTIES AND AGING
OF NiTi ALLOYS

The nickeHitanium wires have the lightest force
delivery and widest elasfic range of the four popular
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pieg yia Tov kipio dyko Tou Oefyparog dnwg avapép-
dnke kal NPONYOUPEVWG.

ENAOSTOMATIKH THPANTIH
TON KPAMATOON NiTi

‘Exouv yiver apkerég peAéteg in vivo kat in vitro yia va
alohoyn8oly 1a anoreAéopara NG ékdeong Twv kEa-
patwv 1wy opdodoviikwy oupudiwy NiTi oro orouarr-
kb nepiBaMov kai oe pnyavikr oprion karé 1 depa-
neia. levikd, @avnke o n evooortoparnkr ékdeon twv
ouppdrwyv NiTi aMoldver v Tonoypagia kai m dopn
MG en@dveiag Tou kpaparog péow npooBoris mg
enipaveiag pe m poper; Bodpiwv 1 didBpwong twv
auAdkwv i dnpioupyiag upeviwy, dnwg eaiverar omv
eikéva 4 (Eliades kal ouv., 2000).

Ta enavakmdévia op8odovrikd clppara NiTi yapa-
kmnpiCovral and m dnpioupyia piag npwieivoiyou Bio-
pepgBpdvng, 1 opyavikd croixeia Mg onofag eival
Kuplwg aAkodAn, apideg kal avdpakikd. H karavopr
Twv oroixeiwv G BiopepBpdvng aumg cuvader pe m
Snpioupyia NaCl, KCI kar kpuotaMikav 1gpdiwy
CaoP ong endveieg 1wy ouppdiwy, npdyua nou
aMoiwvel m olv8eon kal Tonoypadia NG enipaveiag

C GIOKA and T ELIADES Superelasticity o f nickel-fitanium orthodontic archwires

alloys, along with outstanding springback, particularly
for the shape-memory alloys. However, these wires
are expensive, have poor formability, and cannot be
soldered or welded (Brantley, 2001). Archwire-
bracket friction is comparably high to that for beta-
fitanium because of the relatively rough wire surfaces
that arise from the high fitanium confent. However,
clinical studies determining the comparative sliding
friction among various alloys are lacking. The only
evidence currently available is not supportive of a
difference in the duration of treatment in patients
freated NiTi alloys possessing distinctively different
surface characteristics, i.e. ion-bombarded NiTi and
conventional NiTi (Kula et al., 1998).

As note previously, rectangular NiTi archwires may be
used early in freatment, to facilitate simultaneous
rofation, tipping, leveling and torquing, and thus in
some cases, freatment can begin with full-size
rectangular wires that nearly fill the bracket slot. The
superelastic and shape-memory nickeHitanium wires
are particularly useful where large deflections are
necessary for malpositioned teeth, whereas
superelastic nickeMitanium  coil springs, originally
developed for orthodontics by Miura et al., (1988),
have also found wide applicability. The force
generated by the coil spring depends upon the wire
diometer, lumen size, pitch of the open spring and the

Eik. 4: Eixéva Seutepoyevols eknopnric enavaktnOévtog olppatog NiTi uetd and €kBeon 6 unvidv oto otdépa aobevoug.
a) napatnpeiote tnv adprj tonoypagia kai tg kabi{oeig otnv nipdveia Tou oVpuatog (apxikr peyébuvon 80X).
b) peyaAitepn peyébuvon Aentopépeiag Tng eikévag 4a, énouv waivetal n nukvij pepBpdvn vpeviwy nou éxel kabildver otny ni-

(pdveia Tou oUppatog (apxikn peyebuvon 400X).

Fig 4: Secondary electron image of a retrieved NiTi wire following exposure to the intraoral environment of a patient for 6 months.
a) note the rough topography and precipitations on the wire surface (Orig. Mag. 80X).
b) higher magnification of a detail of Fig 4a revealing the dense integument film precipitated on the wires surface (Orig. Mag

400X).
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Tou  kpdparog 1ou olpparog  (Eliades kar ouv.,
2000).

2mv akprj 1ou olpparog n onofa Bpiokerar anévavr
aumg nou eival evidg Tou aykuAiou napamperidnke
auénpévn ouxvaIIa PWYHWY Kal OXIoPWY, nidavwg
AOYW NG NaPOUCiag EPEAKUCTIKWY OUVAPEWY MOoU
Snpioupyolvral tonikd and myv eunAokr 1ou olpua-
10G evidg Tou aykuhiou. Autd 1a aviopara Suvapewv
npokdAecav aMavég om pikpodopr Tou kpdparog,
ol onoleg npokdAeoav peiwon 1ou peyé8oug Twv KoK-
Kwv oTIG neployég nou cupniéomkay. O aMayég mg
HikpodopAG enekteivoviav kal népa and myv nepioxr
Kovia omnv enipavela. AMayEg Tou peyédoug Twv kK-
Kwv eivar kKaAd tekunplwpéveg om peraroupyia NiTi,
wG SIM (stress-induced martensite — paprevoiing nou
Snuioupyeital Adyw 1éong), énou n paptevoitiki pera-
BoArj emoupBaivel kaw and 1o Sepuokpaciakd
ebpog perdBaong (TTR - transition temperature range)
pe mv epappoyry efwrepikig 1dong (Weyman,
1993). Aev eivar yvwotd kard ndoov aut n perabo-
N avrikatonipiCel éva paivépevo pe KAIVIKY onuacia
nou oyetiCeral mdavig pe My Ekppaon Twy UnepeAa-
OTIKWV 1810TATWY Tou CUpPUaTog.

Mikpookonikr] dlepelivnorn Twv PETANMOYPAPIKA OTIA
Bupévwv Serypdiwv €deiée o o1 emipdveleg Tou olp-
patog nou frav evidg NG OXIOPAG Tou aykuAiou
napoucialav anwAeia vAikol kal didBpwon diaed
pwv TUNwy, Onwg anooTpwpdiwon, OXICEG Kal Belor
voeldr] diéBpwon. Ta onpeia twv enavakmdéviwy cup-
patwv nou Bpiokoviav evidg Tou aykuAiou  efyav
HIKpOTEPO [éyeBog KOKKWY OUYKPITIKG pe Ta adponor
nuéva olppata avapopdq.

Apketég onpaviikég dlapopég napamperdnkav omy
enipavelakh poppoioyia g nAdyiag oyng ouppd-
Twv o1a onoia éylvav enipikel§ TopéG kal akoholdn-
oe Agiavorn ouykplikG pe 1a Oefypata omy kardoraon
nou autd napaiapBavoviar and 1o orépa. Engaver
akéG neploxég nou Bpiokovial evidg G OYIOPAG Tou
aykuAiou napouciaoav ekceonpacpévn edopd, eva
napamperdnkav, akopn, Xapakinpiotkd oxfpara
anootpwpdtwong. H dieukdAuvon g ¢8opds Twv
OUYKEKPIPEVWY  MePIOXWY  Hnopel va anododel oe
Suvdpelg oupnieong nou eppavidovial perd and evep-
yonoinon T1ou olppatog kard v npdodeor] Tou,
kadwg kar oe mbaviy e8opd Aoyw TpIBrG nou enr
oupBaivel péoa om oyiopr ou aykuhiou. EEGAou, 1o
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marfensite transformation temperature. These springs
can exert constant light, continuous force over a very
wide range, providing an optimal appliance for tooth
movement under appropriate clinical conditions.
However, it has been found that the force delivery of
the superelastic coil springs can be substantially
affected by small changes in temperature (Brantley,
2001).

A concemn has been expressed on the effect of
infraoral aging as analysed in the foregoing section,
which involves severe surface and structural alterations
of the wires, on the martensite-austenite phase
fransformation  characteristics and  proportions.
Fvidence on this issue is lacking, however, a recent
study investigating the phase transformation of NiTi
endodontic rotary NiTi files reported that files
exposed to clinically-simulated procedures presented
similar percenfage of phase transformation to that
found for the asreceived products (Brantley et al.,
2002). The exposure of endodontic files to the
infraoral environment is vastly irrelevant fo the
archwire application because of the duration and
potency of affecting variables, thus, further research
on this issue is required before a definitive consensus
is reached.

In addition, the mechanical properties of the nickel-
fitanium archwires that have been previously
discussed, and mainly the superelastic property, refer
mosily to a laborafory level and were basically
observed in vitro. Clinical studies focusing on the
assessment of the rate of tooth movement during
freatment using different archwire alloys, showed no
significant  differences  among  superelastic,
nonsuperelastic  NiTi wires, and multistranded
stainless steel wires (Cobb et al., 1998). Others have
concluded that superelasticity bears litlle or no clinical
importance for torque applications, since af least 45°
of activation was required to show deactivation
plateau (Meling and Odegaard, 1998a). Lastly,
three-point bending studies showed that superelastic
wires required at least 2mm of deflection to exhibit a
plateau region (Tonner and Waters, 1994). Support
fo the foregoing conclusion has been provided by a
study revealing that that many superelastic wires
exhibit no superelastic properties in vivo, or at least no
advantage over conventional NiTi wires (Segner and
lbe, 1995). These wires required a footh
displacement of at least Tmm to express a plateau
region and a force level af the plateau reached 500
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paivopevo autd pnopel va npoéAder and m onuioup-
yia aulakgoewv katd mv oAiodnon tou clpparog
and kpapa NiTi evidg oxioprg aykuAiou and avolei-
Swro xadAuBa. Kpdparta cuppdrwy NiTi kar B-Ti éxouv
TG neplocdiepeg mbavdmieg va eppavicouy auid 1o
pavépevo Adyw MG napousiag adpwy enpaveiv
nou oyetiCovial pe mv enegpyacia Tou KPAPaTog kard
v eAaoparonoinor] Tou.

KAINIKH ZHMAZXZIA
TON YTIEPEAAISITIKOON
IAIOTHTOON KAI THX
FTIMPANZHZ TCOON
KPAMATCOON NiTi

Ta olpparta vikeAiou-Timaviou anodidouv TG Nnidrepeg
SuVvApeIG kal éxouv 1o HeyaAlTepo eAacTikd elpog
and 1a ooegpa OnpoIAl kpduata. Enfong, S1adé-
Touv e€alpetikr 1kavomia enavapopdg, 101aitepa 1
kpduata pe pvrpn oxrpatog. Ev todroig, 1a olppara
autd efvar akpiBa, éxouv pikpr 1kavomta dlaudpeu-
ong kai Oev pnopoly va unoctolv cuykdAnon A mén
(Brantley, 2001). H 1p1Br} aykuhiou-clpparog eivar
effoou uynAr pe aumy Twv ouppdiwy BriraTiiaviou,
ANOyw Twv OXeTIKG adPWY ENIPAVEIRY OUPUATOG MOU
ogefhovral ot peyaAn nepiektikdmia mraviou. [lapd-
Aa autd, dev undpyouv KAIVIKEG peNéTeg nou va kado-
piCouv m ouykpitiki 1p1Br oAicBnong peral diapd-
pwv kpapdiwy. Ta péva enf 1ou napdéviog dladéoipa
orolxeia dev anokaAlniouv dlagopég om didpkeia
G Sepaneiag acdeviyv katd my onoia xpnoiuonoid-
dnkav kpdapara NiTi pe treAeing diapopetikd xapakn:
piotikd enipaveiag, onAadr NiTi BouBapdiopévo pe
16via kar cupBankd NiTi (Kula kai cuv., 1998].

Onwg emwdnke nponyoupévwg, 1a terpdywva olpua-
1a NiTi efvar duvatdv va ypnoiponoindoiv omv apxi
NG Sepaneiag yia va dieukoAlvouv My 1autdypovn
S16pBwon oTPoPWV Kal anokAicewy, MV eninédwon
kar mv anddoon Tou forque Kai, €101, Ot OPICHEVES
nepinwoelg, n Sepaneia pnopei va &ekivrioe! pe 1e1pd-
ywva olppara peydAng Olatopig nou oxeddv nAn:
polv TeAeiwg ™ oyiopr] Tou aykuAiou. Ta unepehaorr-
k& kal 1a olppata vikeAiouTiiaviou e pvipn oxiua-
10G eival 181aitepa xprioiga ekel dnou anarolvial
HEYAAEG NAPAPOPPWOEIG TOU CUPHATOG OF EKTETAPEVO
OUVWOTIONO, eV KAl Ta UNePEAAOTIKA NepIEAypéva
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gr, a magnitude far beyond the typical limits of
orthodontic force application, whereas others have
estimated a maximum vertical force of 390 gr, by
simulating Tmm and 2mm crowding with 20°
angulation (Schumacher et al., 1992). Thus, in vivo
studies revealed no superelastic behavior of
superelastic NiTi wires and no differences on tooth
migration in cases treated with these wires compared
fo the therapeutic results of the conventional NiTi
wires.
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eharjpia NiTi, nou apyika dnpiolpynoav yia opdo-
dovrikr xprion o Miura kar ouv., (1998), éuyav
eupeiag epappoyrig. H dlvaun nou ackeital and 1o
ehampio eéaprarar and m didperpo 1ou clpuaTog, 1o
péyedog Tou aulol, 1o Bripa Tou avolkiol eAampiou
kai 1 Beppokpacia paprevoinkig peraBoAis. Ta eha-
mMpia autd eival oe 8éon va ackolv oradepr, fnia,
ouveyr| OUvapn oe peyaro e0pog, napéxoviag 1 BéN
TIOT CUCKeUr] yia odoVTIKY perakivnon und TG katdh
AnAeG kAIvikéG ouvBrikeg. Ev toltoig, Bpédnke om n
andédoon dlvaung Twv UNEPEAQCTIKWY NePIEAIYHEVWY
ehampiwv unopel va ennpeactel ouoiaotkd and
HIkpEG peraBorég g Beppokpaciag  (Brantley,
2001).

Avnouyia npokaAel, eniong, n enidpaocn 1ou eavo-
pévou evOooToparnikiG yipavons - onwg avaAidnke
NEONYOUPéVWG, Kal apopd Oe ONUAVTIKEG ENIPAVEID-
KEG kal OOHIKEG AANOINCEIG TwV CUPPdTWY - OTA XaPa-
KinpioTikd Mg peraBoArg edong paprevoim-worevim
kal o1g avaloyieg. Aev undpyouv enapkr] dedopéva
yia 10 8épa autd. Ev tolroig, pia npdopartn peAém
nou Siepeuvd m petaBoAr edong tou Nili ong evoo-
Soviikég neplotpodikég piveg NiTi avagéper o1 ol
piveg nou ekrédnkav oe ouvOnAkeg KAIVIKAG Npocopof-
wong napouciacav napdpolo nocootd HeraBoAAg
@dong pe autd pivav nou enavakmdnkav perd and
KAiviki xprion (Brantley kai ouv., 2002). H éx8eon
evOOOOVIIKWY pIVWV oT0 otopankd nepiBaMov dev
éxel kapia oyéon pe MV epappoyr Tou CuppaTivVOU
16€ou, ANoyw NG OIGPKeEIag kal Tou OUVAHIKOU Twv
napapérpwy nou enidpoiv. ‘Erol, anareiiar nepaiiépw
épeuva oto 8épa autd npotol undpéel opopwvia.
EninAéov, ol pnyavikég 101811 Twv CUPHATWY VIKEAF
ouTiraviou nou oudnmdnkav npEonyoupévwg, Kai
KUpIWwG N unepeAacTikr 1016M1a, avapépovial ouoiar
oTkG oe gpyaomplakd eninedo kar napamperidnkav
katd Bdaon in vitro. KAIVIKEG peAéreg oyemikG pe v
aiohdynon tou pudpol odovrikig Herakivnong kard
n Oepaneia e m xprion SIaPoPETKWY Kpaudiwy cup-
patwv Oev €deiéav onpaviikég Slapopég perall une-
pehaotikay, Hn uneperaotikdv ouppdiwy NiTi kal
nohikhwvwy ouppdiuy avoleidwiou ydhuBa (Cobb
kal ouv., 1998). AMol epeuvniég karAnéav oro
oupnépacpa &t n unepeAacTikONIa £xel WIKEA 1] KAl
ka8doAou KAIVIKF onpacia oty epappoyr] EOMHG
oTpéyng (forquel), epdoov anaitolviav TouAGyIoToV
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45° evepyonoinong péxp! va eppaviorel plateau ane-
vepyonoinong [Meling «kai Odegaard, 1998a).
Téhog, pehéreg kduyng o1V onpeiwv édeiéav om 1a
unepeAacTikd olppata anairolcay TOUAGYIoToV 2 IA.
napapdpewong péxp! va eppaviorel nepioyr| plateau
(Tonner ka1 Waters, 1994). Autd emBeBaidveral kai
and peAémn nou anokaAiniel &1 NOAG unepeAacTIkG
olppara dev Napoucialouv UNePEAAOTIKEG 1O1OTNTEG
in vivo 1}, Touhdyiotov, dev éyouv nAeovekripara éva-
vii Twv oupBatikdy ouppdiwy NiTi (Segner kai lbe,
1995). Ta olppata autd anaitolv odovTIKA petakivn:
on 1ouAdyiotov 1 xIA. péxpl va egpaviotel nepioxn
plateau ora clppara autd kai 1o eninedo Mg dlva-
ung oo plateau éprave 1@ 500 yp, péyedog nou
Eenepvd katd noAd 1a tunikd dpia epapuoynig opdo-
dovrikrg Slvapng. ANor epeuvniég unoAdyioav Péyr-
om karaképuen duvapn 390 yp. oe ouvdrikeg npo-
oopoiwong ouvwotiopol 1 xIA. kal 2 xIA. pe ywviwon
20° (Schumacher kai ocuv., 1992). ‘Erol, o1 in vivo
peAéreg Oev €deiéav unepeAacTikr cupnepIpopd Twv
UNEPEAQOTIKWY CUPPATWY 0UTe SIAPOPEG OtV OdOVI-
Ki pETaKivon o NepINTwoelg nou Sepanelmkay e 1a
olppata autd ouykpITikd pe 1a SepaneuTikG anoTeAé:
opara twv cupBarnkav cuppdrwy NiTi.
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