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Transformation characteristics and related 
deformation behaviour in orthodontic NiTi 
wire 
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Several orthodontic NiTi wires have been investigated by differential scanning calorimetry 
measurements and uniaxial tensile tests. An attempt is made to relate pseudoelastic deformation 
behaviour to characteristics of diffusionless martensitic transformation. Pseudoelasticity is 
explained by the respective importance of each parameter for use in orthodontics and 
experimental results are presented in terms of classification. 

1. introduct ion 
Since their introduction to orthodontics by Andreasen 
in 1971 [1], NiTi wires have been extensively used. 
The unique elastic properties of these alloys have 
been further enhanced, especially with respect to their 
pseudoelastic properties [2-4]. 

NiTi, as an intermetallic compound in near equi- 
librium condition, seems to fulfil the biological re- 
quirements in function and biocompatibility. The 
combination of a large working range, constant force, 
small modulus of elasticity, and a high degree of 
biocompatibility make them especially suited for 
orthodontic as well as medical purposes [5-10]. 

Concerning the various orthodontic NiTi alloys 
currently in use, there is little information about their 
transformation characteristics and related deforma- 
tion properties. Thermal analysis techniques have 
been previously used to reveal transformation charac- 
teristics in these alloys [ t l ,  12]. To characterize the 
NiTi orthodontic wires currently in use, which display 
remarkably different pseudoelastic properties, the 
transformation temperatures as well as deformation 
parameters have now been investigated. 

2. Experimental  procedure 
Several orthodontic wires were obtained from com- 
mercial sources, as explained in Table I. 

Transformation temperatures were measured using 
a Du Pont 2100 differential scanning calorimeter 
(DSC). Samples of mass 0.05-0.1 g, which were cut 
from the orthodontic wires, were placed in an alu- 
minium crucible. The heating/cooling rate was 
i0 °C rain-  1 Since the As-temperature, i.e. the temper- 
ature of the commencement of reverse transformation, 
was detectable in nearly all the samples, it was taken 
as the characteristic temperature for each wire. As it is 

difficult to accurately detect the beginning of trans- 
formation from the point of departure from the base 
line, the extrapolation onset point is assumed to be the 
temperature of transformation commencement. 

Uniaxial tensile tests were performed by using a 
Zwick 1387 universal testing machine. The gauge 
length of the specimen was 40 mm. All tests were 
carried out at a strain rate of 10 -4 s-~, while the test 
temperature was held at 37 °C. The samples were 
deformed up to the very end of the pseudoelastic 
plateau, and then unloaded at a strain rate of again 
10-~ s-1 

3. Results  
DSC curves obtained from various orthodontic wires 
can be classified into three categories, depending on 
whether the martensitic transformation and the re- 
verse transformation (Fig. 1), the reverse trans- 
formation (Fig. 2), or finally no transformation (Fig. 3) 
is detectable in DSC scanning. A complete classifica- 
tion and the As-temperature of each sample, if detect- 
able, are given in Table I1. 

T A B L E I Orthodontic NiTi wires 

Abbreviation Product Company 

AOT Memorywire NiTi American Orthodontics 
DNT Rematitan Lite Dentaurum 
FTS Titanol Supere[astic Forestadent 
NIS Nitinol SE Unitek 
NIT Nitinol Unitek 
ONI NiTi Ormco 
OSN SuperNitane Ormco 
RMO Orthonol Rocky Mountain 
RMT Rematitan Dentaurum 
SSA Sentatloy Soar 
TXR Titanal XR Lancer 
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Figurel DSC curve of SSA sample, showing transformation signals 
from martensitic (M) and reverse (A) transformation; R-phase trans- 
formation is marked by (R). 
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Figure 2 DSC curve of ONI  sample, where reverse transformation 
(A) to the austenite is visible; R-phase transformation is marked 
by (R), 
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Figure 3 DSC curve of RMO sample. No transformation signal is 
detectable. 

Examination of stress-strain curves has been car- 
ried out according to the definitions presented in 
Fig. 4. Results obtained in flow stress measurements, 
associated with formation and reverse transformation 
of martensite, are summarized in Fig. 5. Characteristic 
hysteresis in stress and strain of almost all samples are 
presented in Fig. 6. However, instead of a near con- 
stant stress level in the pseudoelastic plateau during 
reversible martensitic transformation, significant al- 
terations in stress level have been ascertained (Fig. 7). 
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Figure 4 Pseudoelastic deformation curve and definitions, which 
were used in examination of stress-induced transformation charac- 
teristics. Parameters in this investigation: flow stress (err) of mar- 
tensitic transformation, flow stress (err) of reverse transformation, 
hysteresis (A%) in stress, hysteresis (Aat) in strain, slope (Ep.~) in 
transformation stress, slope (E ~) in reverse transformation stress. 

T A B L E  I t  Classification and A~-temperatures of orthodontic 
NiTi wires after DSC scanning 

Classification Sample A~ (°C) 

Type I 
(martensitic transformation 
and reverse transformation) 

Type II AOT - 20 
(reverse transformation) FTS - 15 

NIS ( - 20) 
NIT ( 0 )  
ONI -. 10 
OSN - 25 
TXR ( -  15) 

Type l l I  RMO - 
(no transformation) RMT 

8 0 0  

DNT - 20 
SSA + 15 

400 

0 
AOT DNT FTS NIS NIT ONI OSNRMORMT SSA TXR 

Figure 5 Experimental results in formation flow stress (%) and 
reverse transformation stress (err) in orthodontic NiTi samples. 
( ~ )  Reverse stress (MPa), (R)  flow stress (MPa). 

4. Discussion 
4,t. Transformation charactenstics 
Differences obtained in DSC curves may be explained 
by the influence of cold working on the trans- 
formation behaviour. 

It has been revered by electrical resistance meas- 
urements that an increasing amount of deformation 
will diminish the transformation signal, If a critical 
amount of deformation is exceeded, no signal from 
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Figure 6 Stress (Acy~) and strain (Aa~) hysteresis in orthodontic NiTi 
samples. (N) Strain (%), (11) stress (10- 1 MPa). 

AOT DNT FTS N~S NIT ONI OSNRMORMT SSA TXR 

Figure 7 Slope in stress during formation (EB." ) and reverse trans- 
formation (E [3 ) of martensite in orthodontic NiTi samples. 
([]) Martensite formation MPa/%), (ll) reverse transformation 
(MPa/%). 

transformation behaviour can be detected [13]. By 
using DSC measurements, it has been shown that 
additional heat treatment after cold working will re- 
veal the characteristics of NiTi transformation behavi- 
our [ t4].  

Thus, orthodontic NiYi wires, classified in Table II 
(types I-III), may have been treated by an increasing 
amount of deformation or at a decreasing temperature 
(types I-IlI) during heat treatment after cold working. 
This suggests that the amount of irreversible detbrma- 
tion retained in the material is measurable by the 
magnitude of transformation signals, whether they 
were taken from electrical resistance measurements or 
DSC scanning. 

4.2. Pseudoelastic behaviour in orthodontics 
The deformation behaviour of pseudoelastic NiTi 
wires offers distinct advantages for the correction of 
tooth position in orthodontic applications~ It is pos- 
sible to carry out corrective movement by a driving 
force at a physiological level, by using the large work- 
ing range of these materials, and to realize a complete 
correction treatment on an almost constant stress 
level. A method to describe pseudoelastic material has 
been introduced, and is shown in Fig. 4. 

In orthodontic application, the feature of import- 
ance in the pseudoelastic hysteresis is the reverse 
transformation from stress-induced martensite (00 to 

austenite (13). Whereas an orthodontic wire is activated 
during martensite formation (i3 -* ~), the driving force 
for corrective movement (see Fig. 5) is taken from the 
reverse transformation to the austenite (~ --, 13). Since 
the application in orthodontics is that of bending, the 
change in stress state has to be taken into consid- 
eration [15]. 

The stress hysteresis only describes the difference 
between activation stress and stress level used for 
corrective movement, whereas, the strain hysteresis 
determines the limits of the working range of each 
NiTi wire (Fig. 6). A great hysteresis in strain will 
ensure that the correction treatment will be carried 
out at one physiological stress level. 

Among these factors important to the use of 
pseudoelasticity in orthodontics, there is at least one 
that describes the decrease in driving force during 
corrective movement (Fig. 7). As has been indicated 
above, the alteration of stress during formation and 
reverse transformation of martensite also seems to be 
related to the prior treatment of the alloy. The effect of 
alloy treatment and the consequences for the charac- 
teristics of pseudoelasticity will now be discussed. 

4.3. Al loy treatment 
Three types of DSC scans have been classified 
depending on whether martensitic and reverse trans- 
formation, martensitic transformation, or no trans- 
formation signal were detectable (Table II). 

The observation of martensitic as welt as reverse 
transformation in type I DSC scans indicates that 
there will be only a small amount of irreversible plastic 
deformation in this material. Characteristics of de- 
formation behaviour in type I material (DNT, SSA) 
are the lowest flow stress in the formation and in 
the reverse transformation of martensite and the 
largest hysteresis in stress which has been measured 
(Figs 5, 6). 

Type II DSC scans may be characterized by an 
intermediate amount of residual plastic deformation, 
after final heat treatment. No such significant features 
can be drawn out here as for type I scans. There is a 
similar behaviour in pseudoelasticity in type II mater- 
ial, except three samples, which can be identified by 
the poor signal in DSC scanning. Characteristics in 
pseudoelastic behaviour of this part of type II material 
(NIS, NIT, TXR) were registered in the alteration of 
stress, during formation and reverse transformation of 
martensite. Among the other pseudoelastic materials 
(type II), these samples, characterized by the poorest 
but detectable signal in differential scanning calori- 
metry, show a significant alteration of stress in the 
pseudoelastic plateau (Fig. 7). 

The absence of all transformation signals, caused by 
a large amount of irreversible plastic deformation, 
characterizes type III material (Fig. 3). As a conse- 
quence of that, no pseudoelastic characteristic could 
be found in such material (RMO, RMT). Thus a 
significantly high flow stress is detected (Fig. 5) and 
subsequent deformation obviously is of an irrevers- 
ible, plastic manner. As a result of material treatment, 
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there will be no hysteresis and no pseudoelastic 
plateau to measure (Figs 6, 7). 

4.4. Tendencies 
With the exception of type III material, the temper- 
ature at the beginning of reverse transformation (As) 
was detectable in all samples. Characteristic tenden- 
cies can be taken from results obtained in tensile 
experiments, if pseudoelastic features were related to 
A~ transformation temperatures. 

As a result of increasing A~-temperature, there will 
be a decrease in flow stress; a lower critical driving 
force is then needed for stress-induced formation of 
martensite (Fig. 8). Furthermore, stress hysteresis as 
well as strain hysteresis will be enlarged by an increase 
in A~-temperature (Figs 9, 10). Therefore, depending 
on A~-temperatures, deformation experiments will 
lead to characteristic changes in stress-strain behavi- 
our. A generalizing illustration of this observation is 
given in Fig. 11. 

Although these tendencies of pseudoelastic behavi- 
our in relation to transformation characteristics could 
have been shown, there is a complex amount of speci- 
fic phenomena underlying this. It has to be pointed 
out that the flow stress as well as the hysteresis in 
stress and strain are considerably influenced by mater- 
ial composition and material treatment. 

For instance, it has been already evaluated that 
each parameter will reveal its own characteristic influ- 
ence on relating transformation behaviour [16]. Fur- 
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Figure 10 Tendency obtained, when strain hysteresis (A~ t) is related 
to beginning reverse transformation temperature (A~). 
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Figure 11 Generalizing illustration of tendencies obtained, if flow 
stress (cq.) and hysteresis in stress (Aot) and strain (zXet) are related to 
the beginning reverse transformation into austenite, (T = 37 °C). 
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Figure 8 Tendency obtained, when flow stress (c~r) is related to 
beginning reverse transformation temperature (As). 
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Figure 9 Tendency obtained, when stress hysteresis (Aat) is related 
to beginning reverse transformation temperature (A~). 
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ther investigations on the effect of cold working, heat 
treatment, and alloy composition are intended. Never- 
theless, specified transformation characteristics and 
associated mechanical properties will define pseudo- 
elastic behaviour of NiTi alloys. 

5. Conclusions 
A classification in DSC scanning is made according to 
whether there is a signal from martensitic and reverse 
transformation, from reverse transformation, or where 
no transformation signal is to be detected. The reverse 
transformation temperature (A~) is suggested to be 
the characteristic temperature of transformation 
behaviour. 

It is possible to reveal tendencies in flow stress as 
well as in hysteresis of stress and strain, when these 
pseudoelastic features are related to the As-temper- 
ature. However, according to the transformation 
characteristics and resulting pseudoelastic behaviour, 
there is the need for further investigations to separate 
the influence of alloy composition, cold work, and 
heat treatment. 
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