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Abstract

Nickel–titanium archwire alloys are very important for clinical orthodontics because of their wide elastic range and excellent

springback, along with their ability to deliver highly desirable light forces for tooth movement. Recently, nickel–titanium

orthodontic alloys have been developed that possess shape memory over the temperature range of the oral environment, and

these archwires have considerable promise for the clinical treatment of patients. The shape memory is associated with a

reversible transformation from martensitic NiTi to austenitic NiTi that is completed at mouth temperature. While extensive

conventional differential scanning calorimetry (DSC) studies have been performed on commercial nickel–titanium orthodontic

wire alloys to characterize their phase transformation behavior, the present study is the first time that temperature-modulated

DSC (TMDSC) has been used for this purpose. Two commercial nickel–titanium wires possessing shape memory were

analyzed, along with a third commercial nickel–titanium wire lacking shape memory. The TMDSC analyses were generally

performed from �130 to 100 8C for both the heating and cooling cycles, since there can be differences in the processes and the

temperature ranges for the forward and reverse transformations. Improved resolution of the phase transformations was achieved

with the use of TMDSC, compared to conventional DSC, and the novel results indicate the complexity of the phase

transformation processes.
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1. Introduction

The potential of nickel–titanium wires for ortho-

dontics was first reported by Andreasen and his

colleagues [1,2], and the first commercial nickel–

titanium archwire (Nitinol) was subsequently intro-

duced by the Unitek Corporation (now 3M Unitek).

This wire alloy became popular because of its wide

elastic range and excellent springback, and because of

its much lower modulus of elasticity [3], compared to

the wrought stainless steel and cobalt–chromium–

nickel alloys in use at the time, which resulted in

substantially lighter forces for tooth movement.

Subsequently, nickel–titanium orthodontic wire

alloys [4,5] possessing superelastic behavior [6,7]

(frequently termed pseudoelastic [8] in the materials

science literature) were developed. In the early 1990’s,

nickel–titanium wire alloys for orthodontics with true
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shape memory at the temperatures of the oral environ-

ment [9,10] were marketed. Currently, a wide variety of

nickel–titanium orthodontic wire alloys are available,

which may be classified as nonsuperelastic, supere-

lastic (without shape memory), and shape memory.

It is well-known that the shape memory behavior of

the nickel–titanium alloys, whose composition is close

to the equiatomic ratio of nickel and titanium, is

associated with a reversible transformation between

the low-temperature martensitic NiTi phase and the

high-temperature austenitic NiTi phase, which occurs

by a twinning mechanism [7]. An additional phase,

termed the R-phase, is sometimes observed as an

intermediate step for the transformation between mar-

tensitic NiTi and austenitic NiTi [11]. The temperature

dependence of the phase transformation behavior,

which determines whether a given nickel–titanium

orthodontic alloy is nonsuperelastic, superelastic or

shape memory, is readily studied by conventional

differential scanning calorimetry (DSC) [12,13], which

has also been used in the engineering materials science

investigations of these alloys [14]. While X-ray

diffraction analyses of the nickel–titanium orthodontic

wires provide very useful information about the pre-

sence of the martensitic and austenitic NiTi phases

[15], this technique only examines the sample volume

within less than about 50 mm of the surface, whereas

DSC provides information about the bulk sample.

Electrical resistivity measurements have also been

employed to investigate the phase transformations

in the nickel–titanium orthodontic wires [16], but this

technique does not provide information about the

enthalpy changes associated with the transformations.

The purpose of the present study was to use tem-

perature-modulated DSC (TMDSC) to investigate the

phase transformations in three representative commer-

cial nickel–titanium orthodontic wires, which have

been previously examined by conventional DSC

[13,17]. It was hypothesized that the TMDSC analyses

might provide greater resolution of the complex phase

transformations occurring in these alloys.

2. Experimental

The three nickel–titanium orthodontic wires selected

for study were Sentalloy Yellow (Tomy International,

Tokyo, Japan), Neo Sentalloy (GAC International,

Islandia, NY, USA), and Nitinol (3M Unitek, Mon-

rovia, CA, USA). The cross-section dimensions of the

wires were 0:016 in:� 0:022 in. (Sentalloy and Neo

Sentalloy) and 0:019 in:� 0:025 in. (Nitinol); both

sizes are popular for clinical orthodontics. The wires

were carefully cut with a water-cooled, slow-speed

diamond saw to minimize mechanical stresses that

might change the proportions of the austenitic and

martensitic NiTi phases from those in the as-received

wires. Each test sample consisted of five or six 5 mm

segments placed in an open aluminum pan; no crimped

top was used to avoid mechanical stresses on the wires.

Two samples each of Sentalloy and Neo Sentalloy, and

three samples of Nitinol, were analyzed.

The TMDSC analyses were conducted (Model 2910

DSC, TA Instruments, Wilmington, DE, USA) over a

temperature range from �130 to 100 8C, after analysis

of the first Sentalloy sample revealed that no phase

transformation occurred with a lower starting tem-

perature of �150 8C. For each analysis the sample was

first heated from �130 to 100 8C and then subse-

quently cooled from 100 8C back to �130 8C. The

linear heating or cooling rate was 2 8C/min, and the

oscillation amplitude was 0.318 8C with a period of

60 s. These modulation conditions provided heating-

only conditions during the heating cycle and cooling-

only conditions during the cooling cycle. During each

analysis the DSC cell was purged with dry helium at a

rate of 25 cm3/min through the purge port and

100 cm3/min through the vacuum port in order to

maintain a moisture-free test environment. Tempera-

ture calibration of the TMDSC apparatus was per-

formed with n-pentane, deionized water and indium.

3. Results

3.1. Sentalloy orthodontic wire

The TMDSC heating results for one Sentalloy sam-

ple in Fig. 1 reveal two overlapping endothermic peaks

on the reversing heat flow curve with a combined area

of DH � 16 J/g. These peaks correspond to transfor-

mation from martensitic NiTi to R-phase followed by

transformation at higher temperature (peak at about

21 8C) from R-phase to austenitic NiTi [12–14]. On the

nonreversing heat flow curve these two phase trans-

formations are represented by an exothermic peak at
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about 17 8C (DH ¼ 1:3 J/g) followed by an endother-

mic peak at about 23 8C (DH ¼ 0:5 J/g). Although

similar results were observed on the nonreversing heat

flow curve during the heating cycle of the other Sen-

talloy sample, these peaks lacked the distinctive appear-

ance shown in Fig. 1. An offset (slope change) at about

�70 8C was also found on the nonreversing heat flow

curve; a similar offset occurred near �85 8C for the

other Sentalloy sample. Fig. 1 shows [13] that Sentalloy

exhibits shape memory in the oral environment, since

the austenite-finish temperature (Af), where the wire

has transformed completely to the austenitic NiTi

structure on heating, is less than 37 8C.

The TMDSC cooling results for the Sentalloy sam-

ple of Fig. 1 are presented in Fig. 2; similar cooling

results were found for the other Sentalloy sample.

There is an exothermic peak (DH ¼ 6:4 J/g) at about

19 8C on the reversing heat flow curve and two

exothermic peaks on the nonreversing heat flow curve,

where the much larger peak (DH ¼ 10:9 J/g) is

located near �56 8C. This latter peak is assumed to

correspond to the offset at about �70 8C in Fig. 1.

Comparing this figure to the conventional DSC cool-

ing curves for two shape memory alloys, Neo Sental-

loy and Titanal LT (Lancer Orthodontics, San Marcos,

CA, USA) [13] and to conventional DSC results

obtained for Sentalloy [17], the peak on the reversing

heat flow curve in Fig. 2 is attributed to transformation

from austenitic NiTi to R-phase, and the larger peak on

the nonreversing heat flow curve is attributed to

transformation from R-phase to martensitic NiTi.

The small exothermic peak on the nonreversing heat

flow curve at about 19 8C is assumed to be associated

with a portion of the transformation of austenitic NiTi

to R-phase; this transformation principally has rever-

sing character.

3.2. Neo Sentalloy orthodontic wire

The TMDSC heating results for Neo Sentalloy,

which also exhibits shape memory [13], are shown

in Fig. 3; similar results were found for both samples.

The large endothermic peak (DH ¼ 12:2 J/g) at about

22 8C on the reversing heat flow curve corresponds to

Fig. 1. TMDSC heating results for a Sentalloy test sample. The reversing heat flow curve (top) has a horizontal baseline.
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the direct transformation from martensitic NiTi to

austenitic NiTi without the intermediate R-phase,

using the same interpretation as for the single

endothermic peak previously found on the conven-

tional DSC heating curve for Neo Sentalloy [13]. The

endothermic peak temperature for the different test

sample used in that earlier study was near 30 8C. The

very small peak on the right shoulder near 35 8C in

Fig. 3, not observed with conventional DSC [13], was

also found on the reversing heat flow curve during the

heating cycle of the other Neo Sentalloy sample.

However, the nonreversing heat flow curve in Fig. 3

contains two overlapping endothermic peaks that

occur over approximately the same temperature range

as the large endothermic peak on the reversing heat

flow curve. Following the same interpretation used for

Fig. 1, these two peaks are interpreted [12–14] as

corresponding to the transformation from martensitic

NiTi to R-phase, followed by the transformation from

R-phase to austenitic NiTi with increasing tempera-

ture. Accordingly, TMDSC has provided greater reso-

lution of this phase transformation process than that

available with conventional DSC, where only a single

peak was observed for this wire alloy [13]. A large

exothermic peak (DH ¼ 9:0 J/g) on the nonreversing

heat flow curve at about �74 8C, not found on the

reversing heat flow curve or with conventional DSC

[13], is attributed to some transformation in the mar-

tensitic NiTi structure [14].

The TMDSC cooling results for Neo Sentalloy are

shown in Fig. 4, where again similar behavior was

found for both samples. The exothermic peak

(DH ¼ 4:6 J/g) at about 19 8C on the reversing heat

flow curve is assumed to correspond to the transfor-

mation from austenitic NiTi to R-phase, based upon

conventional DSC results where a large exothermic

peak was observed [13] over a similar temperature

range. The small peak (DH ¼ 0:1 J/g) at about �38 8C
may correspond to some reversible transformation

within the martensitic NiTi structure. On the nonre-

versing heat flow curve in Fig. 4, the relative peak

areas for these transformations are reversed. The

Fig. 2. TMDSC cooling results for the same Sentalloy test sample as in Fig. 1. The reversing heat flow curve (bottom) has a horizontal

baseline.
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Fig. 3. TMDSC heating results for a Neo Sentalloy test sample. The reversing heat flow curve (top) has a horizontal baseline.

Fig. 4. TMDSC cooling results for the same Neo Sentalloy test sample as in Fig. 3. The reversing heat flow curve (bottom) has a horizontal

baseline.
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enthalpy change (DH ¼ 12:5 J/g) for the transforma-

tion from R-phase to martensitic NiTi (peak at about

�37 8C) is much larger than the enthalpy change

(DH ¼ 0:5 J/g) for the transformation from austenitic

NiTi to R-phase (peak at about 20 8C). This large

peak, which contains an unresolved lower temperature

left shoulder, may also be associated with transforma-

tions within the martensitic NiTi structure [14]. A

small peak (DH ¼ 0:4 J/g) at about �7 8C on the

nonreversing heat flow curve may represent initial

transformation of R-phase to martensitic NiTi or

perhaps final transformation of the remaining auste-

nitic NiTi to R-phase.

3.3. Nitinol orthodontic wire

The TMDSC analyses of Nitinol were complicated

by very small values for the reversible and nonrever-

sible heat flows, as shown in Figs. 5 and 6 for the

heating and cooling results, respectively. This beha-

vior arises because relatively little phase transforma-

tion occurs in the nonsuperelastic orthodontic wire

alloy, which is dominated by a largely stable, work-

hardened martensitic NiTi structure [13]; Nitinol does

not exhibit shape memory in the oral environment. As

a consequence, the ordinarily horizontal baseline for

the reversing heat flow curve, evident in Figs. 1–4, was

not observed for the TMDSC heating and cooling

curves of this alloy. (Note that more sensitive scales

were used for the reversing heat flow curves in Figs. 5

and 6, compared to the scales used for the nonrever-

sing heat flow curves in these two figures). Results

similar to Figs. 5 and 6 were obtained for a second

Nitinol sample. However, irregular reversing and non-

reversing heating TMDSC curves were obtained for a

third sample, presumably due to the loss of thermal

contact between the individual wire segments.

For the heating TMDSC results in Fig. 5, a broad

and shallow peak (DH ¼ 1:6 J/g) centered at about

26 8C on the reversing heat flow curve is interpreted as

corresponding to the direct transformation from mar-

tensitic NiTi to austenitic NiTi [13]. At the tempera-

ture of the oral environment (37 8C), this wire alloy

would be a mixture of martensitic NiTi and austenitic

Fig. 5. TMDSC heating results for a Nitinol test sample. The reversing heat flow plot is the top curve (solid line).
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NiTi, rather than the completely austenitic NiTi struc-

ture possessed by Sentalloy and Neo Sentalloy

(Figs. 1–4). A large, broad peak (DH � 13 J/g) at

about �81 8C on the nonreversing heat flow curve

is assumed to arise from phase transformation within

the complex martensitic NiTi structure of this alloy

[14]. No peak over this temperature range was pre-

viously observed with conventional DSC analysis of

this alloy [13].

The cooling TMDSC results in Fig. 6 reveal a broad

and shallow peak (DH � 1 J/g) on the reversing heat

flow curve, centered at about 30 8C, which is assumed

to represent the direct transformation from austenitic

NiTi to martensitic NiTi by analogy with Fig. 5.

Three very weak peaks (DH ranging from 0.01 to

0.07 J/g), centered at about �70, �90 and �110 8C,

are attributed to unknown low-temperature phase

transformations in the martensitic NiTi [14], further

demonstrating the complexity of this structure in the

Nitinol alloy. Broad peaks centered at about �10 8C
(DH � 1 J/g) and �70 8C (DH � 6 J/g) on the non-

reversing heat flow curve are correspondingly attributed

to transformation from austenitic NiTi to martensitic

NiTi, followed by phase transformation within the

martensitic NiTi structure.

4. Discussion

The interpretation of the present TMDSC plots

follows from the peak assignments in previous pub-

lications of the DSC analyses of nickel–titanium

orthodontic wires [12,13]. In the present experimental

procedure, when each test sample was cooled to

approximately �150 8C before beginning the initial

TMDSC heating cycle (Figs. 1, 3 and 5), the ortho-

dontic wires were converted to the martensitic NiTi

structure. At the end of this heating cycle (100 8C), the

wires were transformed to the austenitic NiTi struc-

ture, which was the starting condition for the test

samples with the cooling TMDSC curves in Figs. 2,

4 and 6.

Comparison of the present TMDSC results for Neo

Sentalloy (Figs. 3 and 4) and Nitinol (Figs. 5 and 6)

Fig. 6. TMDSC cooling results for the same Nitinol test sample as in Fig. 5. The reversing heat flow plot is the bottom curve (solid line).
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with those previously obtained by conventional DSC

[13] illustrates that much higher resolution and more

information about the phase transformations in these

nickel–titanium orthodontic alloys is obtained with

TMDSC. A similar conclusion was evident when

unpublished recent DSC analyses of Sentalloy [17]

were compared with the TMDSC results in Figs. 1 and

2. (It is important to note that a more sensitive scale

has been used for the reversing heat flow curve in

Fig. 2, compared to the scale for the nonreversing heat

flow curve. This situation is reversed in Figs. 3 and 4,

where a more sensitive scale was used for the non-

reversing heat flow curve compared to the scale used

for the reversing heat flow curve). The present

enthalpy changes for the overall transformation

between martensitic NiTi and austenitic NiTi lie

within the range of values (�1–20 J/g) previously

obtained by conventional DSC for a variety of

nickel–titanium orthodontic wires [12,13].

A noteworthy feature for the Neo Sentalloy (Fig. 3)

and Nitinol (Figs. 5 and 6) orthodontic wires analyzed

in this study is the apparent occurrence of low-tem-

perature phase transformations within the martensitic

NiTi structure [14]. As previously explained, conven-

tional DSC analysis of Sentalloy [17] indicates that the

low-temperature peak at about �55 8C on the non-

reversing heat flow curve during the cooling cycle is

associated with the transformation from R-phase to

martensitic NiTi, rather than to transformation within

the martensitic NiTi structure.

Further research will be needed to elucidate this

highly complex martensitic NiTi structure [14] in these

orthodontic wires, where substantial mechanical defor-

mation with intermediate heat treatments is employed

during the proprietary manufacturing sequence [10].

The present results indicate that the low-temperature

phase transformations involving the martensitic NiTi

structure typically have nonreversing character and

occur over a relatively wide temperature range. The

TMDSC analyses have shown that all of the phase

transformations (involving austenitic NiTi and R-phase,

as well as martensitic NiTi) in these wires can have both

reversing and nonreversing character.

Future TMDSC studies are necessary to examine

whether the phase transformations in these nickel–

titanium orthodontic alloys are significantly affected

by different linear heating/cooling rates and modula-

tion conditions, and by repeated heating and cooling

cycles, as well as to determine the nature of several

presently unknown peaks. Such studies must be com-

plemented by fundamental materials science research

to gain further insight into the atomistic mechanisms

for these phase transformations and to elucidate the

origins of the reversing and nonreversing behavior.

5. Conclusions

TMDSC has provided greater resolution of the

heating and cooling curves for nickel–titanium ortho-

dontic wires than is possible with conventional DSC,

along with potentially greater insight into the funda-

mental nature of the phase transformation processes.

The two shape memory nickel–titanium wires inves-

tigated have the transformation to the austenitic NiTi

structure completed at the temperature of the oral

environment, whereas transformation is completed

substantially above this temperature for the third

nickel–titanium wire that did not possess shape mem-

ory. It was found that transformations in the shape

memory wires between martensitic NiTi and austeni-

tic NiTi, or between R-phase and austenitic NiTi, had

both reversing and nonreversing character. A notable

observation is the apparent occurrence of low-tem-

perature phase transformations in the martensitic NiTi

structures of two wire products studied. However,

additional research with different linear heating/cool-

ing rates and modulation conditions, and with repeated

heating and cooling cycles, will be required to deter-

mine whether the character and kinetics of these phase

transformations will be significantly affected.
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