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Abstract

The purpose of this research is to study the optimum condition for wire drawing of
circular shape memory alloy wires. 4 types of specimens were prepared ; TigNis,
(at.%),TisgNig;Cus  (at.%), TisgNiggCuqo(at.%) wire with diameter of 1 mm and
TisoNiysCuy(at.%) wire with diameter of 0.5 mm. Mechanical properties of each
specimen were evaluated by tensile test. In order to clarify the effect of heat-treatment
temperature on draw ability, the heat-treatment was carried out at temperature ranging
from 300 to 800 |:|C. After heat-treatment, tensile properties, hardness, transformation
temperatures, microstructure and chemical compositions were investigated. It is
obviously shown that heat-treatment temperature at 550 to 600 |:|c reveals the most
effective condition for wire drawing due to a large percentage of elongation and
homogeneity of chemical composition.

For wire-drawing process, the dies were designed with various reduction ratio and
approached angles. It is seen that die with approached angle of 28 degree was the
optimum because the lowest drawing force was obtained irrespective of reduction ratio.
Moreover, it is found that the method of reducing cross-sectional area before inserting
into the die is very important to the efficiency of wire-drawing process. Thus, the milling
process, chemical etching process and swaging process were compared with two types
of lubricant; ISOCUT 570-A oil and Sodium Strearate soap. The results showed that
the swaging process with Sodium Strearate soap is the best condition. After wire-
drawing, the clear relationship between transformation temperatures and hardness of
the wire was seen. The shape memory properties of each drawn wire were anew
evaluated. The martensite transformation can be partially confirmed in a 15% reduction

specimen while almost none of martensitic transformation can be confirmed in a 25%



reduction specimen. In order to increase the transformation temperatures of all
specimens, on the other word, in order to reveal the shape memory effect and
pseudoelasticity of a drawn wire, the post heat-treatment at temperature of 350 |:|C
was carried out.

Keywords : Shape memory alloys. TiNi, Wire drawing
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Abstract. Two types of rectangular orthodontic archwires; NiTi'™ and 40°CuNiTi, were heat
treated by Direct Electric Resistance Heat Treatment (DERHT) using different electric currents for
4 s. Their mechanical properties were then evaluated by micro hardness and three-point bending
tests. After applying 4.5-5.5 A current, the hardness of NiTi"™ increased with the increased current,
whereas the change in hardness of 40°CuNiTi was slight. When 6 A current was applied, the
hardness of the midspan of both wires significantly decreased. From the three-point bending test.
unloading forces of NiTi™ increased after treating with 5.5 A current, while those of 40°CuNiTi
decreased. However. both specimens lost their superelasticity when applied with 6 A current. In
conclusion. atter DERHT. various changes in mechanical properties can be noted in the different
types of nickel titanium archwire.

Introduction

Nickel Titanium [NiTi] alloy has been widely used as an orthodontic archwire for more than two
decades. Tt is generally accepted that light and continuous forces applied to the dentoalveolar
structures provide optimal tooth movement. The superelasticity of NiTi archwires allows the
clinician to apply a light continuous force with larger activations making them popular as the initial
archwires for levelling and alignment [1, 2]. Some heat treatment methods have been used to
control the level of force delivered from NiTi archwire [3, 4]. Direct Electric Resistance Heat
Treatment [DERHT]. first introduced by Miura er al, is considered to be one of the most suitable
methods for heat treating the wire for clinical use [5]. Little is known about the physical and
mechanical properties of various commercial orthodontic archwires after DERHT. This study aimed
to investigate the effect of DERHT on mechanical properties ot two NiTi orthodontic archwires.

(A) (B)
Figure [. (A) An orthodontic archwire (B) Orthodontic treatment with NiTi archwires placed
intraorally

All rights reserved. No part of contents of this paper may be reproduced or transmitted in any form or by any means without the written permission of the
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Materials and Methods

The straightest part of preformed rectangular archwires, 0.016x0.022 inches”, for two types; NiTi™

and 40°CuNiTi [Ormco.USA], were cut into 30 mm. segments. The heat treatment processes were
carried out for 4 s using the electric current of 4.5, 5, 5.5 and 6 A. After heat treatment, mechanical
properties were evaluated by micro hardness test and three-point bending test. For the hardness test.
three archwire segments from cach group were embedded in cpoxy resin. The specimens were
polished with water coolant silicon carbide paper from 400 to 2000 grit and washed with acetone.
Each specimen surface was subjected to Vickers Hardness Test by using a microhardness tester
[Future-Tech Corporation. Tokyo, Japan] applying a load of 50 g for 135 s at three specific regions
[4 mm. 10 mm, and |5 mm from one end of the wire]. For the three-point bending test, the
apparatus and test conditions were set according to ISO 1584 1:2006 [6]. Briefly, the wire specimen
was supported by two pulleys, located 10 mm apart. Each wire was loaded to a deflection of 3 mm
and then unloaded at constant temperature 37°C. The loads measured at a deflection of 1.5 mm
during the unloading process were statistically compared.

Results and Discussion

The mean comparison of surface hardness values among different areas and currents of both wires
were analyzed by two-way ANOVA at a P-value of 0.05 [Table 1]. A statistically significant
difference was found in the different levels of current but not in different areas. The hardness
values of NiTi™ were greater than those of the 40°CuNiTi in all conditions. For the heat treated
NiTi™ wires, the hardness increased when compared with those of the as-received wires, except for
the wires heated with 6 A for 4 s. For this heating condition, the highest hardness value was at the
end region of the wire and the lowest hardness value was in the midspan of the wire. On the other
hand, a correlation between hardness and increased current could not be found in the 40°CuNiTi
g\’lr.(’)lgl‘gl)Mexcept for the wire heated with 6 A for 4 s, in which case. the correlation was the same as
NiTi ™.

Table 1. The hardness measurements of NiTi™ and 40°CuNiTi in different heat-treating conditions.

Type of
, As-received | 4.5 A fords | SAfords | 5.5 Afords | 6 A fords
wire/Current(A)
| 4 mm 345+7 365+23 344+8 4035421 420+11
NiTi™ [0 mm 340411 36746 | 392431 385428 347+15
15 mm 352415 346424 408425 418+24 311+21
4 mm 308+8 31443 31313 313+4 326+12
40°CuNiTi | 10 mm 32540 325+9.64 343+4 32311 | 28110
15 mm 310+10 32547 344412 33644 258+7
1 _

The results from the three-point bending test are shown in Table 2. The mean comparison of
unloading forces among as-received wire and heat-treated wires were analyzed by Pair T-test for
data with normal distribution or by Mann-Witney Rank Sum Test for data without normal
distribution.  When heated with 4.5 A and 5 A, the unloading forces showed no statistically
significant difference from the control. However, the unloading force significantly increased in
NiTi™ and decreased in 40°CuNiTi after heat treatment with 5.5 A. With 6 A current. the
unloading force ot both wires significantly decreased. Moreover, permanent deformation occurred
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in the NiTi™ and the 40°CuNiTi wires lost their superelasticity after heat treatment at these
conditions [Figure 2].

Table 2. Means £ standard deviations of forces measured when as-received and heat-treated
orthodontic archwires were deflected 1.5 mm during the unloading process at 37°C (gram)

| Type of wires | As-received | 4.5 A SA 55A 6 A
NiTi'™ 315211.15 | 314+11.47 | 311£12.33 | 415£10.03 | 267+68.47

40°CuNiTi 81£14.31 87x13.16 | 76£6.99 47£31.01 | 2.1£2.76

— As-received — 5.5A = 6A — As-reccived — 557 - 6A

e ~\
—":’./____._:.——&.‘_2____._._.___'/
________ P
1 1.5 2 25 3 0 0.5 1 1.5 2 2.5 3
Deflection (mm.) Deflection (mm.)
(A) (B)

Figure 2. Load-deflection curves from three-point bending test at 37°C of the as-received and heat-
treated wires, (A) NiTi™ and (B) 40°CuNiTi

From the phase diagram of NiTi alloy. the system approaches equilibrium by precipitation in order
to make the Ni/Ti ratio within the matrix equal to 1. This process is activated by heat treatment
because precipitation occurs with rising temperature. The precipitation causes an important
variation in the chemical composition because the quantity of Ni in the matrix of the alloy is
changed to create the precipitate resulting in a hardening of the alloy [7]. The properties of NiTi
alloy are sensitive to the Ni-content in the matrix. so the transition temperatures and unloading force
are affected.

Heat treatment effects on surface hardness did not appear when Cu was present because the
hardness was slightly constant when applied with different currents. This fact was due to the
substitution of nickel atoms by copper atoms, -producing a decrease of the nickel content, which is
the chemical content limit needed for the precipitation process. However. during heat treatment.
deformation rearranged and decreased leading to a decreased unloading force of 40°CuNiTi [8,9].
In our study, permanent deformation occurred in the NiTi ™ wires, when heated with 6 A current
for 4 s. Moreover, by the same condition, the 40°CuNiTi wires lost their superelasticity. These
results indicate that DERHT using 6 A current for 4 s resulted in over heating for both NiTi™ and
40°CuNiTi wires, and are not appropriate for clinical use. After DERHT, the unloading forces of
different nickel titanium archwires would be changed in various ways. Increasing the magnitude of
force raises the possibility of tissue destruction. such as root resorption. On the other hand,
decreasing force to sub-optimal level lead to the ineffective and slow tooth movement. Therefore,
the effects of DERHT on the mechanical properties of any archwires, especially the unloading
force, should be thoroughly studied before clinical application.
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Summary

I. The hardness of NiTi™ increased with increasing current, whereas the hardness of 40°CuNiTi
was changed slightly.

2. The unloading forces of both wires showed no statistically significant difference after DERHT
at4.5and 5 A for4s.

3. After DERHT at 5.5 A for 4 s, the unloading forces of NiTi™ increased but those of 40°CuNiTs
decreased.

4. DERHT at 6 A for 4 s produced over heating for the NiTi™ and 40°CuNiTi.

5. Considering the various changes in the mechanical properties of different NiTi archwires after
DERHT, the effect of DERHT on the mechanical properties of any archwires, especially the
unloading force, should be thoroughly studied before clinical application.

1IPIUAD - JUBWIIATS - RSUDD

:\
.,
o
g
Q.
=3
o)
O
-

cnmment
contact

Acknowledgement

This research was supported by a grant from the Faculty of Dentistry, Mahidol University
and Thailand Research Fund.

References

[1] William A. Brantley and E.Theodore: Qrthodontic Materials (New York, 2001)
[2] R.P.Kusy: Am J Orthod Dentofacial Orthop Vol. 100(3) (1991). p. 25.

[3] F.Miura, M Mogi, Y.Ohura and H.Hamanaka: Am J Orthod Dentofacial Orthop Vol. 27(3)
(1986), p. 1.

[4] T.Yoneyama, H.Doi, H.Hamanaka, M.Yamamoto and T.Kuroda: ] Biomed Mater Res Vol.
27(3) (1993), p. 399.

[5] F.Miura, M.Mogi and Y.Ohura: Eur J Orthod Vol. 10(3) (1988), p. 187.

[6] Standardization. Dentistry-Wires for use in orthodontics. In: Metallic material bending test.
(2006), p. 1-9.

[71 F.J.Gil, E.Solano, A.Campos, F.Boccio, 1.Saez and N.V.Alfonso: Biomed Mater Eng Vol.8(5-
6) (1998), p. 335.

(8] F.J.Gil and J.A.Planell: J Biomed Mater Res Vol.48(5) (1999), p. 682.

[9] M.ijima, K.Endo, H.Ohno and T.Mizoguchi: Dent Mater J Vol.17(1) (1998), p. 31.




Advanced Materials Research Vols. 55-57 (2008) pp 245-248
online at hitp-Ainww.scientific net
© (2008) Trans Tech Publications, Switzerland

Assessment of Mechanical Properties and Transformation Behavior of
Locally-made Ni-Ti Alloys Used in Orthodontics

N. Chiranavanit"?, A. Khantachawana®®, N. Anuwongnukroh'*and
S. Dechkunakorn™

' Department of Orthodontics, Faculty of Dentistry, Mahidol University, Bangkok 10400 Thailand

? Biological Engineering Program and Department of Mechanical Engineering, Faculty of
Engineering, King Mongkut’s University of Technology Thonburi, Bangkok 10140 Thailand

*kulni@hotmail.com, "anak kha@kmutt.ac.th, “dtnan@mahidol.ac.th, “ dtsdh@mahidol.ac.th
*Corresponding Author: dtsdh@mahidol.ac.th

Keywords: Mechanical properties, Transformation behavior, Locally-made Ni-Ti alloys,
Orthodontics

Abstract. Ni-Ti alloy wires have been widely used in clinical orthodontics because of their
properties of superelasticity (SE) and shape memory ¢ffect (SME). The purpose of this study was to
assess the mechanical properties and phase transformation of 50.7Ni-49.3 Ti (at%) alloy (NT) and
45.2Ni-49.8Ti-5.0Cu (at%) alloy (NTC). cold-rolled with various percent reductions. To investigate
SE and SME, heat-treatment was performed at 400°C and 600°C for 1 h. The specimens were
examined using an Energy-Dispersive X-ray Spectroscope (EDS).  Differential Scanning
Calorimeter (DSC), Universal Testing Machine (Instron), Vickers Hardness Tester and Optical
Microscope (OM). On the threc-point bending test, the superelastic load-deflection curve was seen
in NTC heat-treated at 400°C. Furthermore, NT heat-treated at 400°C with 30% reduction produced
a partial superelastic curve. For SME, no conditions revealed superelasticity at the oral temperature.
Micro-hardness value increased with greater percentage reduction. The average grain size for all
specimens was typically 55-80 um. The results showed that locally-made Ni-Ti alloys have various
transformation behaviors and mechanical properties depending on three principal factors: chemical
composition, work-hardening (the percent reduction) and hcat-treatment temperature.

Introduction

In orthodontics. the ideal arch wire should provide light, continuous forces [1]. Such forces may
reduce the potential discomtort, tissue hyalinization, and undermine resorption [2]. Ni-Ti alloy wire
is widely used in clinical orthodontics due to its superelasticity and ability to provide light and
continuous forces transmitted to the dentition over a long activation period resulting in a desirable
biological response [3]. Moreover, superelasticity is manifested by a considerable range of
deflection without permanent deformation (Fig.1). This phenomenon means that an arch wire would
exert constant force whether it were deflected a relatively small or a large distance. which is a
unique and extremely desirable characteristic especially for leveling and aligning severely
malpositioned teeth [1]. Many companies in Thailand import Ni-Ti alloy wires from foreign
countries. In addition, no nickel-titanium orthodontic arch wire producer exists in Thailand.
Therefore, this study will be a preliminary work to fabricate and evaluate the effect of difterent
degrees of cold-working and heat treatment temperatures on the properties of Ni-Ti alloys.

Figure 1. (a) At the beginning of
treatment, NiTi alloy wire was
used for leveling the crowded
teeth. (b) After treatment for 3
(a) Beginning treatr;ent (b) After 3 months months, the teeth were aligned.

All rights reserved. No part of contents of this paper may be reproduced or transmitted in any form or by any means without the written permission of the
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Experimental

A conventional vacuum arc re-melting technique was employed to prepare two systems of the
equiatomic Ni-Ti alloys: 50.7Ni-49.3 Ti (at%) alloy (NT) and 45.2Ni-49.8Ti-5.0Cu (at%) alloy
(NTC). Titanium, nickel and copper (purity. 99.9%) were cleaned in hydrofluoric and nitric
solutions to remove surface grease and oxide before melting together in argon atmosphere. The
ingot was turned over and re-melted five times to ensure chemical homogeneity. Further, the as-
melted ingots were sliced into small plates (1.5 mm. in thickness) using a CNC wire cutting
machine (Sodick: Linear Servo Controller LNTW) and followed by cold-rolling process. The final
thicknesses of the cold-rolled plates were 1.35, 1.20 and 1.05 mm. with reductions of 10%, 20% and
30 %. respectively. The received plates were cut into specitic shaped specimens by a CNC wire
cutting machine. Specimens for phase-transformation temperature analysis by Differential Scanning
Calorimeter (DSC) were 3.0 X 3.0 mm. Specimens for chemical composition analysis by X-ray
Energy-Dispersive  Spectroscope (EDS), for micro-indentation hardness test by Vickers
Microhardness Tester and for grain structure analysis by optical microscope were 3.0 X 7.0 mm.
Lastly, specimens for three-point bending test by Instron Universal Testing Machine were 30.0 X
1.0 mm. After removing any oxide layers and surface contaminants by mechanical polishing, the
specimens were annealed at 400°C and 600°C in a vacuum heat treatment furnace for | hour in
order to study the influence of recrystallzation on the mechanical properties and transformation
behavior of the alloys.

Results and Discussion

The chemical compositions analyzed by EDS were 47.65at%Ni, 52.01at%Ti, 0.24at%Si for NT,
and 41.94at%Ni, 50.21at%Ti, 7.56at%Cu. 0.29at%Si for NTC. Transformation temperature ranges
determined by DSC are listed in Table 1.

Table 1. Transformation temperatures and enthalpy changes (AH) for all conditions of nickel-
titanium alloy specimens

Ni-Ti alloy %% Heat Heating Cooling Temperature
specim;ns Redt/lction treatment A:‘ A M:" M.f hysteresis
|at%| temp.[°C| | [°C) | [°C] | [°C] [°C] [°C|

L0 400 26 55 34 10 23
g 600 54 70 48 34 25
- 400 22 52 31 5 21
NT 20 600 59 72 52 38 24
30 400 -18 49 29 0 19
600 59 71 49 40 23
10 400 25 56 52% 3% 5
600 -2 28 0 -31 25

o 400 34 55 53% 31%*
NTC 20 600 11 30 3 -16 20
30 400 3 55 53%* 32** 3
\ 600 -1 26 0 -26 24

* Ry ** Ry (Rhombohedral phase)

Superelasticity (SE) was observed in NTC heat-treated at 400°C (Fig.1). No significant difference
of the transformation temperature ranges was found among the 10%, 20% and 30% reductions. All
peaks were broad and showed narrow temperature hysteresis, approximately 5°C. This phenonienon
confirmed that the peak on cooling path was not the martensitic transformation but the R-phase
transformation, which can occur in nickel-rich Ti-Ni alloys aged at an appropriate temperature and
in ternary Ti-Ni-Fe and Ti-Ni-Al alloys [4,5]. The R-phase is thought to be caused by the
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introduction of dislocation and precipitations and also provided very small stress hysteresis [6]. The
average peak of heating and cooling curves was located approximately at the oral temperature.
Thus, the supcrelastic property should be present in this alloy. The load-deflection curves of the
specimens in all percent reductions were almost identical and showed superelastic curves (Fig.2b)
with small stress hysteresis. This result corresponded with the thermograph (Fig.2a).

0.18 : :
ad "\‘W* —e 1 0% reduction 13500 | 10%6 Reduction
013 /f\jé'.&* e 20%% reduction o 2?% Redushon
‘ .’{;é;‘“‘-,.u" 3 —a— 3% reduction 12000 |+ 30% Reduction
P,
0.08 M k% 10500
& 9000
2003 | <
] i <7500
S 3
£-0.02 . S so00
-0.07 W 4500
s 3000
0.12 N Y/
ok 1500
Py
017 O Ak A
60 -40 .20 0 _ 20 40 80 80 100 120 0 05 1 15
Temperature ("C) Deflection (mm.)
Figure 2a. Thermograph of NTC with 10%, 20% Figure 2b. Load-deflection curves of NTC
and 30% reductions heat-treated at 400°C with 10%, 20% and 30% reductions heat-

treated at 400°C

Partial superelasticity was obtained in NT, cold-rolled at 30% reduction and heat-treated at 400°C
for | hour. The differences among the peaks of phase transformation with 10%. 20% and 30%
reductions were observed. The transformation temperature ranges of both heating and cooling paths
decreased and the peaks broadened when the percent reduction increased. This signified that the
percentage reduction has an impact on phase transformation. On the other hand, the dislocation that
occured from work-hardening suppressed the phase transformation [7]. For the specimens of 10%
and 20% reductions, similar load-detlection curves were found. Interestingly, when the percent
reduction increased to 30%, the recovery stress could be noticed on the unloading curve. Moreover,
the load-deflection curve showed greater superelasticity than that of 10% and 20% reductions.

For shape memory effect (SME). no conditions revealed superelasticity at the oral temperature.
Interestingly, NTC heat-treated at 600°C should represent the superelasticity at the oral temperature
because Ay was set between 26°C-30°C. On the other hand, ¢linical use was not a stress-free
condition. The applied stress from the three-point bending test may induce the transformation
temperature range to shift higher according to the Clausius-Clapeyron relationship [6], which gives
the relationships of shape memory and superelastic behavior to stress and temperature. From this
theory, the transformation temperature ranges, especially Az may shift over the oral temperature
and cause the reverse transformation to disappear or partially occur. The transformation peaks were
sharper than that of NiTiCu heat-treated at 400°C because of the recrystalization at the 600°C heat
treatment (Fig.1). Temperature hysteresis was also larger. These characteristics indicated that the
peak was the martensitic transformation, not the R phase transformation. In addition, the difterence
between the peak positions of 10%, 20% and 30% reductions indicated that cold-working had an
influence on transformation temperature range. Nevertheless, heat treatment at 600°C caused the
transformation temperature range of martensite to shift higher and approach the oral temperature.
This means the probability of obtaining superelasticity at the oral temperature was decreased. On
the three-point bending test, significant differences of load-deflection curves were clearly seen
within three cycles of each percent reduction. The deflection did not completely recover.
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Micro-hardness values of Ni-Ti alloys heat-treated at 400°C tended to increase when the
percentage reduction increased. At 600°C heat treatment temperature, the hardness values
decreased with no significant difference of microhardness values found among the percentage
reductions. Figs.3(a) and 3(b) show the optical micrograph of NTC with 20% reduction and 400°C
heat treatment. Grain strutures of the Ni-Ti alloys on the longitudinal section were elongated
parallel to the cold-rolling direction. The average grain sizes measured on the cross section were 55-
80um. No significant difference of the grain sizes was found among the reductions of 10%, 20%
and 30%.

Figures 3a and 3b. Optical micrograph
(20X) showing grain structure of NTC
with 20% reduction and 400°C heat
treatment

: %\ e
(a) Longitudinal section (b) Cross section

Summary

The principal factors attecting the transformation behavior and mechanical properties of Ni-Ti
alloys are chemical compositions, working history and heat treatment temperature. SEwas observed
in NTC with 10%, 20% and 30% reductions and heat-treated at 400°C for | h.In addition, partial
SE was found in NT with 30% reduction and heat-treated at 400°C for 1 h.On the other hand, SME
was not obtained in any conditions of all specimens. To improve SE and SME, transformation
temperature range should be reduced by increasing the percentage reduction over 30% or by
increasing Ni/Cu content. This information is valuable as baseline data for further development of
locally-made nickel-titanium alloy wires used in orthodontics.
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ABSTRACT

The objective of this work is to investigate the influences of heat treatment
temperatures on wire drawing capabilities of Ti-40Ni-10Cu (at%) shape memory alloy
(SMA) over the range of 300-800 °C. Tensile tests have been conducted to collect the
mechanical properties of the heat-treated wires. The heat-treated wires have been drawn
at room temperature by using the die made of tungsten carbide. The initial diameter of
the wire is 1.0 mm. The reduction ratio of cross-sectional area (%Reduction) and the die
approach angle (semi-angle) are determined to be 18.5% and 10 degree, respectively.
Drawing force, surface quality and dimension of the drawn wires are compared and

analyzed.

Keywords: SMA Wire, Ti-Ni-Cu alloy, wire drawing, heat treatment



INTRODUCTION

The shape memory alloys (SMAS) have been used in a wide variety of applications
and diverse consumer fields. When heat is applied to the deformed SMAs, the alloys
will restore their original shapes. This phenomenon is caused by a change in their
crystal structure above their martensitic transformation temperature. During shape
recovering, SMAs enable large forces, generated when encountering any resistance
during their transformation, and large movement actuation, as they can recover large
strains. The needs of SMA wires grow rapidly in recent years in various fields of
applications. Ti-Ni-Cu SMA is one of the materials that has been used widely in dental
applications, such as archwires, because its stress hysteresis is relatively low. Usually
SMA wires are produced by cold drawing process in order to obtain good surface
quality and mechanical properties. However, Ti-Ni-Cu SMA wire is hard to produce by
cold drawing since its Cu-content leads to the poor workability. The wire must have
been heat treated in order to improve ductility or remove the deformation structure
before drawing. In this work, the heat treatment temperatures of the wires have been
varied from 300 to 800 °C, which covered its recrystallization temperature of around
520 °C [1].

Among various types of SMAs, Ti-Ni-Cu alloy is one of the most popular alloys.
It is known that the addition of Cu into Ti-Ni alloys can decrease the transformation
hysteresis, stress hysteresis and sensitivity of Ni-content on transformation temperature
in the alloys, resulting in a lot of their practical applications [2,3]. Recently, Ti-Ni-Cu
SMAs with a wire-shape are used in dental application as the archwires because of their
large recovery force and small stress hysteresis [4]. Usually Ti-Ni-Cu SMA wire is

fabricated by cold drawing process in order to obtain good surface and mechanical



properties. However, it is known that the workability becomes worse with an increase
of Cu-content, leading to the difficulty of cold drawing. In the present work, heat
treatments were carried out at various temperatures before drawing in order to remove
the deformation structure and to improve the ductility. The influences of heat treatment
temperature on cold drawing capability were investigated in order to obtain the

optimum condition for wire drawing of Ti-Ni-Cu SMA.

EXPERIMENTAL PROCEDURES

The Ti-Ni-Cu wire, having circular cross section, with a diameter of 1.0 mm was
used as the initial material. The wire was prepared by cold drawing without any
subsequent heat treatment. Its phase transformation temperatures are 66 °C for Af
(reverse martensitic transformation finish temperature) and 55 °C for Ms (martensitic
transformation start temperature). First, the wires were heat treated at various
temperatures, i.e., 300, 400, 500, 520, 600, 700 and 800 °C for 1 h and immediately
quenched in water. The heat-treated wires were tested using universal testing machine
for determining their tensile properties. Next, the wires were drawn through the die
made of tungsten carbide. The die having diameters of 0.90 mm was used in the
experiment. Therefore, the percentage of reduction ratio of cross-sectional area,
depending on die diameter, becomes 18.5%. The configuration of the die is shown in
Figure 1. The die approach angle (semi-angle) is fixed at 10°, which is the optimum
value for drawing hard material [5].

An experimental setup, on universal testing machine, is shown in Figure 2. The
universal testing machine, having capacity of 50 kN, was used in wire drawing

experiments, in order that the relation between drawing load and distance can be real-



time monitored. Drawing speed was fixed at 0.5 m/min. Commercial forming oil, Iso
Cut 570-A (viscosity of 45.62 cSt at 40 °C), was used as the lubricant. Drawing force,
surface roughness and diameter of the drawn wire for each condition were recorded and

analyzed.

RESULTS AND DISCUSSION

1. Tensile properties

Tensile properties, i.e. yield strength (YS), ultimate tensile strength (UTS) and
percentage of elongation (%EL), of the initial wires and the wires heat treated at various
temperatures are shown in Figure 3. For the temperature below 500 °C, YS and UTS
decrease gradually with the increasing of heat treatment temperature. By heat-treating
the wires, some dislocation from cold working could be removed. The higher the heat
treatment temperature, the larger the quantity of grain recovery could be obtained. This
resulted in decreasing of the strength of the wires. However, %EL is not increased with
heat treatment temperature as expected. This can be explained from two points of view.
First, the initial wires prepared by cold drawing have a strong <111 > texture, i.e.
having large number of (111) planes parallel with the cross section of the wires.
Therefore, tension force is directed along <111 > direction during tensile test, resulted
in relatively large transformation strain. When the wires were heat-treated under
recrystallization temperature, number of (111 ) planes decreased due to recovery [6]. As
a result, %EL of the wires deceased with the increasing of heat treatment temperature.
Second, Cu content in the Ti-Ni-Cu alloy generally decreases the ductility of the alloy.
However, the dislocation, introduced during drawing the initial wire, increases the

strength of its microstructure, which can suppress the brittleness caused by Cu content.



By increasing heat treatment temperature, the density of dislocation could be reduced,
leading to the depletion of the alloy ductility. From the same figure, YS and UTS
rapidly decrease while %EL increases abruptly at heat treatment temperature of 520 °C,
which is the recrystallization temperature of the alloy [1]. However, when heat
treatment temperature increases from 600 to 700 °C, the ductility of the wire slightly
decreases and greatly decreases when heat treatment temperature reaches 800 °C. The
depletion of the ductility can be explained by the oxidation occurred during heat-
treating the wires at high temperature. From the tensile testing results obtained, it can be
expected that the wires heat treated at the temperature between 520 to 700 °C should
provide good drawing capabilities.
2 Wire drawing

Drawing force, diameter and surface roughness at a variety of heat treatment
temperatures are shown in Figure 4. Wire drawing is the steady forming process, i.e. the
force required for drawing the wire is almost constant during the process. The wire heat
treated at 800 °C was not used in wire drawing experiment because of its heavy
oxidation surface. The wire without heat treatment cannot be drawn successfully since it
always ruptured at the beginning of the drawing. From the results, the tendency of the
drawing force goes along well with that of the strength of the heat-treated wires, i.e. the
forces decreases with an increase of heat treatment temperature. Wire drawing forces
composed of three components, the force required for material deformation, friction
force and shear resistance (redundant force) [5]. Since the deformation force, which is
the largest force component, is strongly related to the strength of material, total drawing
force is almost proportional to the ultimate strength of the wires.

The diameters of the drawn wires for the whole heat treatment temperatures are

2.6 to 4.1% larger than the diameter of the die used, that is a phenomenon of diametrical



recovery of the drawn wires. Generally, the diameters of the drawn wire and drawing
die are almost the same for most materials. However, it is found that an obvious
difference between those can be found in wire drawing of shape memory alloys and any
other pseudo-elastic materials [7]. From the result, the diametrical recovery tends to
decrease with an increase of heat treatment temperature. Since yield strength of the
wire is higher at lower heat treatment temperature, larger quantity of elastic recovery
could be obtained. This data should be always taken into consideration when the
precision of wire diameter is strongly required.

The wires were drawn without prior removing the thin oxide film created by
heat treatment, in order to utilize the film as a lubricant during wire drawing [8].
Therefore, the roughness (R.) values of the drawn wires scarcely improve comparing to
those of the initial wires. However, R, values almost varied in the narrow range, which
is bounded with the maximum and minimum values of the initial wires. This can be
considered that there is no scratch or galling occurred on the wire surface during
drawing the wires. The maximum roughness values (Rt) have been observed as well to
ensure the absence of galling. From the same figure, it is also shown that R, values of
the wires heat treated at 700 °C is quite scattering. This caused by heat treating the wires

at remarkably high temperature, leading to the occurrence of the scale on wire surfaces.

CONCLUSION

(1) The strength of the wire drops rapidly when heat-treating at temperature above 520
°C, while ductility remarkably improves when heat-treating at the temperature between

520 and 700 °C.



(2) The wire without prior heat treatment cannot be drawn successfully, while the wire
heat treated at 800 °C generated a lot of scales on the wire surface.

(3) Wire drawing force strongly relates with the strength of the wires. The higher the
heat treatment temperature, the smaller the force is required for drawing the wires.

(4) The diameters of the drawn wires are 2.6 to 4.1% larger than the diameter of the
die. The diametrical recovery is gradually decreased with the increase of heat treatment
temperature.

(5) There is no galling observed from the surface roughness measuring results.
However, the scale can be found on the surface of the wires when heat treating at

temperature above 700 °C. This lead to the depletion of wire surface quality.
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