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Abstract – Application of low energy high current 

electron beam irradiation have been attempted on 

NiTi wires. Corrosion resistance of the EB irradi-

ated NiTi wires have increased compared to the 

conventional electropolished NiTi wires, except at 

the polarization potential range between 0 up to 

0.5 V. However, fatigue life of the wires is deterio-

rated after the EB irradiation. Acid treatment be-

fore EB irradiation is effective to increase slightly 

the fatigue life. For obtaining further increase of 

fatigue life, the formation of Ni4Ti3 precipitation 

should be hindered by using a suitable annealing 

condition. 

1. Introduction 

Due to its unique properties of memory shape effect 

and superelasticity, Nickel–Titanium (NiTi) alloy has 

been used as prospective material for many biomedi-

cal applications, such as implants in orthodontics, 

stents, catheter guidewires etc. However, NiTi alloy is 

not chemically strong material which can erode under 

extreme pH and temperature variations, leading to 

corrosion and nickel dissolution. Nickel dissolution 

into the human body is very dangerous, because it 

may cause allergenic, toxic, and carcinogenic diseases. 

Several investigations have been carried out to inhibit 
the dissolution of Ni with biocompatible coating 

methods. Ozeki et al. reported that titanium coatings 

on NiTi may protect the Ni dissolution [1]. Kobayashi 

et al. have applied DLC coating for NiTi orthodontic 

arch wires [2].  

In our present study, low energy high current elec-

tron beam (LEHCEB) irradiation is applied to increase 

the corrosion resistance of NiTi alloy wires. Not only 

increasing the corrosion resistance, the LEHCEB 

treatment can also provide smooth and glittering sur-
face with less inclusion on the NiTi surface. Com-

pared to the coating methods, products treated with 

the electron beam will be safer because they are free 

from the problem of coating peeling. 

Recently, some researchers have attempted to use 

high current electron beam irradiation for improving 

surface properties of NiTi alloy. Zhang et al. have 

observed change of grain size on the surface and con-

firm the increase of corrosion resistance on NiTi alloy 

disk after high current pulsed electron beam treatment 

[3]. Meisner et al. have also investigated some 
changes of surface physical properties by means of 

nano indentation on NiTi alloy plate irradiated with 

pulsed low-energy high current electron beam [4].  

However, there are only few reports on NiTi alloy 

after the electron beam irradiation regarding the 

changes of mechanical properties such as fatigue 

strength, superelasticity, bending stress, transition 

temperature etc. In the current report, NiTi alloy wires 

are investigated to find the effect of electron beam 

irradiation on the mechanical properties. Using the 

wire samples, not only corrosion resistance, but also 

mechanical properties such as fatigue life and supere-

lasticity are possible to be evaluated directly after the 

EB irradiation. In fact, many products of NiTi alloy in 

medical applications have cross sections similar to 

small diameter wires. Catheter guide wires, stents, and 

arch wires for strengthening teeth have shape or cross 

section which is similar to wires. Therefore, the study 

on NiTi wires will be important to understand the reli-

ability of the EB treatment for actual application in the 

medical purposes. 

2. Experimental procedure 

NiTi alloy wires (φ0.5 mm, Ti:49%, Ni:51% supplied 

by Terumo Corp.) are cut into 20 cm length which are 

necessary size for rotational fatigue test. Before beam 

irradiation process, the sample is acid treated with 

Fujiaseclean® FE-17 (commercial etching chemical 

solution containing HNO3 53.8% + HF 8.0% + H2O 

38.2%) to remove surface inclusion and oxide layer. 

For the present purpose, the acid is diluted in water 

with concentration 25%, and then each wire sample is 
dipped in the acid for 30 s. For comparison, some wire 

samples are EB irradiated without acid treatment. 

Electron beam irradiation is conducted on the 

samples using cathode voltage of 20 and 30 kV. The 

distance between the sample and electron gun edge is 

20 mm. To know the effect of pulse (shot) number, the 

samples are irradiated with two different conditions: 

10 and 100 shots. The electron beam is scanned over 3 

positions on the length direction of wire with interval 

distance of 35 mm. After irradiating one face of wire 

surfaces, the samples are turned upside down to irradi-

ate the other face.  
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Table . Samples with different conditions of treatment 

EB treatment Additional treatment 
Sample 

Vc (kV) Pulse number Distance L Acid treatment Annealing 

1 20 100×3×2 20  300°C, I h 

2 20 100×3×2 20   

3 20 100×3×2 20 Fujiaseclean&* 25%, 30 s 300°C, 1 h 

4 20 100×3×2 20 Fujiaseclean& 25%, 30 s  

5 20 10×3×2 20  200°C, 1 h 

6 20 10×3×2 20   

7 20 10×3×2 20  300°C, 1 h 

8 30 10×3×2 20   

9 30 10×3×2 20  300°C, 1 h 

10 20 10×3×2 20 Fujiaseclean& 25%, 30 s 500°C, 1 h 

11 20 10×3×2 20 Fujiaseclean& 25%, 30 s 500°C, 10 h 

12 30 10×3×2 20 Fujiaseclean& 25%, 30 s 500°C, 1 h 

13 30 10×3×2 20 Fujiaseclean& 25%, 30 s 500°C, 10 h 

 
The corrosion resistances of the samples are com-

pared to initial and electro-polished samples by using 
potentiodynamic polarization measurements.  

For recovery of fatigue strength after the EB irra-
diation, the wire sample is annealed at several differ-
ent temperatures and time durations. The fatigue test 
is performed by immersing the wire in a water bath at 

temperature 37 °C and rotating both wire ends (wire 
holder distance 80 mm, rotation velocity = 3600 rpm, 
tested wire span = 190 mm, at Terumo Corp). Scan-
ning electron microscope JEOL JSM 5510 observation 
has been used to analyze the fatigue fracture surface of 
the samples.  

Bending test is conducted to check the change of 
superelasticity after annealing process, with three 
point bending stress method (crosshead speed: 
1 mm/min. wire span length: 25 mm and deflection:  
0–2–0 mm).  

3. Results and discussion 

3.1. Corrosion Resistance 

Electron beam irradiation on the NiTi wire can pro-

vide an increase of corrosion resistance as shown in 

Fig. 1. The corrosion resistance is normally propor-

tional to the corrosion current density. Since the di-

mension of each sample is the same, in the figure, the 

lower current (left side position of the curve), the 

higher corrosion resistance can be obtained. Compar-

ing the anodic polarization curves of EB treated NiTi 

wire, pure Ti, electropolished, initial and stainless 
steel SUS316L wires, it can be seen that at potential 

higher than 0.5 V, the EB treated NiTi wire shows the 

lowest corrosion current among the samples.  

Conventionally, surface of NiTi stents is electro-

polished to obtain smooth glittering surface. Com-

pared to the electropolished sample, the EB irradiated 

sample can provide better corrosion resistance at all 

potential, except for the potential range between 0 up 

to 0.5 V. Around the potential range, there is a bump 

of curve to the left side (the hatched area in the figure) 

on the electropolished NiTi, so that the corrosion cur-

rent become apparently lower compared to the EB 

irradiated NiTi. The decrease of corrosion current in 

this range may be related to the reappearance of inclu-
sions from sub-layer under the top surface of the ele-

tropolished sample. Initially the under layered inclu-

sions are covered by the outer surface. As the first 

layer surface eroded, the inclusions gradually come 

out and inhibit the current. The inclusions, which con-

sist of TiC, may act as insulator blocking the current 

flow during the polarization test. As increasing the 

voltage, the inclusions are easily removed away from 

the surface, resulting in higher corrosion current again 

at potential higher than 0.5 V. 

 Potential, E, V 

 
Current, I, µA 

Fig. 1. Anodic polarization curves of EB treated NiTi wire, 

pure Ti, electropolished, initial and stainless steel SUS316L 

wires. Compared to the electropolished sample, the EB irra-

diated sample can provide better corrosion resistance, except  

  at the potential range between 0 up to 0.5 V 

It is also shown that corrosion current of initial 

NiTi wire is apparently lower in comparison with the 

EB irradiated sample or the electropolished sample. 
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Low current in the initial NiTi wire might be attrib-

uted by the oxide layer on the surface as result of heat 

treatment during the wire manufacture. Anyway, the 

corrosion resistance could not be compared with this 

sample, because finally the layer itself, which can be 

observed as rough yellowish colored surface, should 

be removed from surface of real stent products.  

3.2. Fatigue life 

After EB irradiation, unfortunately, the fatigue life is 

dramatically decreased, which cannot be accepted for 

real application of stent. Fig. 2 shows typical decrease 

of fatigue life after EB irradiation. The electropolished 

and initial samples show higher fatigue life compared 

to the electron beam irradiated samples.  
 

Stress, MPA 

 
Fatigue life, N 

Fig. 2. Decrease of fatigue life on NiTi wire after EB irra- 

  diation  

The deterioration of fatigue life may be related to 

properties of the modified layer due to the electron 

beam treatment. After high current electron beam irra-

diation, Meisner et al. showed an increase of nanoin-

dentation hardness on NiTi alloy surface [4]. In the 

present experiment, the hard layer created on the wire 

surface will promote the crack formation during the 

fatigue stress.  

The relation of the crack formation on the surface 

and the fracture behavior on the EB-irradiated wire 
can be shown in Fig. 3 below. As no crack on the sur-

face, in case of electropolished sample, the origin of  
 

origin

origin

Electropolished surface EB – treated surface

 

Fig. 3. In case of electropolished sample, the origin of frac-

ture is from a single point containing inclusion. On the other 

hand, for the EB treated sample, the origin is not concen- 

  trated at one point but from circular crack on the surface 

fracture is from a single point containing inclusion. 

On the other hand, for the EB treated sample, the ori-

gin is not concentrated at one point, but from circular 

crack on the surface. Brittle fracture near the surface 

layer reveals that the fatigue fracture does not occur in 

the surface modified by EB irradiation. Only below 

the brittle layer, we can find fatigue striations. 

3.3. Effect of acid treatment 

As shown in Fig. 4, significant increase of fatigue life 

can be obtained, however the increase is not adequate 

compared to the initial sample. The effect of acid 

treatment before EB on fatigue life can be explained 

by the decrease of surface inclusion.  
 

Fatigue life cycle 

 
EB only                     Acid+EB 

Fig. 4. Effect of acid treatment on fatigue life 

3.4. Effect of annealing 

Figure 5 shows the effect of annealing on fatigue life 

of the irradiated NiTi wire. After annealing at 500 °C, 
the fatigue life of the NiTi samples can be increased 

higher than initial sample (measured at temperature 

37 °C). Compared to the EB only sample, the fatigue 
life after annealing has been significantly increased.  

Fatigue life (N), cycles  

0

5000

10000

15000

20000

25000

30000

35000

40000

45000

50000

Initial EB only EB +  
500°, 1h 

EB + 
500°, 10h  

Samples 

Fig. 5. After annealing at 500 °C, the fatigue life of the NiTi 

samples can be increased until higher than initial sample 

(measured at temperature 37 °C). Compared to the sample 

treated with EB only, the fatigue life has significantly increased 
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However, the annealing process has decreased the 

maximum bending stress of the NiTi wires (Fig. 6). 

The annealing process at 500 °C for 1h or longer has 
influenced not only the surface layer modified by the 

EB irradiation, but also the substrate below this layer 

(all parts inside the wire) as shown in SEM photo-

graphs in Figs. 7, a and b. In the fracture surfaces near 

the crack origin, the cleavage size looks smaller after 

annealing (Fig. 7, a). Surface differences are also ob-

served around the fracture surface far from the origin 
(Fig. 7, b). On the annealed samples, the surfaces 

looks rougher consisting small dimples compared to 

the initial and the EB only samples.  
 

Initial             EB + 500 °C 1h  EB + 500 °C 10h 

 
Stroke, mm 

Fig. 6. Maximum bending stress decreases after annealing at 

   500 °C. The bending test were conducted at 37 °C 

Gall et al. indicated that nucleation, growth, and 

coalescence of voids from second phase particles or 

other inhomogeneties will reflect on the fracture sur-

face as ductile dimpled rupture. Their observation of 

Ni4Ti3 precipitation on NiTi single crystal has shown 

this type of fracture surface [5]. 

Unlike Ti-Al-Mo alloy as reported by Nochovnaya 

that annealing at 500 °C 10h can improve the me-
chanical properties of the irradiated sample [6], in case 

of NiTi, during annealing there is formation of second 

phase due to precipitation from Ni and Ti. With TEM 

observation, Khalil-Allafi reported that Ni4Ti3 precipi-
tates have formed near grain boundaries of the NiTi at 

500 °C for 1h. Relatively large precipitates with mean 
diameter: 230 ± 150 nm have been observed if the 

sample is annealed without any stress. In the present 

experiment, the annealing was conducted without ap-

plying stress; therefore, it is reasonable to consider 

that large precipitates form around grain boundaries 

which can reveal on the SEM fracture surface. 

Khalil-Allafi also mentioned that the precipitates 

have influenced the martensitic transformation behav-

ior of the NiTi alloy. Using measurement data from a 
differential scanning calorimetry (DSC), it is clear that 

transformation temperature Af of the annealed sam-

ples containing many precipitates are different from 

the initial sample without any precipitate.  

As shown in the reference, different Af tempera-

ture can influence the plateau stress [7]. As the Af 

temperature increase, the plateau stress will decrease. 

The dependence of plateau stress on Af may explain 

why the maximum bending stress of the annealed 

samples becomes lower after the annealing.  
 

 
a 

 
b 

Fig. 7. In the fracture surfaces near the crack origin, the 

cleavage size looks smaller after annealing (a). Surface dif-

ferences are also observed around the fracture surface far 

from the origin (b). On the annealed samples, the surfaces 

looks rougher consisting small dimples compared to the 

initial and the EB only samples. Small cleavages and dim-

ples can be considered as effect of formation of the Ni4Ti3  

  precipitates 

Therefore, to obtain optimum mechanical proper-

ties (long fatigue life and high maximum bending 

stress) of the EB irradiated NiTi wire, Ni4Ti3 precipi-

tation should be hindered by using suitable annealing 

condition.  

4. Conclusions 

Application of low energy high current electron beam 

irradiation on NiTi wires have been attempted for 

modifying the surface of the wires. From the material 
evaluation after the irradiation, it can be concluded 

that: 
1. Corrosion resistance of the EB irradiated NiTi 

wires have increased compared to the conventional 
electropolished NiTi wires, except at the polarization 
potential range between 0 up to 0.5 V. However, fa-
tigue life of the wires is deteriorated after EB irradia-
tion. 

2. Acid treatment before EB irradiation is effective 
to increase slightly the fatigue life. 
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3. For obtaining further increase of fatigue life, the 
Ni4Ti3 precipitation should be hindered by using a 
suitable annealing condition. 
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