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Abstract: The isothermal oxidation behavior of NiTi alloy in H

2

-H

2

O in the temperature range from 400 °C to 700 °C was studied. 

The results show that the oxidation rate of the NiTi alloy follows cubic laws, and the activation energy for the oxidation of the alloy 

is determined to be 127.52 kJ/mol. The surface Ni content is significantly reduced by selective oxidation. For the sample oxidized at 

400 °C, the morphology is different from those formed at high temperatures. For the samples oxidized at 500, 600, and 700 °C, the 

oxide scales show two morphologies, which consist of cubic grains and oxide whiskers. Cross-section analyses show that the oxide 

scales consist of an outer TiO

2 

layer and an inner Ni

3

Ti layer. Voids form near the interface of the two layers.
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NiTi alloys with nearly equiatomic nickel-to-titanium ratios 

are widely used in biomedical applications because of their 

unique shape-memory properties and good corrosion 

resistance

[1]

. However, the higher concentration of Ni in the 

alloy increases the risks of allergy and adverse reactions

[2,3]

.

A high-purity TiO

2

 layer has been proven to be a reliable 

barrier against Ni release

[4-6]

. To synthesize such TiO

2

 layer on 

the alloy, several studies

[7-9]

have focused on the isothermal 

oxidation behavior of NiTi in air and oxygen. The oxide scale 

formed in such atmosphere is always mixed with Ni or 

NiO

[4,10-12]

 and has demonstrated a high spallation tendency

[13]

, 

thereby reducing the barrier performance of the oxide scale.

A promising method to reduce the Ni content of the oxide 

scale is an oxidation process under low oxygen partial 

pressure. The oxygen affinity of Ti is higher than that of Ni. 

Therefore, under very low oxygen partial pressure, selective 

oxidation of Ti is possible to realize, and oxidation of Ni can 

be inhibited. After the oxidation process, a titanium-rich oxide 

scale will form on the alloy. To obtain low values of oxygen 

partial pressure, a suitable mixture of H

2

 and H

2

O is 

consistently used

[14,15]

. Several studies on the oxidation 

behavior of FeCr

[16]

, NiCr

[17,18]

, and FeCrNi

[19]

 under low 

oxygen partial pressure have been conducted. However, little 

is known about the oxidation behavior of NiTi alloy under low 

oxygen partial pressure. Therefore, in this paper, the oxidation 

behavior of NiTi alloy in H

2

-H

2

O is presented.

1  Experiment

The material used in the experiment is a commercial 

hot-rolled NiTi plate with nominal composition of 50.2 at% Ti 

and 49.8 at% Ni. The specimens were cut from the plate to a 

size of 20 mm×10 mm×2 mm, with a hole of 1.6 mm in 

diameter near the center of an edge. The samples were ground 

on emery papers up to 1000 grit, washed in acetone, and dried 

before the oxidation test.

Oxidation experiments were performed in the equipment 

(Fig.1). The gas mixture of hydrogen and water vapor was 

generated by flowing hydrogen through distilled water 

(T

bubbler

=10 °C). Isothermal oxidation was conducted at tempe-

ratures of 400, 500, 600, and 700 °C for 10 h. The mass gain 

of the specimens was recorded as a function of time by the 

thermal balance (Therm HM) during oxidation. After the
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Fig.1 Schematic of test oxidation equipment

isothermal oxidation, the oxidized specimens were cooled to 

room temperature in the furnace.

After oxidation, the phase structures of the oxide scales 

were identified by X-ray diffraction (XRD, Bruker D8 

ADVANCE). The surface and cross section morphologies of 

samples were analyzed using scanning electron microscopy

(SEM, QUANTA 200) equipped with an energy-dispersive 

X-ray spectroscopy (EDS, EDAX-Genesis Apex) system.

2  Results and Discussion

2.1 Oxidation kinetics

The mass-change curves of the samples oxidized at 400, 

500, 600, and 700 °C in H

2

-H

2

O are plotted in Fig.2. The 

oxidation rate increases with temperature increasing. After 

oxidation for 10 h, the mass gains are 0.073, 0.142, 0.340, and 

0.760 mg/cm

2

 for the samples oxidized at 400, 500, 600, and

Fig.2  Mass gains versus time for isothermal oxidation of NiTi alloy

at different temperatures

700 °C, respec tively.

Fig.3 shows the plot of (W/A)

3

 versus time corresponding to 

the thermogravimetric analysis shown in Fig.2. As shown in 

the figure, a nearly linear relationship between (W/A)

3

and 

time is observed, which indicates that the kinetics follows 

cubic law.

The values of K

p

 were obtained from the slope of the (W/A)

3

versus time plots. The activation energy of oxidation was

calculated using the Arrhenius equation as follows:

K

p

=Aexp(–Q/RT)                                (1)

Table 1 lists the cubic rate constants K

p

at the four tempe-

ratures and the activation energy of oxidation. The rate 

constant increases as the oxidation temperature increases. The

Fig.3  (W/A)

3

 versus time for isothermal oxidation of NiTi alloy at 400 °C (a), 500 °C (b), 600 °C (c), and 700 °C (d) 
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Table 1  Cubic rate constants and activation energy of oxidation 

for NiTi alloy

Temperature/°C K

p

/mg

3

·cm

-6

·h

-1

 Q/kJ·mol

-1

 

400 4.22×10

-5

 

500 2.87×10

-4

 

600 3.95×10

-3

 

700 4.86×10

-2

 

127.52

activation energy is determined to be 127.52  kJ/mol.

2.2  Phase composition

Fig.4 shows the XRD patterns of NiTi samples oxidized in 

H

2

-H

2

O at 400, 500, 600, and 700 °C. After oxidization at 400

°C, the XRD pattern shows only NiTi peaks. No oxide peaks

are observed, indicating that the scale formed at this 

temperature is too thin to be detected. For the samples 

oxidized at 500, 600, and 700 °C, rutile TiO

2

 peaks are 

observed. In addition, the intensities of the peaks become 

stronger as the oxidation temperature increases. This results

imply that the growth of TiO

2

dominates the oxidation 

behavior. Ni

3

Ti peaks are also observed for specimens 

oxidized at 500, 600, and 700 °C. However, the intensities of 

the peaks gradually decrease with the increasing oxidation 

temperature. This finding indicates that the TiO

2

oxide scale

becomes thicker as the temperature increases, which may

prevent the Ni

3

Ti phase from being detected.

2.3  Morphology and composition

The surface morphologies of NiTi specimens after 

oxidation are shown in Fig.5. Oxide scales grow and cover the 

whole surface of the samples. No cracks or spallation appear

on the scales, indicating that the scales adhere well to the base 

alloy. For the sample oxidized at 400 °C, the scale is uneven.

Scratch marks formed during the sample preparation process

can be observed, suggesting that the oxide layer is very thin.

The samples oxidized at 500, 600, and 700 °C show two 

morphologies, which consist of cubic grains and oxide 

whiskers. The sizes of the cubic grains and the whiskers 

increase with the oxidation temperature increasing. Previous 

studies

[8,10,13]

showed that the oxidation of NiTi alloy in dry 

oxygen only produced films with densely packed TiO

2

 and 

Fig.4 XRD patterns of NiTi samples after oxidation for 10 h in

H

2

-H

2

O at 400, 500, 600, and 700 °C

Fig.5  Surface morphologies of NiTi oxidized in H

2

-H

2

O at 400 °C (a), 500 °C (b), 600 °C (c), and 700 °C (d)
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NiTiO

3

 grains, and no oxide whiskers formed. Oxide whiskers 

were commonly observed when water vapor was present in 

the environment

[14,15,20]

. The generally accepted mechanism of 

oxide whisker formation was proposed by Raynaud and 

Rapp

[21]

; they suggested that the whiskers arise from 

dislocations in the oxide and involve a tunnel acting as high-

diffusivity paths. They also suggested that the dissociation of 

H

2

O molecules is generally faster than that of O

2

 molecules at 

the tip of the whisker. Under the influence of these factors, the 

growth of the oxide in the direction of the whisker axis is

much greater than its lateral growth.

The chemical composition of the oxide scale was analyzed 

by EDS, and the results are listed in Table 2. The Ni content  

of the sample oxidized at 400 °C is very high, probably 

because the oxide scale formed at this temperature is very 

thin, and the composition of the base alloy is detected. For

the samples oxidized at 500, 600, and 700 °C, their

composition is similar, which mainly consists of Ti and O. 

Furthermore, the atomic ratio of Ti to O is close to 1:2, which 

is consistent with the stoichiometric ratio of TiO

2

. Although 

the alloys contain a large amount of Ni, no Ni is detected in 

the scale. This finding reflects the difference in the oxygen 

affinity between Ti and Ni.

The oxygen partial pressure is calculated using the 

following equations

[22]

:

2

bubbler

H O

bubbler

lg( ) 7.58 2.22

240

T

P

T

= × −

+

(2)

2

2

2

H O

O

H

1 13088

lg( ) 3.0 lg( )

2

P

P

T P

= − +     (3)

where P

H

2

, P

O

2

, and P

H

2

O

represent the partial pressures of 

hydrogen, oxygen, and water vapor, respectively. T

bubbler

 is the 

temperature of the water, and T is the temperature of oxidation.

The calculated oxygen partial pressures at different 

temperatures are listed in Table 3. The oxygen partial 

pressures for the formation of TiO

2

 (P

Ti/TiO

2

) and NiO (P

Ni/NiO

)

by the reactions:

Ti+O

2

=TiO

2

                                    (4)

and

2Ni+O

2

=2NiO                                  (5)

were extrapolated from the data given by Inden

[23]

. The results 

are also listed in Table 3.

As presented in Table 3, the oxygen partial pressures P

O

2

at different oxidation temperatures are much lower than 

the required oxygen partial pressures for Ni oxidation, but

the values are higher than the required oxygen partial 

pressure for Ti oxidation. In such condition, Ni remains

in metallic state after 10 h exposure to the environment, 

whereas Ti is selectively oxidized, and oxide scales rich in Ti 

are formed.

2.4  Cross section

The cross-sectional microstructures of the NiTi samples    

are shown in Fig.6. For the sample oxidized at 400 °C, no

visible oxide is observed by SEM because the oxide layer is 

too thin to be detected. Oxide scales are obvious on the 

samples oxidized at 500, 600, and 700 °C. All the scales are

composed of two layers and the thickness increases with 

temperature increasing. EDS analyses indicate that the gray 

external layers are rich in Ti and O. The bright layers beneath 

the structure are rich in Ni and Ti. Combination of EDS and 

XRD analyses show that the outer layers are composed of 

TiO

2

, and the beneath layers are composed of Ni

3

Ti. 

According to the thermal dynamic calculation, when the 

oxidation occurs, the Ti in the NiTi alloy is selectively 

oxidized, and TiO

2

 forms preferentially on the surfaces. With 

the outward diffusion of Ti, the Ni

3

Ti phases develop beneath 

the TiO

2

 layer because of the depletion of Ti.

Some voids are found at the bottom of the TiO

2

 layer and 

on the top of the Ni

3

Ti layer. The size and density of voids

depend on the temperature. Similar voids were also reported

in previous investigations

[7,24]

. Chu

[7]

 suggested that the voids 

at the bottom of the TiO

2

 scale are possibly formed as a result 

of the difference between the vertical and lateral growth rates 

during the initial stages of the oxide scale formation. The 

formation of pores in the Ni

3

Ti layer is related to the 

Kirkendall effect. When the Ti atoms dif fuse away from the 

NiTi matrix, vacancies are created. Along with the heating 

process, vacancies may collect to form pores.

Previous studies

[9,11,25]

 showed that the double-oxide

NiTiO

3

 was always formed beneath or within the TiO

2

 layer 

for the samples oxidized in air. In the present study, no NiTiO

3

oxides are found. Zeng

[12]

 suggested that the NiTiO

3

 was 

formed by NiO reacting with TiO

2

. In the present study, the 

oxygen pressure is not high enough to form thermody- 

namically stable oxides of Ni, which prevents the formation of 

NiTiO

3

.

Table 2  Chemical composition of the oxide scale surface (at%)

Temperature/°C O Ti Ni

400 33.16 32.59 34.25

500 65.80 34.20 -

600 65.46 34.54 -

700 65.24 34.76 -

Table 3  Calculated result of P

O

2

, P

Ni/NiO

and P

Ti/TiO

2

 at different

temperatures

Temperature/°C P

O

2

P

Ni/NiO

P

Ti/TiO

2

400 2.13×10

-42

2.18×10

-28

2.58×10

-61

500 2.26×10

-37

1.77×10

-23

2.62×10

-52

600 1.69×10

-33

1.07×10

-17

2.30×10

-45

700 2.03×10

-30

1.09×10

-16

7.55×10

-40
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Fig.6  Cross-sectional microstructures of NiTi sample oxidized at 400 °C (a), 500 °C (b), 600 °C (c), and 700 °C (d)

3  Conclusions

1) The oxidation rate of the NiTi alloy at 400, 500, 600, and 

700 °C follows cubic laws, and the activation energy for the 

oxidation of the alloy is determined to be 127.52 kJ/mol.

2) For the samples oxidized at 500, 600, and 700 °C, the 

surface Ni content is significantly reduced by selective 

oxidation, and the oxide scales show two morphologies, which 

consist of cubic grains and oxide whiskers.

3) The scales exhibit two-layer structures. The outer layer 

of the scale is composed of TiO

2

, whereas the beneath layer is 

composed of Ni

3

Ti. Voids form near the interface of the two 

layers.
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