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Abstract  - The corrosion behaviour of the intermetallic compounds Ni3(Si,Ti) (L12: single phase), has been investigated using an 

immersion test, polarization method, scanning electron microscope in 0.5 kmol/m3 H2SO4 solution at 303 K.  Moreover, the corrosion 

behaviour of austenitic stainless steel type 304 was studied under the same experimental conditions as reference. It was found that the 

intergranular attack and uniform attack were observed on Ni3(Si,Ti) after thermomechanical and annealing processes (1173K and 

1273K) respectively in the immersion test. From the immersion test and polarization curves, all annealed Ni3(Si,Ti) had less corrosion 

resistance compared to type 304. In addition, Ni3(Si,Ti) was difficult to form a stable passive film, but not for type 304. 
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I. INTRODUCTION 

An intermetallic compound of Ni3(Si,Ti) with addition 

of titanium (Ti) has been considered to be a potential 

compound which could be applied as high temperature 

structural materials and chemical parts because this 

compound shows an increasing strength with increasing 

operational temperature and also displays remarkable 

oxidation resistance over a wide range of temperature 

(Takasugi et al.,1990 ; Takasugi ,2000). Furthermore, this 

compound has a single phase of L12 which exhibits a good 

corrosion resistance (Kaneno et al., 2002). However, 

Priyotomo and co-workers found the less corrosion 

resistance of this compound in all acidic solutions where, 

the types of corrosion are intergranular and uniform 

(Priyoyotomo et al.,2011 ; Priyotomo et al.,2012). In 

addition, Wagle (Wagle et al.,2011) and Priyotomo 

(Priyotomo et al., 2013) also found that the pitting 

corrosion behavior of the compound with different heat 

treatment took place in neutral sodium chloride solution.  

The Ni3(Si,Ti) intermetallic compounds are susceptible to 

environmental embritlement (hydrogen embrittlement) at 

ambient temperature in moist environment (Takasugi et 

al.,1993a; Takasugi et al.,1993b), where that 

embrittlement takes place with permeation of atomic 

hydrogen through electrochemical reaction into the 

compounds. 

Furthermore, the preceding investigation regarding to 

Ni3(Si,Ti) carried out the thermomechanical process (TMP) 

after homogenization process (Takasugi et al., 1990 ; 

Kaneno et al., 2003). TMP is the combination of 

deformation process and heat treatment in single system 

(Poliak et al., 2009). The microstructural control for grain 

size and texture is possible to be applied by TMP (Kaneno 

et al.,2003).  Priyotomo had already found that the effect 

of annealing process of Ni3(Si,Ti) after TMP could not 

enhance their corrosion resistances more effectively in 

various neutral chloride ion solution (Priyotomo et 

al.,2013).  With regard to Ni3(Si,Ti) compound, there is 

little study on the corrosion behavior of Ni3(Si,Ti) after 

TMP in aqueous solutions at ambient temperature in 

sulfate ion (SO4
2-). Therefore, the objective of this work is 

to elucidate the corrosion behavior of Ni3(Si,Ti) 
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intermetallic compounds after TMP process in Sulfuric 

acid (H2SO4) solution. 

 

II. EXPERIMENTAL 

A. The specimens 

Ni-11 at.% Si-9.5 at.% Ti compound with the addition 

of 50 wt. ppm of boron, was prepared by using an high 

vacuum arc melting furnace under an argon gas 

atmosphere in chamber of furnace.  It was homogenized at 

1323K for 2 days under an argon atmosphere and

cooled at a cooling rate of 283K /min in a high vacuum 

furnace.  In TMP process, an ingot was carried out a warm 

rolling at 573K in a muffle furnace until reaching the 

certain thickness and then a cold rolling until 1.2 mm of 

thickness in 75 % reduction.  After obtaining a cold

thin sheet, this sheet was finally annealed from 873 K to 

1273 K for 1 hour by using a vacuum furnace, where 

annealing process metal is the heating of metal to a 

specific temperature and then cooled at a cooling rate of 

283K /min. The identification of Ni3(Si,Ti) intermetallic 

compound for its chemical composition, had been 

investigated by an author colleague and the author[6] at 

Osaka Prefecture University, where the author received 

that intermetallic compound for this research.  

stainless steel type 304 was as the reference for the 

research.  The chemical composition of prepared materials 

are given in Table 1.  

 

 
Table 1 : Composition of the materials investigated

 

Elements 
Ni3(Si,Ti) Type 304

At.% 

C - 0.027

Si 11.0 0.68

Mn - 0.947

P - 0.047

S - 0.006

Ni 79.5 7.6

Cr - 19.34

Mo - 

V - 

Fe - 71.4

Ti 9.5 

W - 

Co - 

ppm 

B 50 - 

 

B. Pretreatment of the specimens and test solutions

The specimens were cut into 1.2 mm x 9 mm x 15 mm. 

Then they were grinded and polished to 1.0 micrometer 

alumina paste, degreased by acetone in an ultrasonic 

cleaner and washed with distilled water.  The test solution, 

0.5 kmol/m3 sulfuric acid (H2SO4) solution, was prepared 

by reagent grade chemicals and distilled water.  For 

microstructure observation, galvanostatic etching of the 

mechanically polished specimens was carried out in a 

solution consisting of 15 ml of 17.8 kmol/m

ml of methanol at an applied current density of 0.446 

A/cm2 for 30 seconds at a temperature of 243 K.
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intermetallic compounds after TMP process in Sulfuric 

9.5 at.% Ti compound with the addition 

of 50 wt. ppm of boron, was prepared by using an high 

vacuum arc melting furnace under an argon gas 

atmosphere in chamber of furnace.  It was homogenized at 

1323K for 2 days under an argon atmosphere and then 

cooled at a cooling rate of 283K /min in a high vacuum 

an ingot was carried out a warm 

rolling at 573K in a muffle furnace until reaching the 

certain thickness and then a cold rolling until 1.2 mm of 
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1273 K for 1 hour by using a vacuum furnace, where 

annealing process metal is the heating of metal to a 

specific temperature and then cooled at a cooling rate of 

(Si,Ti) intermetallic 

compound for its chemical composition, had been 

investigated by an author colleague and the author[6] at 

Osaka Prefecture University, where the author received 

esearch.  Austenitic 

stainless steel type 304 was as the reference for the 

The chemical composition of prepared materials 

Table 1 : Composition of the materials investigated 

Type 304 

0.027 

0.68 

0.947 

0.047 

0.006 

7.6 

19.34 

- 

- 

71.4 

- 

- 

- 

Pretreatment of the specimens and test solutions 

The specimens were cut into 1.2 mm x 9 mm x 15 mm. 

Then they were grinded and polished to 1.0 micrometer 

alumina paste, degreased by acetone in an ultrasonic 

cleaner and washed with distilled water.  The test solution, 

) solution, was prepared 

by reagent grade chemicals and distilled water.  For 

microstructure observation, galvanostatic etching of the 

mechanically polished specimens was carried out in a 

solution consisting of 15 ml of 17.8 kmol/m3 H2SO4 and 85 

anol at an applied current density of 0.446 

for 30 seconds at a temperature of 243 K. 

 

C. Corrosion tests 

1) Immersion test : The immersion test of the polished 

specimen was carried out to obtain a weight loss (ΔW), the 

difference in weights of the spec

immersion test, at various immersion times up to a 

maximum time of 96 hours in 0.5 kmol/m

at 303 K under an open circuit condition.  After the 

experiments, the morphology of the specimen surfaces 

was investigated by using scanning electron microscope 

(SEM). 

2) Polarization test : The potential step method was 

used to measure polarization curves of the specimens in 

0.5 kmol/m3 H2SO4 solution open to air at 30

reference and counter electrodes used were Ag/AgCl

saturated with KCl and a platinum sheet, respectively.  

Polarization measurements were carried out in a potential 

range from -1073 mV to 1273 mV vs. Ag/AgCl where the 

potential was increased or decreased from a rest potential 

with a potential interval of 100 mV (partly 50 mV) and 

was held for 10 minutes at each potential. 

 

III. RESULTS AND DISCUSSION

A. Microstructures 

Figs 1 (a-e) show the microstructures of Ni

intermetallic compund at various annealed temperatures 

(873K-1273K) before experiment. The morphology of 

their surfaces could be revealed by galvanostatic etching 

method. At the temperature of 873K, the recrystallization 

process took place which new small grains appear at grai

boundaries. In addition, the process of recrystallization of 

deformed metal is the formation of new nearly defect

and the growth of these into the surrounding deformed 

metal (Heller et al.,1984).  Furthermore, at the 

temperature of 873K, the primary

took place in nucleating new grains (Bunge et al.,1996).  

From 973K to 1273K, the new grains grow to became 

larger  with the average grains of  30 μm.  At these range 

of temperature, when the metal is annealed at a higher 

temperature after the completion of primary 

recrystallization, specific grains in the primary 

recrystallized structure consume other grains in the 

structure and grow into coarse grains (Ushigami et al., 

2013). This step is defined secondary recrystallization 

(Ushigami et al., 2013).  

 

Fig 1a. Microstructure of as annealed Ni

before experiment
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The immersion test of the polished 

specimen was carried out to obtain a weight loss (ΔW), the 

difference in weights of the specimens before and after the 

immersion test, at various immersion times up to a 

maximum time of 96 hours in 0.5 kmol/m3 H2SO4 solution 

at 303 K under an open circuit condition.  After the 

experiments, the morphology of the specimen surfaces 

by using scanning electron microscope 

: The potential step method was 

used to measure polarization curves of the specimens in 

solution open to air at 300C. The 

reference and counter electrodes used were Ag/AgCl 

saturated with KCl and a platinum sheet, respectively.  

Polarization measurements were carried out in a potential 

1073 mV to 1273 mV vs. Ag/AgCl where the 

potential was increased or decreased from a rest potential 

100 mV (partly 50 mV) and 

was held for 10 minutes at each potential.  

III. RESULTS AND DISCUSSIONS 

e) show the microstructures of Ni3(Si,Ti) 

at various annealed temperatures 

1273K) before experiment. The morphology of 

their surfaces could be revealed by galvanostatic etching 

method. At the temperature of 873K, the recrystallization 

process took place which new small grains appear at grain 

boundaries. In addition, the process of recrystallization of 

deformed metal is the formation of new nearly defect-free 

and the growth of these into the surrounding deformed 

metal (Heller et al.,1984).  Furthermore, at the 

temperature of 873K, the primary recrystallization step 

took place in nucleating new grains (Bunge et al.,1996).  

From 973K to 1273K, the new grains grow to became 

larger  with the average grains of  30 μm.  At these range 

of temperature, when the metal is annealed at a higher 

e after the completion of primary 

recrystallization, specific grains in the primary 

recrystallized structure consume other grains in the 

structure and grow into coarse grains (Ushigami et al., 

2013). This step is defined secondary recrystallization 

 
Fig 1a. Microstructure of as annealed Ni3(Si,Ti) at 873K 

before experiment 
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Fig 1b. Microstructure of as annealed Ni3(Si,Ti) at 973K 

before experiment 

 

Fig 1c. Microstructure of as annealed Ni3(Si,Ti) at 1073K 

before experiment 

 

Fig 1d. Microstructure of as annealed Ni3(Si,Ti) at 1173K 

before experiment 

Fig 1e. Microstructure of as annealed Ni3(Si,Ti) at 1273K 

before experiment 
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(Si,Ti) at 973K 

 
(Si,Ti) at 1073K 

 
(Si,Ti) at 1173K 

 
(Si,Ti) at 1273K 

B. Weight loss, polarization test and surface morphology of 

corroded compounds 

Fig. 2 shows  the weight losses of Ni

intermetallic compounds  after annealing process at 873K; 

973K; 1073K; 1173K and 1273K; and type 304 as a 

function of immersion time in 0.5 kmol/m

at 303  K. The weight losses for these compound

with immersion time. The highest and lowest weight 

losses were annealed Ni3(Si,Ti) at 873 K and type 304. The 

magnitude of weight losses for various annealed Ni

were more than one order higher compared to that of 

weight loss for type 304. The corrosion resistance was 

found to order of type 304 > as annealed Ni3(Si,Ti) at 

1273K > as annealed Ni3(Si,Ti) at 1173K > as annealed 

Ni3(Si,Ti) at 973K > as annealed Ni3(Si,Ti) at 1073K > as 

annealed Ni3(Si,Ti) at 873K. 

 

Fig 2. The weight losses of Ni3(Si,Ti) after annealing process at 

● 973K; ☐1073K; ■1173K and △1273K; and 

of immersion time in 0.5 kmol/m

 

Fig.3 shows the polarization curves of Ni

intermetallic compound after annealing process at 873K; 

973K; 1073K; 1173K and 1273; and type 304 in 0.5 

kmol/m3 H2SO4 solution at 303K. By comparing the 

polarization curves in different annealing temperatures, 

the corrosion potential tend to shift towards positive 

direction in increasing annealing temperatures. In 

addition, the corrosion current densities (I

annealed Ni3(Si,Ti) decrease with an increase in annealing 

temperatures. The magnitude of corrosion current 

densities of various annealed Ni

two or three orders compared to that of type 304.  

Furthermore, the anodic polarization curves of 

various annealed Ni3(Si,Ti) the increase in anodic current 

with increasing potential without the passive region up to 

oxygen evolution potential where those had almost same 

active region with a low peak current density. On the other 

hand, type 304 showed an active region with a very low 

peak current density and a wide passive region up to the 

oxygen evolution potential. On the basis of the res

implies that there is no clear passive region on various 

annealed Ni3(Si,Ti) compared to type 304. 
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(Si,Ti) after annealing process at ○ 873K; 

1273K; and ◇ type 304 as a function 

of immersion time in 0.5 kmol/m3 H2SO4 solution at 303  K. 

Fig.3 shows the polarization curves of Ni3(Si,Ti) 

compound after annealing process at 873K; 

973K; 1073K; 1173K and 1273; and type 304 in 0.5 

solution at 303K. By comparing the 

polarization curves in different annealing temperatures, 

the corrosion potential tend to shift towards positive 

ction in increasing annealing temperatures. In 

addition, the corrosion current densities (Icorr) of various 

(Si,Ti) decrease with an increase in annealing 

temperatures. The magnitude of corrosion current 

densities of various annealed Ni3(Si,Ti) were more than 

two or three orders compared to that of type 304.   

Furthermore, the anodic polarization curves of 

(Si,Ti) the increase in anodic current 

with increasing potential without the passive region up to 

tial where those had almost same 

active region with a low peak current density. On the other 

hand, type 304 showed an active region with a very low 

peak current density and a wide passive region up to the 

oxygen evolution potential. On the basis of the results, it 

implies that there is no clear passive region on various 

(Si,Ti) compared to type 304.  
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Fig 3. The polarization curves of Ni3(Si,Ti) after annealing process at 

873K; ● 973K; ☐1073K; ■1173K and △1273; and 

kmol/m3 H2SO4 solution at 303K.

 
Table 2. The results of polarization test for materials in 0.5 

kmol/m3 H2SO4 solution at 303 K

Materials Ecorr  

(mV vs 

Ag/AgCl)

Annealed Ni3(Si,Ti) at 873 K -262 

Annealed Ni3(Si,Ti) at 973 K -292 

Annealed Ni3(Si,Ti) at 1073 K -248 

Annealed Ni3(Si,Ti) at 1173 K -258 

Annealed Ni3(Si,Ti) at 1273 K -230 

Type  304 -208 

 

 

Fig 4a. Microstructure of as annealed Ni3(Si,Ti

after immersion time 96 h in 0.5 kmol/m3 H

at 303 K. 

 

Fig 4b. Microstructure of as annealed Ni3(Si,Ti) at 973 K 

after immersion time 96 h in 0.5 kmol/m3 H

at 303 K. 
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(Si,Ti) after annealing process at ○ 

1273; and ◇ type 304 in 0.5 

solution at 303K. 

2. The results of polarization test for materials in 0.5 

solution at 303 K 

Ag/AgCl) 

Icorr  

(A/cm2) 

5 x 10-6 

5 x 10-7 

6.5 x 10-7 

4.5 x 10-7 

4 x 10-7 

4 x 10-9 

 

(Si,Ti) at 873 K 

H2SO4 solution 

 

(Si,Ti) at 973 K 

H2SO4 solution 

Fig 4c. Microstructure of as annealed Ni

after immersion time 96 h in 0.5 kmol/m

at 303 K.

 

Fig 4d. Microstructure of as annealed Ni

after immersion time 96 h in 0.5 kmol/m

at 303 K.

 

Fig 4e. Microstructure of as annealed 

after immersion time 96 h in 0.5 kmol/m

at 303 K.

 

Figs. 4(a-e) show the corroded surface morphology of 

various annealed Ni3(Si,Ti) intermetallic compounds after 

the immersion time of 96 hours in 0.5 kmol/m

solution. On the basis of visual observation on Figs. 4(a

it was found that the surface morphology of as annealed 

Ni3(Si,Ti) at the temperatures of 873 K, 973 K and 1073 K 

showed uniform corrosion. On the other hand, 

intergranular attack in grain boun

corrosion in grains took place on the surface of as 

annealed Ni3(Si,Ti) at the temperatures of 1173 K and 

1273 K.   
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Fig 4c. Microstructure of as annealed Ni3(Si,Ti) at 1073 K 

after immersion time 96 h in 0.5 kmol/m3 H2SO4 solution 

at 303 K. 

 

 
Fig 4d. Microstructure of as annealed Ni3(Si,Ti) at 1173 K 

after immersion time 96 h in 0.5 kmol/m3 H2SO4 solution 

at 303 K. 

 

 
Fig 4e. Microstructure of as annealed Ni3(Si,Ti) at 1273 K 

after immersion time 96 h in 0.5 kmol/m3 H2SO4 solution 

at 303 K. 

e) show the corroded surface morphology of 

(Si,Ti) intermetallic compounds after 

the immersion time of 96 hours in 0.5 kmol/m3 H2SO4 

solution. On the basis of visual observation on Figs. 4(a-e), 

it was found that the surface morphology of as annealed 

(Si,Ti) at the temperatures of 873 K, 973 K and 1073 K 

showed uniform corrosion. On the other hand, 

intergranular attack in grain boundaries and uniform 

corrosion in grains took place on the surface of as 

(Si,Ti) at the temperatures of 1173 K and 
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C. The effect of annealing temperatures to corrosion 

properties of Ni3(Si,Ti) in sulfate ion  

From the previous sections, with regard to the 

corrosion tests for as-annealed Ni3(Si,Ti) at temperatures 

of 873K, 973K, 1073K, 1173K, 1273K, it was found that 

the magnitude of weight losses and corrosion current 

densities of these intermetallic compounds tended to be 

almost same, but not type 304. Thus, it is elucidated in 

three following things : 

1. After TMP, the effect of annealing process of Ni3(Si,Ti) 

intermetallic compounds have no much benefit  to 

increase their corrosion resistances effectively . 

2. The corrosion resistance of as-annealed Ni3(Si,Ti) at 

1273K is little higher than that of other as-annealed 

Ni3(Si,Ti) intermetallic compounds below 1273 K.  

3. The highest corrosion susceptibility take places on as-

annealed Ni3(Si,Ti) at 1073 K. 

 

The corrosion susceptibility of as-annealed Ni3(Si,Ti) 

at 1073 tends to rise as well as this compound in 

hydrochloric acid solution (Priyotomo et al.,2013) and 

Ni3Al in chloride solution ( Oluyemi et al.,2011).   The 

corrosion current density of Ni3Al intermetallic compound 

within the temperature range from 973K up to 1073K, 

could be corresponded to the incomplete progress of the 

heat-activated processes beginning in places of highest 

concentration of stresses and, in consequence, creating the 

local electrochemical micro-cells (Oluyemi et al.,2011).  

Therefore, this idea can be applied to consider the present 

result.  Moreover, the further investigation will be carried 

out to elucidate this idea in more detail.  

On the previous paper, Priyotomo already had 

elucidated that the corrosion resistance of Ni3(Si,Ti) at 

various annealing temperatures was higher than that of 

type 304 (Priyotomo et al.,2013) In the H2SO4 solution 

which is very aggressive and strong oxidizing agent, it is 

known that the austenitic stainless steel such as types 304 

has good corrosion resistance compared to as annealed 

Ni3(Si,Ti) at various temperatures . Therefore, type 304 

was more resistant to sulfate ion attack than as annealed 

Ni3(Si,Ti) but not in HCl solution (Priyotomo et al.,2013). 

Furthermore, In Fig. 3, the range of a passive region 

on type 304 is approximately from + 100 mV to + 800 mV 

where that of all annealed Ni3(Si,Ti) is only from -100 mV 

to 0 mV. This means that a stable film of type 304 could be 

formed easily compared to all annealed Ni3(Si,Ti). 

Moreover, the passive film of Ni3(Si,Ti) was easy to be 

dissolved out to solution. This implies that the film of Ni3  

(Si,Ti) could not inhibit a direct dissolution from metal 

surface and influence the corrosion resistance.    

 

IV. CONCLUSIONS 

1. The increase of annealing temperature on Ni3(Si,Ti) 

intermetallic compounds after thermomechanical 

process could not enhance their corrosion resistances 

significantly.  

2. The corrosion resistance of Ni3(Si,Ti) after annealing 

process at 1273K is little higher than that of  the other 

Ni3(Si,Ti) intermetallic compounds, while that of as 

annealed Ni3(Si,Ti)  at 1073K decreases compared to 

that of this compound at 973K . 

3. All Ni3(Si,Ti) intermetallic compounds had less 

corrosion resistance compared to type 304.  

4. The surface morphology of as annealed Ni3(Si,Ti) at 

873 K, 973 K and 1073 K showed uniform attack. The 

intergranular attack in grain boundaries and uniform 

corrosion in grains took place on the surface of as 

annealed Ni3(Si,Ti) at the 1173 K and 1273 K.   

 

REFERENCES 
[1]. Bunge. H. J, and Kohler. U (1996), Modeling Primary 

Recrystallization in fcc and bcc Metals by Oriented Nucleation and 

Growth with The Statistical Compromise Model, TEXTURES AND 

MICROSTRUCTURES, 28 : 231-259. 

[2]. Heller. H. W. F., Verbraak. C. A., and Kolster. B. H. (1984). 

Recrystallization at Grain Boundaries in Deformed Copper 

Bicrystals. ACTA METALLURGICA,32(9): 1395-1406. 

[3]. Kaneno, Y., and Takasugi.T. (2003). Grain-boundary character 

distribution in recrystallized L12 ordered intermetallic alloys. 

METALLURGICAL AND MATERIALS TRANSACTIONS A, 34A : 2429–

2439. 

[4]. Kaneno,Y., Nakaaki, I., and Takasugi, T. (2002). Texture Evolution 

During Cold Rolling and Recrystallization of L12-type ordered 

Ni3(Si,Ti) Alloy, INTERMETALLICS,10 : 693-700. 

[5]. Oluyemi, D. O, Oluwole, O. I, and Adewuyi, B. O. (2011). Studies of 

the Properties of Heat Treated Rolled Medium Carbon Steel. 

MATERIALS RESEARCH 14(2): 135-141. 

[6]. Poliak, E. I., N. S. Pottore, R. M. Skolly, W. P. Umlauf, J. C. 

Brannbacka. (2009). Thermomechanical processing of advanced 

high strength in production hot strip rolling. LA METALLURGIA 

ITALIANA : 1–7. 

[7]. Priyotomo, G., Okitsu, K., Iwase, A., Kaneno, Y., Nishimura, R. and 

Takasugi, T. (2011). The corrosion behavior of intermetallic 

compounds Ni3(Si,Ti) and Ni3(Si,Ti) + 2Mo in acidic solutions. 

APPLIED SURFACE SCIENCE, 257(19): 8268-8274. 

[8]. Priyotomo, G., Wagle, S., Okitsu, K., Iwase, A., Kaneno, Y., Nishimura, 

R. and Takasugi, T. (2012). The corrosion behavior of Ni3(Si,Ti) 

intermetallic compounds with Al, Cr, and Mo in various acidic 

solutions. CORROSION SCIENCE, 60: 10-17. 

[9]. Priyotomo, G. (2013). Pitting Corrosion of Ni (Si,Ti) Intermetallic 

Compound at Various Chloride Concentrations. INTERNATIONAL 

JOURNAL OF SCIENCE AND ENGINEERING, 5(2): 25-28. 

[10]. Priyotomo.G.(2013), The Effect of Annealing Temperatures after 

Thermomechanical Process to The Corrosion Behavior of Ni3(Si,Ti) 

in Chloride Solution.TEKNOLOGI INDONESIA,36(2) : 97-104. 

[11]. Takasugi, T., Shindo, D., Izumi, O., and Hirabayashi, M. (1990). 

Metallographic and structural observations in the pseudo-binary 

section Ni3Si-Ni3Ti of the Ni-Si-Ti system. ACTA METALLURGICA ET 

MATERIALIA, 38: 739-745. 

[12]. Takasugi,T.(2000). Microstructural Control and Mechanical 

Properties of Nickel Silicides, INTERMETALLICS, 8 : 575-584. 

[13]. Takasugi, T., Nakayama, T. and Hanada, S. 1993a). Environmental 

embrittlement of Ni3(Si,Ti) single crystals. MATERIALS 

TRANSACTIONS JIM, 34(9):775-785.  

[14]. Takasugi, T., Hono, K., Suzuki, S., Hanada, S. and Sakurai, T. (1993b). 

Environmental embrittlement and grain boundary segregation of 

boron in Ni3(Si,Ti) and Co3Ti alloys. SCRIPTA METALLURGICA ET 

MATERIALA, 29(12): 1587-1591.  

[15]. Ushigami,Y. (2013). Theoretical Analysis and Computer Simulation 

of Secondary Recrystallization in Grain-oriented Silicon Steel. 

Nippon Steel Technical Report  No.102 : 25-30. 

[16]. Wagle, S., Priyotomo, G., Kaneno, Y., Iwase, A., Takasugi, T. and 

Nishimura, R.(2011). Pitting Corrosion of Intermetallic Compound 

Ni3(Si,Ti) in Sodium Chloride Solutions. CORROSION SCIENCE, 53: 

2514-2517. 

 


