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Abstract - The corrosion behaviour of the intermetallic compounds Nis3(Si,Ti) (L12: single phase), has been investigated using an
immersion test, electrochemical method, scanning electron microscope in 0.5 kmol/m3 HCl at 303 K. In addition, the corrosion
behaviour of austenitic stainless steel type 304 and C276 was studied under the same experimental conditions as references. It was found
that the intergranular attack was observed for Ni3(Si,Ti) in the immersion test. From the immersion test and polarization curves,
Ni3(Si,Ti) had the moderate corrosion resistance, while the corrosion resistances of C 276 and type 304 were the highest and the lowest.
Ni3(Si,Ti) and type 304 were difficult to form a stable passive film, but not for C276. A further experiment must be conducted to clarify

the stability of film for Nis(Si,Ti) in detail.
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[. INTRODUCTION

Takasugi and co-workers have reported that Ni3(Si, Ti)
intermetallic compound with L1, structure has unique
strength and ductility properties; that are, (1) an increase
in flow strength with increasing temperature and (2) high
ductility over a wide range of test temperatures (Takasugi
et al, 1990 ; Takasugi et al,1991). In particular, its
strength level is extremely high as compared with that of
other L1, ordered intermetallic compounds which has
been developed as advanced materials (Kaneno et al,
2008), and the Ni3(Si,Ti) intermetallic compound is
superior for conventional alloys such as steels, nickel base
alloys, and stainless steel as low- and high- temperature
structural materials. The Ni3(Si,Ti) intermetallic
compound shows an excellent oxidation resistance in air,
at ambient and elevated temperatures (Kaneno et al,
2007).

However, the Niz(Si,Ti) intermetallic compound is
susceptible to environmental embrittlement (specially
hydrogen embrittlement) at ambient temperature in moist

environments (Takasugi et al., 1993a,b), where hydrogen
embrittlement takes place with permeation of atomic
hydrogen formed through corrosion reaction into the
compound. The addition of small amount of boron to
Ni3(Si,Ti) is effective in suppressing environmental
embrittlement (Takasugi et al, 1995). However,
Priyotomo and co-workers have found that the boron
segregation at grain boundaries become the preferential
sites for corrosive dissolution and let to the intergranular
attack for a homogenized Niz(Si,Ti) (Priyotomo et al,2011;
Priyotomo et al,2012). Furthermore, Kaneno and co-
workes already investigated the mechanical properties of
Niz(Si,Ti) compounds after thermomechanical process had
done(Kaneno et al,,2008; Kaneno et al.,2007). With regard
to this compound, there is little study on the corrosion
behavior in aqueous solution at ambient temperature,
although the corrosion behavior of NizAl, NiAlFe and Fe3Al
compounds was qualitatively investigated in acidic
solutions (Dequette et al., 1994 ; Songbo et al.,2002 ; Colin
et al,,2007). Therefore, the objective of this work is to
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elucidate the corrosion behavior of Ni3(Si,Ti) after
thermomechanical process in HCl solution.

[I. EXPERIMENTAL

A. The specimens

Ni-11 at.% Si-9.5 at.% Ti compound with the addition
of 50 wt. ppm of boron, which was known to form an
ordered L1, single phase of Niz(Si,Ti), was prepared by
using an arc melting method under an argon gas
atmosphere. It was homogenized at 1323K for 48 h under
argon atmosphere and then cooled in vacuum furnace with
cooling rate of 283 K/ min. Homogenized ingot was
conducted a warm rolling at 573 K in air until obtaining
the desired thickness and then a cold rolling until 1.2 mm
of thickness in 75 % reduction. After obtaining cold-rolled
thin sheet, this sheet was finally annealed from 873K to
1273K for 1 h. Type 304 of austenitic stainless steel as a
reference was solution annealed at 1323 K for 1 h and
then water quenched. Type of C-276 alloy also was as the
reference for the experiments. The chemical and nominal
compositions of steels as materials are given in Table 1.

Table 1: Composition and nominal of the materials investigated

Type

Elements Ni3(Si,Ti) 304 C-276
At%
C - 0.027 0.52
Si 11.0 0.68 0.11
Mn - 0.947 1.14
P - 0.047 0.0081
S - 0.006 0.058
Ni - 7.6 57.95
Cr - 19.3 19.21
Mo - - 10.41
\Y - - 0.37
Fe - 71.4 6.15
Ti 9.5 - -
w - - 45
Co - - 2.65
Part per million (ppm)
B 50 -

B. Pretreatment of the specimens and test solutions

The homogenized specimens were cut into 1.2 mm x 9
mm x 15 mm. Then they were polished to 1.0 micrometer
alumina paste, degreased by using acetone in an ultrasonic
cleaner and washed with distilled water. The test solution,
0.5 kmol/m3 HCl solution, was made by using reagent
grade chemicals and distilled water. For microstructure
observation galvanostatic etching of the mechanically
polished specimens was conducted in a solution that
consist of 15 ml of 17.8 kmol/m3 H,SO4 and 85 ml of
methanol at a current density of 0.446 A/cm? for 30 sec at
243K.
C. Corrosion tests

1) Immersion test : The immersion test of the
mechanically polished specimen was conducted to get a
weight loss (AW), 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 HCI
solution 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) Electrochemical test: The potential method was used
to measure polarization curves of the specimens in HCI
solution that contacted with air at 303 K. The reference
and counter electrodes used were Ag/AgCl saturated with
KCl and a platinum sheet, respectively. Polarization
measurements were conducted in a potential range from -
800 mV to 1000 mV vs. Ag/AgCl where the potential was
increased (anodic) or decreased (cathodic) from a
corrosion potential with a potential interval of 100 mV
(partly 50 mV) and was held for 10 minutes at each
potential.

II1. RESULTS AND DISCUSSION

A. Microstructure

Ni3(Si,Ti) intermetallic compound is composed of
single phase with L1, structure. The microstructure of the
compound is shown in Fig.l. The microstructure of
Ni3(Si,Ti) with L1, that were observed, had equiaxial and
boundaries grains. The similar microstructure was found
for Ni3(Si,Ti) as reported in the previous paper (Priyotomo
et al,2011). Kaneno and co-workers also have already
described the microstructures of the intermetallic
compound in detail (Kaneno et al., 2005).

S& I/

Fig.1 Microstructure of Ni3(Si, Ti) before experiments

B. Weight loss, polarization test and surface morphology

Fig. 2 shows the change in weight loss with immersion
time for Niz(Si,Ti), type 304 and C 276 in 0.5 kmol/m3 HCI
solution at 303 K. The weight losses for these materials
tended to increase with immersion time. The highest and
lowest weight losses were type 304 and C 276. The
corrosion resistance was found to be in order of C 276 >
Nis(Si, Ti) > type 304.

Fig. 3 shows anodic and cathodic polarization curves of
Ni3(Si,Ti), type 304 and C 276 in 0.5 kmol/m3 HCl solution
at 303 K. The anodic polarization curve of type 304
showed an active region with a peak of current density, a
quasi-passive region with a relatively high anodic current
density in a very narrow potential range, and a region
showing an increase in anodic current density with
potential. The anodic polarization curve of Niz(Si,Ti) had
the same the active and quasi-passive region as type 304.
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In the other hand, the anodic polarization curve of C 276
showed an active region with a very low peak current
density and a wide passive region up to the oxygen
evolution potential. The anodic current densities of
Niz(Si,Ti) and type 304 in the quasi - passive region were
in the range of 10-3 to 104 A/ cm? approximately, whereas
that of C 276 in passive region was 10¢ A/cm? The
corrosion current density estimated at the open circuit
potential was found to be order of C 276 < Ni3(Si,Ti) < type
304.
From the results obtained in Fig. 2 and Fig. 3, the
following things summarized.
1. The corrosion resistance of type 304 was the lowest
in HCL.
2. C 276 had the higher corrosion resistance than
Ni3(Si,Ti) and type 304 in HCl solution.
3. The results of the immersion test on all materials
had a good correspondence with those of the
polarization test.
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Fig. 2. The weight losses of @ Nis(Si,Ti), A type 304 and O C276asa
function of immersion time in 0.5 kmol/m3HCI solution at 303 K.

Fig.4 shows the surface morphology of Ni3(Si,Ti) after
the immersion time of 96 hours in 0.5 kmol/m3 HCI
solution. It was found that the surface morphology of
Niz(Si,Ti) showed intergranular attack and uniform attack
as well as that on as-homogenized Ni3(Si,Ti) (Priyotomo et
al,,2011; Priyotomo et al.,2012).

Current Density (A/cm?)

-500 0
E,mV (vs Ag/AgCl)

500 1000

Fig. 3. Polarization curves of @ Nis(Si,Ti), A type 304 and O C 276 in 0.5
kmol/m3 HCI solution at 303 K.

Fig. 4 Microstructure of Ni3(Si, Ti) after immersion time 96 h in 0.5

kmol/m3 HCI solution at 303 K..

C. The corrosion property of Ni3(Si, Ti)

The presence of boron in homogenized Ni3(Si,Ti) had
the occurrence of the intergranular attack in acid solutions
(Priyotomo et al,,2011; Priyotomo et al.,2012) as well as in
the presence results. This would be related to the boron
segregation at the grain boundaries (Takasugi et al.,1995).
Furthermore, Priyotomo and co-workers had already
investigated that the composition of the elements at the
grain boundaries by the boron segregation would be
different from that at grains; for instance, the amounts of
Si and Ti at the grain boundaries would be smaller than
those at the grains of homogenized Niz(Si,Ti) (Priyotomo
et al,2011). The difference in the composition between
grains and grain boundaries could lead to the following
things: (1) a potential difference between them and (2) a
difference in film strength between on grains and grain
boundaries, by which a degree of the film dissolution
became different. Thus, it was concluded that the grain
boundaries with the boron segregation would become the
preferential sites for dissolution, causing the intergranular
attack in Ni3(Si,Ti) after thermomechanical process as well
as that in homogenized Ni3(Si,Ti) (Priyotomo et al.,,2011 ;
Priyotomo et al.,2012).

Furthermore, in the HCI solution which is very
aggressive, it is known that the austenitic stainless steel
such as type 304 has the highest weight loss as shown in
Fig. 2. However, it was found that Ni3(Si,Ti) had evidently
the higher corrosion resistance than that of type 304,
while type C 276 was the highest among them. This means
that Niz(Si,Ti) was more resistant to chloride ion attack
than type 304, while type C 276 had the highest resistance
to that. From Fig 3, although a stable passive film cannot
be formed in HCI solution for Ni3(Si,Ti) and type 304
compared to C 276, a precipitated film was observed to be
formed for both materials after the immersion test and
was easily removed. The precipitated film would inhibit
direct dissolution from metal surface and as a result
influence a corrosion rate of the materials (Takasugi et
al.,1995). Therefore, this implies that the precipitated film
base on Ni, Si and Ti elements (Ni3(Si,Ti)) would inhibit
the direct dissolution more efficiently than that on Fe, Cr
and Ni elements (type 304), while the presence of Mo in
C276 could restricted the susceptibility of corrosion attack
by the presence of a stable passive film in chloride as well
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as the results of Lillard and co-workers (Lillard et
al, 1994).
IV. CONCLUSION
The corrosion behaviour of Ni3(Si,Ti) after

thermomechanical process in 0,5 kmol/m3 HCl solution
has been studied and compared with that of type 304 and
C276. The following summaries were obtained.

1.

(1]

(2]
(3]

(4]

The intergranular attack was observed for Niz(Si,Ti) in
HCI solution, which took place by boron segregation at
grain boundaries.

Ni3(Si,Ti) had the moderate corrosion resistance in HCI
solution, while C276 and type 304 were the highest and
the lowest corrosion resistances.

Niz(Si,Ti) was difficult to form a stable passive film as
well as type 304, whereas C276 was easy to form that
film.

A further experiment may be conducted to clarify the
stability of film for Ni3(Si,Ti) in detail.

REFERENCES
Colin, J.,, Serna, S. Campillo, B, Florez, O and ].G. Gonzalez-
Rodriguez, ]J.G. (2007). Corrosion Performance of a Rapidly
Solidified NiAl Intermetallic Macroallolled with Fe in 0.5M H2SOa.
International JOURNAL OF ELECTROCHEMICAL SCIENCE, 2: 955-
956.
Duquette, D.J. (1994). Intermetallic Compounds, pp. 965-975. John
Willey & Sons.
Kaneno, Y., Myoki, T. and Takasugi, T. (2008). Tensile properties of
L1, intermetallic foils fabricated by cold rolling INTERNATIONAL
JOURNAL OF MATERIALS RESEARCH, 99(11): 1229-1236.
doi: 10.3139/146.101757
Kaneno, T. and Takasugi, T. (2007). The effects of Nb and Cr
addition on mechanical and chemical properites of cold-rolled
Ni3(Si,Ti) intermetallic foils. MATERIALS SCIENCE FORUM, 561-
565(1): 411-414. ISBN: 0878494626;978-087849462-0

(5]

(6]

(7]

(8]

(9]

(10]

[11]

[12]

(13]

(14]

Kaneno, Y. and Takasugi, T.(2005). Effects of stacking fault energy
and ordering energy on grain boundary character distribution of
recrystallized L1:-type ordered alloys. MATERIALS SCIENCE AND
ENGINEERING A. 393: 71-79.

Lillard, R.S,, Jurinski, M.P., Scully, J.R. (1994). Crevice Corrosion of
Alloy 625 in Chlorinated ASTM Artificial Ocean Water. CORROSION,
50(4).

doi: http://dx.doi.org/10.5006/1.3294331

Priyotomo, G., Okitsu, K, Iwase, A., Kaneno, Y., Nishimura, R. and
Takasugi, T. (2011). The corrosion behavior of intermetallic
compounds Niz(Si,Ti) and Ni3(Si,Ti) + 2Mo in acidic solutions.
APPLIED SURFACE SCIENCE, 257(19): 8268-8274.

doi: 10.1016/j.apsusc.2011.03.027

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.
http://dx.doi.org/10.1016/j.corsci.2012.04.017

Songbo, X, Yongda, Z, Xing, H., Bangna, Z. and Zhongxing, Y. (2002).
Corrosion resistance of the intermetallic compound, NiAl, in a
molten carbonate fuel cell environment. JOURNAL OF POWER
SOURCES, 103: 230-236.

doi: 10.1016/S0378-7753(01)00854-0

Takasugi, T., Nagashima, M. and Izumi, 0. (1990). Strengthening
and ductilization of NisSi by the addition of Ti elements. ACTA
METALLURGICA ET MATERIALIA, 38:747-755.
doi:http://dx.doi.org/10.1016/0956-7151(90)90026-D

Takasugi, T. and Yoshida, M. (1991). Mechanical properties of
Ni3(Si,Ti) polycrystals alloyed with substitutional additions.
JOURNAL OF MATERIALS SCIENCE, 26 :3517-3525.

doi: 10.1007/BF00557140

Takasugi, T., Nakayama, T. and Hanada, S.(1993a). Environmental
embrittlement of Ni3(Si, Ti) single crystals. MATERIALS
TRANSACTIONS JIM, 34(9):775-785. ISSN: 09161821

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 CosTi alloys. SCRIPTA METALLURGICA ET
MATERIALA, 29(12): 1587-1591. ISSN: 0956716X

Takasugi, T., Ma, C.L. and Hanada, S. (1995). Environmental
embrittlement and grain boundary segregation of boron and

carbon in Ni3(Si, Ti) alloys. MATERIALS SCIENCE AND
ENGINEERING A, 192/193: 407-412. ISSN: 09215093
34

© IJSE - ISSN: 2086-5023, 15t July, 2013, All rights reserved



