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Synopsis

Polarization curves were measured in a boiling 50% NaOH solution,
and the specimen surface was analyzed by X-ray photoelectron spectro-
scopy. A combined addition of chromium and molybdenum to amorphous
nickel-phosphorus alloys significantly enhances the corrosion resist-
ance. Addition of copper and lead are also effective in improving the
corrosion resistance. The surface film formed on amorphous nickel-base
alloys consists mainly of hydrated nickel oxyhydroxide. Chromium is
concentrated in the alloy surface immediately under the surface film
when nickel-base alloys containing chromium are immersed or polarized
anodically at potentials close to the corrosion potential.

I. Introduction

Since extremely corrosion-resistant amorphous iron base alloys
containing chromium were found1), a number of corrosion-resistant amor-
phous alloys have been discoveredz). Even in hot concentrated hydro-
chloric acids, some of the amorphous Fe-Cr-Mo-metalloid alloys become

3),

spontaneously passive Amorphous nickel-base alloys containing valve

metals such as tantalum, possess a very high corrosion resistance in
boiling concentrated nitric and hydrochloric acids4'5t

The corrosion behavior of amorphous alloys in hot concentrated
alkaline solutions, however, have not yet been studied. Sakaki and his

coworkers have studied the corrosion behavior of crystalline metals in

*# The 1834th report of Institute for Materials Research.

#% Mitsui Engineering & Shipbuilding Co., Ltd. 1 Yawatakaigan-
Dori, Ichihara, Chiba 290, Japan.
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7,8)
2-

hot concentrated NaOH solutions, such as ironG), Fe-Cr alloys and

Fe-Ni-Cr alloy39‘11). The active dissolution of iron as FeO, and
Fe02~ in hot 48% NaOH solutions is suppressed by an addition of chro-
mium, and an Fe-24 wt% Cr alloy does not show the active dissolution
current in the solution at 140°c7). an addition of nickel to Fe-Cr
alloys decreases the active dissolution currentg). Since additions of
both chromium and nickel decrease the active dissolution current of
iron base alloyé, the corrosion behavior of nickel-base alloys contain-
ing chromium is of interest.

The present work aims to find amorphous alloys which are stable in
beoiling concentrated sodium hydroxide solutions. The corrosion be-
havior have been investigated by polarization measurement and XPS

analysis.

II. Experimental

Alloy ingots of about 50 compositions were prepared by induction
melting of commercial metals and nickel phosphide and laboratory made
cobalt phosphide. Phosphorus was added in the form of nickel phosphide
or cobalt phosphide. The nickel phosphide was Ni-23.5 at% P. The
cobalt phosphide was prepared similarly to palladium phosphide12) by
the reaction of cobalt powder and red phosphorus and was Co-22 at$% P.
Carbon was added in the form of chromium carbide which was Cr-32 at% C.
The alloy ingot was prepared by sucking up the induction-melted alloy
in a quartz tube followed by water quenching. Amorphous alloys were
prepared under an argon atmosphere by the rotating wheel method using
these alloy ingots. The formation of the amorphous structure was
confirmed by X-ray diffraction using Cu Keradiation. Since the chemi-
cal composition of the amorphous alloy prepared by rapid gquenching from
the liquid state is generally close to the nominal composition, alloys
used in the present work are described by their nominal compositions in
atomic percent except for lead-bearing alloys. The solubility of lead
in nickel-base alloys is very low and the amorphous alloys are super-
saturated with lead. Consequently, compositions of amorphous lead-
bearing alloys were estimated by electron probe microanalysis (EPMA).
Table 1 shows EPMA results of lead-bearing alloyf along with some other
alloys. Prior to electrochemical measurements alloy specimens were
polished mechanically with silicon carbide paper up to No. 1000 in
cyclohexane.

A solution used was a boiling 50 wt% NaOH solution (about 145°C)
which was prepared by a reagent grade chemical and distilled water.
Polarization curves were measured potentiodynamically with a potential
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Table 1 Compositions of amorphous alloys (at%)

Alloy Ni Cr Mo Cu Pb P C
Ni-Pb-20P 77.9 1.1 21.0
Ni-5Cu-20P 75.41 3.80 20.79
Ni-15Cr-5Mo-13P-7C 60.38 14.82 4.28 14.09 6.42
Ni-15Cr-5Mo-Pb-13P-7C 56.88 15.74 4.89 0.52 15.25 6.72
Ni-15Cr-5Mo-5Cu-Pb-13P-7C 52.96 15.59 4.71 4.61 0.83 14.59 6.70

sweep rate of 100 mV/min. An electrolytic cell used was made of PTFE.
An Ag/AgCl/saturated KCl electrode was used as a reference electrode.

After immersion or potentiostatic polarization, X-ray photoelec-
tron spectra from specimens were measured by SHIMADZU-ESCA 750 electron
spectrometer with Mg Kaexcitation (1253.6 eV). Binding energies of
electrons were calibrated by the method described elsewhere13’14). The
composition and thickness of the surface film and the composition of
the substrate alloy immediately under the surface film were quantita-
tively determined by the previously proposed method15'16h

The gquantitative determination was carried out using the assump-
tion of a three-layer model of the outermost contaminant hydrocarbon
layer of uniform thickness, the surface film of uniform thickness and
the underlying alloy of X-ray photoelectron spectroscopically infinite
thickness and the assumption of a homogeneous distribution of consti-
tuents in each layer. The photoionization cross-sections relative to
the O 1s electrons used have been summarized elsewhere ! ’) except for
copper. The most intense photoelectron spectrum of copper is the Cu
2p3/2. However, the chemical shift in the Cu 293/2 electrons between
cuprous ion (Cut) in a surface film and metallic copper (CuM) in its
substrate metal is not large, although the cult 2p3/2 spectrum is
separated from the cuM 2p3/2 spectrum. On the other hand the X-ray
induced Cu L3M4,5M4,5 Auger electron spectrum shows the clear chemical
shift between Cu®® and cuM. Accordingly both the Cu 2p3/2 and Cu
L3M4,5M4,5 Auger spectra were used for the qualitative and quantitative

18)

determinations The measured spectrum of an element was separated

into spectra originating from respective components of different va-
lences in a manner similar to the separation method of the Fe 2p3/2

3+ pe2+ M 19).

spectrum into Fe and Fe™~ components

ITII. Results

1. Polarization curves
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Figure 1 shows polariza-
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tion curves of amorphous nick-
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el-metalloid and cobalt-metal-

/

Co-5Si-20B

loid alloys measured in a

boiling 50 % NaOH solution. Ni-10Si-15B

The cobalt base alloy shows a

very low corrosion potential

and a very high anodic disso- Ni-55i-208B

CURRENT DENSITY

lution current. It seems,

therefore, difficult to im- 10
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rove the corrosion resistance
p POTENTIAL / V vs Ag/AgCl

of the cobalt-base alloy by
alloying. By contrast, amor- Fig. 1 Polarization curves of amorphous alloys
phous nickel-metalloid alloys measured in a boiling 50% NaOH solution.
show higher corrosion potentials and lower anodic current densities. A
comparison of two Ni-Si-B alloys reveals that increasing silicon con-
tent increases the anodic current density and lowers the corrosion
potential, suggesting a detrimental effect of increasing silicon con-
tent for the corrosion resistance in the boiling concentrated sodium
hydroxide solution. Since the Ni-20P alloy shows the lowest maximum
current density in the active region among alloys shown in Figure 1, an
improvement of the corrosion resistance by alloying was attempted by
using the Ni-20P alloy. However, since phosphorus was added in the
form of nickel-phosphide, the alloy phosphorus content was sometimes
lower than 20 at® due to a decrease in nickel content of an alloy as a
result of alloying with other elements.

Figure 2 shows the effect of chromium addition on polarization
curves. Increasing chromium content ennobles the corrosion potential

and decreases the current

10 — ey
Ry . ‘ I density in the active region.
€ 3 Boiling 50wt% NaOH
4'0 Accordingly the chromium ad-
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-1

§IO sivation and show high cur-

102 rent densities in the passive
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loys.

Fig. 2 Polarization curves of amorphous alloys The addition of molybde-

measured in a boiling 50% NaOH solution. num to amorphous nickel-met-



alloid alloys improves the

corrosion resistance 1in

20). as shown

acids However,
in Figure 3, the molybdenum
addition increases anodic
current densities and hence
is rather detrimental in the
boiling concentrated NaOH
solution, although the cor-
rosion potential is slightly
ennobled. By contrast, a
combined addition of chromi-
um and molybdenum to amor-

phous nickel-metalloid al-

10%
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Fig. 3 Polarization curves of amorphous alloys
measured in a boiling 50% NaOH solution.
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Fig. 4 Polarization curves of amorphous alloys
measured in a boiling 50% NaCOH solution.
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Fig. 5 Polarization curves of amorphous alloys

measured in a boiling 50% NaOH solution.

loys is qguite effective in
enhancing the corrosion re-
sistance. As shown in Fig-
ure 4, the alloy containing
both chromium and molybdenum
has a significantly high
corrosion potential and a
low active dissolution cur-
Although the alloy

containing both chromium and

rent.

molybdenum shows a higher
current density in the pas-
sive region, the open cir-
cuit corrosion rate seems
considerably lower in com-
parison with amorphous Ni-
20P, Ni-15Cr-20P and Ni-5Mo-
20P alloys.

On the other hand, the
addition of a small amount
of lead to the amorphous Ni-
20P alloy ennobles largely
the corrosion potential and

decreases the anodic disso-

0 lution current as shown is

Figure 5. The addition of
copper to the Ni-20P alloy

also decreases the anodic
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dissolution current although 104
. . . o~
the copper addition is not E|o3 Boiling 50wt % NaOH
effective for an ennoblement <«
Ni-15Cr-5Mo-Pb-13P-7C
of the corrosion potential. 102
Since additions of chro-
10

mium, molybdenum, lead and

N

copper to amorphous nickel- )
Ni-15Cr-5Mo -5Cu-Pb-13P-7C

metalloid alloys are effec-

<.

tive in improving the corro-

CURRENT DENSITY

sion resistance in the boil-

OI
N
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ing concentrated alkaline
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solution, polarization curves

of alloys containing these Fig. 6 Polarization curves of amorphous alloys
measured in a boiling 50% NaOH solution.

elements were measured and

are shown in Figure 6. The amorphous Ni-15Cr-5Mo-5Cu-Pb-13P-7C alloy

has a high corrosion potential and a low active dissolution current,

and hence has the highest corrosion resistance among alloys examined.

2. Analytical Results by XPS

For a better understanding of the polarization behavior, an XPS
analysis was applied to some typical alloys after immersion or poten-
tiostatic polarization in the boiling 50% NaOH solution.

The spectra over the wide binding energy region exhibited peaks of
oxygen and carbon as well as those of alloy constituents. The C 1s

spectrum found arose from a contaminant hydrocarbon layer covering the

21)

specimen surface All spectra from alloy constituents were composed

of superposed two spectra corresponding to oxidized state (ox) in the
surface film and the metallic state (M) in the alloy surface immediate-
1y under the surface film. The binding energies of Ni®¥ and NiM 2p3/5

electrons were 856.6-856.9 and 853.0-853.3 eV, respectively, and hence

2+

the nickel ion in the surface film was assigned to Ni ion. The

oX

binding energies of Cr and crlt 2p3/2 electrons were 573.3-573.4 and

577.3-577.4 eV, respectively, and hence the chromium ion in the surface

3+

film was assigned to Cr ion. The Mo®¥ 3d3/, and MoM 3dg/, electrons

showed peaks at about 236 and 228 eV, respectively. The Mo°¥ was
assigned to Mo®+ ion. Because of a very low concentration of lead, ppM
4f signal was not detected. The Pb°®¥ 4f,/, electrons showed a peak at
139.2-139.4 eV. Standard PbO and Pb metal gave the Pb 4f7/2 peak at
138.8 and 136.8 eV, respectively. However, since the peak binding
energy of Pb4+ 4f7/2 electrons i1s very close to the Pb2+ 4f7/2 elec-

bOX

trons, the valencee of the P in the surface film was not estimated.

The Cu L3M, M, g Auger electron spectrum showed the presence of Cu®*®
’ 14
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and CuM, and the Cu 2p3/2 spectrum

24 ]nSurfalceFiIm
exhibited no signal of the Cu Ni-15Cr -5Mo -13P-7C
2p3/2 electrons. Hence the copper S0k . -
= Ni
ion in the surface film was as- 508— 0'—“0”’"’1/o i N
go
. + _ @
signed to Cu” ion. The P 2p spec ©ogl 4NiO -+
tra showed two peaks at 133.3- ;O
4 - - -
133.9 and 129.7-130.1 eV, respec- = .
<02 Cr qr .
. . . . S
tively. The high binding energy Mo® ~-— ) 50%
peak was assigned to P2t 22) ip 0 P e - by
-1.1 -1.0 -09 -08 Bulk
phosphate in the surface film. POTENTIAL 7 V vs Ag/AgCl Allov

The O ls spectrum was considerably Fig. 7 Cationic fractions in the surface
film formed on an amorphous Ni-15Cr-
5Mo-13P-7C alloy 1in a boiling 50%
in 027, O™, PO,3~ and H,O0. NaOH solution.

After integrated intensities of photoelectron spectra were sep-

wide because it arose from oxygen

arately obtained for individual species, the quantitative determination
of the thickness and composition of the surface film and the composi-
tion of underlying alloy was performed. Figure 7 shows fractions of
cations in the surface film formed on the amorphous Ni-15Cr-5Mo-13P-7C
alloy by immersion and potentiostatic polarization in the boiling 50%
NaOH solution. The surface film is significantly rich with nickel ion
and deficient with ions of other alloy constituents. The surface film
formed by immersion contains some chromic ions, but the ratio of chro-
mic ion to nickel, 0.128, is almost a half of the Cr/Ni ratio of 0.245
in the underlying bulk alloy. Since 02", OH™ and H,0 are contained in
the surface film the surface film is composed mainly of hydrated nickel
oxyhydroxide. Figure 8 shows atomic fractions in the alloy surface
immediately under the surface film. The chromium enrichment is signi-

ficant particularly under the open

T T

In UNnid_t‘Trsl)éirn_gsa‘l;f’)gp_,’C ’ circuit condition. Accordingly,
i when nickel-base alloys containing
5 or i chromium is immersed in the boil-
§ 08 1 ) | ing 50% NaOH solution nickel dis-
& 086 Cr * TV° 7 solves rapidly as well as molybde-
;_ 04 Ni 07\ /_/. 7 71 num, phosphorus and carbon. Since
c'?() 02 - " o2 - 1&" @ | the reaction rate of chromium in
0 é’/“"’ ..... e Mo & this solution is slower than other

-1.1 -10 -09 -08 Bulk

Alloy alloy constituents, chromium be-

Ag/AgCl )
POTENTIAL 1 Vvs AgiAg comes concentrated in the alloy

Fig. 8 Atomic fractions in the alloy sur- surface just under the surface
face immediately under the surface £il c £1 kel i t
film formed on an amorphous Ni-15Cr- L1-mM- onsequently, nickel 1s no

5Mo-13P-7C' alloy in a boiling 50% a stable element in the boiling
NaQH solution. 50% NaOH solution although a hy-
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drated nickel oxyhydroxide film is
formed, and the formation of the
alloy surface in which less reac-
tive chromium is concentrated is
responsible for a lower diséolu—
tion current and a higher corro-
sion potential of chromium con-
taining alloys.

Figure 9 shows fractions of
cations in the surface film formed
on the amorphous Ni-Pb-20P alloy
in the boiling 50% NaOH solution,
and Figure 10 gives atomic frac-
tions in the alloy surface just
below the surface film. In spite
of a low lead content of the alloy
lead ion is contained in the sur-
face film, the major cation in the
surface film is Ni?*, and the
surface film consists of hydrated
nickel oxyhydroxide containing
some phosphate and lead ion.

Figure 11 shows fractions of
cations in the surface film formed
on the amorphous Ni-5Cu-20P alloy
in the boiling 50% NaOH solution
and Figure 12 show atomic frac-

tions in the alloy surface imme-

In Surface Film
Ni-5Cu=-20P
(f) 1.0 Ni -1 =
5
EOB_ Inio 7]
“ 06t - A
9
g o4l = =
=
- 4P -
S o2 cu___ .~._.~ O
o_LF;;--——ﬁ}HADi—nﬁ—i Cu®
-11 -1.0 -09 -08 Bulk
Alloy
POTENTIAL / V vs Ag/AgCl
Fig. 11 Cationic fractions in the surface

film formed on an amorphous Ni-5Cu-
20P alloy in a boiling 50% NaOH
solution.

In Surface Film
Ni-Pb - 20P
)
B 10 W -1 -
<
08 Inio 7]
w
20.6 - 7 m
Bosl - .
<
G021 ) AP0
0 a,;:?p_b-:'\l‘:)\. —lPbg |
-1 -10 -09 -08 Bulk
Atioy
POTENTIAL / V vs Ag/AgCl
Fig. 9 Cationic fractions in the surface
film formed on an amorphous Ni-Pb-
20P alloy 1in a boiling 50% NaOH
solution,
T 1 '
In Underlying Alloy
Ni-Pb - 20P
510} 1 .
5 Ni
< 08K ' Inio 7]
o6 - A
Q
go.z. - - N
D P
202 I~ .’ \‘\D\ qP D N
o Pb = Pb
ol [ BTy ] ——0—->i o —
-1 -1.0 -09 -0.8 Bulk
Alloy
POTENTIAL / V vs Ag/AgCl
Fig. 10 Atomic fractions in the alloy
surface immediately under the sur-
face film formed on an amorphous
Ni-Pb-20P alloy 1in a boiling 50%

NaOH solution.
diately under the surface film.
At -950 mV where the suppression
of anodic current density by the
copper addition was most remarka-
ble as shown in Figure 5 copper is
enriched both in the surface film
and underlying alloy surface. At
-900 mV where the beneficial ef-
fect of the copper addition for a

decrease in anodic current density

is still observed, the surface
film is rich with cuprous ion.
Figure 13 shows cationic

fractions in the surface film
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formed on the amorphous Ni-15Cr- T T T
In Underlying Alloy
5Mo-5Cu-Pb-13P-7C alloy 1in the Ni -5Cu - 20P
boiling 50% NaOH solution and > 10 | . ~
o .
Figure 14 exhibits atomic frac- 508# O_____w<y/470”/’0 1vio
) 1
tions of the alloy surface imme- EOG_ ] i
diately under the surface film. o
3 04 . 1
The main cations in the surface é
. . . o2 e 1P O A
film are nickel ions, and some = p s i cue
chromium ions are also found. 2J 10 -09 -08 Butk
. . . Alloy
However, cationic fractions of POTENTIAL / V vs Ag/AgCl
other alloy constituents are very Fig. 12 Atomic fractions in the alloy
low and are less than 0.006. Thus surface immediately under the sur-
. .24 3+ face film formed on an amorphous
only fractions of Ni“®" and Cr Ni-50Cu-20P alloy in a boiling 50%
ions are shown in Figure 13. Fig- NaOH solution.
ure 13 simply exhibits that the
I&i;?ﬁ;&gmk%4w4c surface film consists mainly of
Boiling 50wt NaOH hydrated nickel oxyhydroxide con-
1.0 - - -
é Ok/klo___‘O\\\\o taining a small amount of chromic
~ 08 |- Ni 7] ; i
< ' T ion. The thickness of the surface
a4 - — -
w 08 Ni © film is not thin and ranges from 6
Q
EOA" 7] 1 to 7 nm, suggesting that its protec-
502" o cc .- Jcre T tive quality is lower than the pas-
0 ® eo-0—-—¢ ' sive film. On the other hand, chro-
-10  -08 -06  -04 Bulk _ _ .
POTENTIAL / V vs Ag/AgCl Altoy mium is concentrated in the under-

Fig. 13 Cationic fractions in the sur-

face film formed on an amorphous
Ni-15Cr-5Mo-5Cu-Pb-13P-7C  alloy
in a boiling 50% NaOH solution.

Consequently,

nickel forms the

lying alloy surface particularly at
low potentials including the open

circuit potential.

hydrated nickel oxyhydroxide film in
the boiling 50% NaOH solution but
nickel dissolves considerably rapid-
ly since it is not a stable element
in this solution. Chromium added to
the nickel-base alloys has the low-
est reactivity among various alloy-
ing elements examined and is concen-
trated in the alloy surface just
below the surface film as a result
of selective dissolution of various
elements such as nickel, molybdenum,

copper, lead, phosphorus and carbon.

T T T T
In Underiying Alioy
10 | Ni-15Cr-5Mo-5Cu-Pb-13P-7C J i
> ® Boiling 50wt % NaOH
S 06 \ -
S | TN&O
04 — 7 1
2
§ 02— - %r ) 7]
< ol 1 Y
! | Mo ] 1
-10 -08 -08 - 04 Bulk
POTENTIAL / V vs Ag/agct Alloy

Fig. 14 Atomic fractions

in the alloy
surface immediately wunder the
surface film formed on an amor-

phous Ni-15Cr-5Mo-5Cu-Pb-13P-7C
alloy 1in a boiling 50% NaOH
solution.
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IV. Conclusions

In order to find alloys having a high corrosion resistance in a
very aggressive and special environment, i.e. a boiling 50% NaOH solu-
tion, the corrosion behavior of various amorphous alloys prepared by
rapid guenching from the liquid state was examined by polarization
measurement and XPS analysis. The following conclusions were drawn:

1. Nickel-metalloid alloys have better corrosion resistance than a
cobalt-metalloid alloy.

2. A combined addition of chromium and molybdenum to a nickel-phospho-
rus alloy significantly improves the corrosion resistance.

3. Additions of copper and lead to the nickel-phosphorus alloy are
also effective in enhancing the corrosion resistance.

4. The alloy containing all these elements mentioned above, such as an
amorphous Ni-15Cr-5Mo-5Cr-Pb-13P-7C alloy shows the highest corro-
sion potential and the lowest active dissolution current among
alloys examined.

5. XPS analysis reveals that the surface film formed on amorphous
nickel-base alloys in the boiling 50% NaOH solution consists mainly
of hydrated nickel oxyhydroxide.

6. Chromium is concentrated in the alloy surface just below the sur-
face film after immersion or polarization at potentials near the
corrosion potential possibly due to the lowest reactivity of chro-
mium among alloy constituents examined in the boiling concentrated

NaOH solution.
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