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A. STRUCTURAL CHARACTERISTICS

Amorphous alloys consist of at least two components and have no long-range atomic order. They are
produced by a variety of methods based on rapid solidification of the alloy constituents from the gas,
liquid, and aqueous phases. Mechanical alloying, that is, solid-state mixing, is also effective for
preparation of amorphous alloy powders. Vitrification of metal surfaces is also made by destruction
of the long-range atomic order in the surfaces of solid metals.

The formation of the structure with no long-range atomic order is based on the prevention of solid
state diffusion during solidification, and hence the alloys are free of compositional fluctuations
formed by solid-state diffusion, such as second phases, precipitates, and segregates. The amorphous
alloys are, therefore, regarded as ideal, chemically homogeneous alloys composed of thermo-
dynamically metastable single-phase solid solutions supersaturated with alloy constituents. This
characteristic is particularly suitable in producing new alloys possessing specific properties. Even if
amorphous single-phase alloys are not formed, alloys prepared by amorphization methods are often
composed of nanocrystalline phases supersaturated with alloying elements. From a corrosion point
of view they can be considered as homogeneous alloys.

B. CORROSION-RESISTANT ALLOYS IN AQUEOUS SOLUTIONS

The corrosion behavior of amorphous alloys has received particular attention since the
extraordinarily high corrosion resistance of amorphous Fe-Cr-metalloid alloys was reported in
1974 [I]. The preparation of amorphous iron-base alloys by rapid quenching from the liquid state
using melt spinning generally requires the alloys to contain large amounts of metalloids, which are
mostly close to the eutectic compositions.

The addition of chromium to amorphous Fe-metalloid alloys is particularly effective in
enhancing corrosion resistance. For instance, amorphous Fe-SCr-13P-7C alloy passivates
spontaneously even in 2 M HCl at ambient temperature [2]. (The number denoting the concentration
of an alloy element in amorphous alloy formulae is expressed as an atomic percent unless otherwise
stated.)
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C. FACTORS DETERMINING THE HIGH CORROSION RESISTANCE OF
AMORPHOUS ALLOYS

1. Passive Films Rich in Cations of Alloying Elements with High Passivating Ability

The spontaneously passive film formed on amorphous Fe-IOCr-13P-7C alloy in 1 MHCl consists of
Cr3 + , O2~, OH ~ , and H2O, and hence the passive film has been called a passive hydrated
chromium oxyhydroxide film [CrO^(OH)3^2x ^H2O] [3]. The chromium enrichment occurs in
passive films formed not only on amorphous alloys but also on crystalline alloys [4] when the
corrosion resistance is based on the presence of chromium. The resistance to passivity breakdown is
higher when the chromium content of the passive film is higher. Accordingly, when an alloy has a
higher ability to concentrate chromic ion in the passive film, the alloy has a higher corrosion
resistance. The concentration of chromic ion in passive films formed on amorphous alloys is far
higher than in films formed on crystalline alloys, as shown in Table 1. Consequently, amorphous
alloys containing strongly passivating elements, such as chromium and tantalum, have a very high
ability to concentrate the beneficial ions in their passive films and have the high corrosion resistance
based on spontaneous passivation.

2. Homogeneous Nature of Amorphous Alloys

The high corrosion resistance of amorphous alloys disappears by heat treatment for crystallization
[11,12]. As soon as a nanocrystalline metastable phase is formed in the amorphous Fe-IOCr-13P-7C
alloy matrix by heat treatment, the alloy becomes no longer spontaneously passive in 1M HCl, and
the anodic dissolution current continues to increase with increasing time of heat treatment [13]. This
change is due to introduction of chemical heterogeneity into the amorphous alloy consisting of the
chemically homogeneous single phase.

A typical example of the detrimental effect of nanocrystalline heterogeneity in the amorphous
matrix has been reported for Cr-Ni-P alloys in 6 M HCl at 3O0C [14]. Alloys were prepared by melt
spinning of liquid alloys composed of mixtures of eutectic Cr-13P and Ni-19P. The Cr-25.31Ni-
14.88P, Cr-27Ni-15P, Cr-28.93Ni-15.14P, and Cr-40.5Ni-16P alloys were identified to be amorphous
by X-ray diffraction, but the former two alloys showed more than three orders of magnitude
higher corrosion rates than those of the latter two alloys. Detailed examination revealed that only a
0.14 at.% decrease in the phosphorus content and only a 2.07 at.% increase in the chromium
content result in precipitation of a nanocrystalline body-centered cubic (bcc) chromium phase of
~10nm in diameter in the amorphous matrix and that preferential dissolution of bcc preci-
pitates takes place, although phosphorus-containing phases are not corroded. When passivation
occurs by the formation of the chromium oxyhydroxide film, the precipitation of the bcc chromium
phase is detrimental because chromium itself dissolves actively in 6 M HCl and because a
resultant decrease in the chromium content of the spontaneously passive matrix decreases the
passivating ability.

TABLE 1. Concentrations of Chromic Ion in Passive Films Formed on Amorphous Alloys and Stainless
Steels in 1 M HCl at Ambient Temperature

Amorphous Alloy

Fe-10Cr-13P-7C
Fe-3Cr-2Mo-13P-7C
Co-10Cr-20P
Ni-10Cr-20P
Stainless steel
Fe-30Cr-(2Mo)
Fe-19Cr-(2Mo)

Cr3+ /Total Metallic Ions

0.97
0.57
0.95
0.87

0.75
0.58

Passivation

Spontaneous
Anodic polarization
Spontaneous
Spontaneous

Anodic polarization
Anodic polarization

Reference

5
6
7
8

9
10



The formation of the nanocrystalline phase in the amorphous matrix is not always detrimental.
Amorphous Cr-Zr alloys consisting only of corrosion-resistant metals were spontaneously passive,
forming a double oxyhydroxide film of Cr3 + and Zr4 +. Increasing chromium content increases the
passivating ability and corrosion resistance. However, as the inherited characteristic from zirconium,
the zirconium-rich alloys suffer pitting by anodic polarization. The change in the pitting
susceptibility due to structural changes by heat treatment was examined [15]. Specimens were
heated with a rate of 4°C/min to the prescribed temperature, kept at the temperature for 30min and
furnace cooled. These specimens were spontaneously passive in 6 M HCl and their pitting potentials
increased with heat treatment temperature. The specimen heated to 50O0C exhibited the highest
pitting potential, but the specimen heated to 60O0C had a lower pitting potential than did specimens
heated to 400 and 50O0C. The heat treatment at all temperatures resulted in the formation of the less
corrosion-resistant hexagonal close-packed (hep) zirconium precipitates, and the size of precipitates
increased with heating temperature. The formation of the hep zirconium phase led to an increase in
the chromium content of the matrix phase, and hence, to an enhancement of the formation of a more
protective chromium-rich passive film covering the entire heterogeneous alloy surface. However,
when the average size of the less corrosion-resistant zirconium phase exceeded a critical size
(~ 20 nm), the protective chromium-rich passive film could not completely cover the precipitates
and the pitting resistance decreased. In this manner, if the precipitation of the nanocrystalline phase
enhances the passivating ability of the matrix, the precipitation of the less corrosion-resistant
nanocrystalline phase is not always detrimental but sometimes can increase the corrosion resistance.

3. High Activity of Amorphous Alloys

When the chromium-enriched passive film is formed on amorphous and crystalline Fe-Cr alloys, the
composition of the alloy surface just under the chromium-enriched passive film is almost the same as
that of the bulk alloy [9]. However, if nickel is contained in alloys, such as austenitic stainless steels,
nickel is concentrated in the underlying alloy surface since nickel is not contained in the passive film
[16]. Hence, the formation of the chromium-enriched passive film results from selective dissolution
of alloy constituents unnecessary for the passive film formation. When an alloy is able to passivate,
fast active dissolution of the alloy results in rapid enrichment of beneficial ions. The passivating
ability is, therefore, related to the activity of the alloy.

Because amorphous alloys are thermodynamically metastable, unless passive films are formed,
the amorphous alloys dissolve more rapidly than their crystalline counterparts [17]. The high
reactivity of amorphous alloys due to their thermodynamically metastable nature is effective in
enhancing the accumulation of beneficial passivating elements on the alloy surface. As a result of
rapid dissolution of active elements unnecessary for passivation, passivating elements are highly
concentrated in the surface, causing passivation to occur rapidly.

D. ALLOYS RESISTANT TO AQUEOUS CORROSION

Special techniques are required for preparation of metastable alloys. Accordingly, unless the
resulting metastable alloys have particularly high corrosion resistance, they cannot be used
practically. From a corrosion point of view, coating would be the most suitable method. Corrosion-
resistant new surface alloys have been tailored, mostly by sputter deposition techniques. Of the
various methods for amorphization, sputter deposition is known to form single amorphous phase
alloys with the widest composition range. Recent efforts for preparation of extremely corrosion-
resistant alloys by sputtering will be summarized hereafter.

1. Aluminum-Corrosion-Resistant Metal Alloys

Alloying of aluminum with refractory metals, such as niobium, tantalum, molybdenum, and
tungsten, is a potential method to enhance corrosion resistance. Although the boiling point of



FIGURE 1. Corrosion rates of various aluminum alloys and conventional corrosion-resistant alloys in 1 M HCl
at 3O0C [24].

aluminum is generally lower than melting points of refractory metals, the sputter deposition
technique does not rely on melting to mix the alloy constituents. Therefore, this technique is suitable
for forming a single-phase solid solution even though the boiling point of one component may be
lower than the melting point of the other components and/or one component may be immiscible with
another component in the liquid state.

The sputter deposition method has been applied in preparing corrosion-resistant new aluminum
alloys [18-23]. The Al-Ti, Al-Zr, Al-Nb, Al-Ta, Al-Cr, Al-Mo, and Al-W alloys have been
successfully prepared in a single amorphous phase over wide composition ranges. Alloying is very
useful in enhancing corrosion resistance. Figure 1 shows a comparison of corrosion rates of various
aluminum alloys with those of conventional corrosion-resistant alloys in 1 MHCl at 3O0C. Except for
Al-Ti alloys, the corrosion resistance in 1M HCl increases with increasing alloying additions. The
Al-Ti and Al-Cr alloys dissolve actively, but other amorphous aluminum alloys are spontaneously
passive even in 1M HCl. Amorphous Al-Ta and Al-Nb alloys are especially corrosion-resistant.

Sputter deposition techniques have been used widely for preparation of corrosion-resistant
aluminum alloys in the first one-half of the 1990s. Shaw and co-workers found enhanced passivity of
Al-W [25] and Al-Ta [26] alloys over a wide pH range due to the formation of tungsten and tantalum
hydroxide films. They attributed high pitting resistance to enrichment of alloying elements with high
passivating ability in the underlying alloy surface. High pitting potentials of Al-V, Al-Mn, and Al-W
alloys are attributed to suppression of pit growth [27]. Improved pitting resistance of Al-Ta alloys is
attributed to the formation of thin passive films that are capable of impeding migration of chloride
ions through the film [28]. When Al3Ta is precipitated, passivity breakdown occurs in the dealloyed
region of the periphery of the cathodic precipitates [29]. Amorphous Al-(15-45)Mo alloys show
stable passivity over a wide potential range in 0.1-1 M NaCl, and their pitting potentials are at least
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FIGURE 2. Corrosion rates of sputter-deposited Cr-Ti [31] and Cr-Zr [33] alloys in 6 M HCl at 3O0C and
Cr-Nb [34] and Cr-Ta [34] alloys in 12 M HCl at 3O0C.

1.2 V more positive than the pitting potential of aluminum metal [3O]. In this manner the formation
of single-phase solid solutions of aluminum alloys with corrosion-resistant elements is very effective
in enhancing corrosion resistance.

2. Chromium-Refractory Metal Alloys

Valve metals, such as titanium, zirconium, niobium, and tantalum, are all passivated in strong acids.
Chromium also has a very strong passivating ability. Chromium-valve metal alloys have been
successfully prepared by sputtering [31-36]. Their corrosion resistance to concentrated hydrochloric
acids is remarkably high.

Figure 2 shows the change in the corrosion rate of Cr-Ti and Cr-Zr alloys in 6 M HCl solution at
3O0C, and of Cr-Nb and Cr-Ta alloys in 12 M HCl solution at 3O0C as a function of valve metal
content. In 6 M HCl, chromium and titanium dissolve actively, whereas the Cr-Ti alloys show very
low corrosion rates, several orders of magnitude lower than those of the alloy components. Binary
Cr-Zr alloys also show low corrosion rates. In spite of the fact that the corrosion rate of chromium
metal is five orders of magnitude higher than that of zirconium metal, the corrosion rate of the Cr-Zr
alloys decreases with increasing chromium content of the alloy. Amorphous Cr-Nb and Cr-Ta alloys
show very high corrosion resistance, higher than that of the alloy components. These results indicate
that if both components of binary alloys have a strong passivating ability, the alloys possess even
better corrosion resistance than the alloy components. The corrosion rates of Cr-Ta alloys
are extremely low and are lower than the level measurable by inductively coupled plasma (ICP)
spectrometry, <10~6 mm/year. Thus, the Cr-Ta alloys possess the highest corrosion resistance
among all known metallic materials in strong acids.

The high corrosion resistance of the chromium-valve metal alloys was due to spontaneous
passivation caused by the formation of the passive oxyhydroxide film consisting of both chromium
and valve metal cations. X-ray photoelectron spectroscopy (XPS) analysis revealed a charge transfer
from chromium ion to valve metal cation in the film [35]. The charge transfer between different
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FIGURE 3. Corrosion rates of sputter-deposited molybdenum corrosion-resistant metal alloys in 12 M HCl at
3O0C [37-41].

cations indicates that these cations are closely spaced and that the passive film does not consist of a
simple mixture of chromium oxyhydroxide and valve metal oxide, but rather of a double
oxyhydroxide of chromium and valve metal cations. The resultant double oxyhydroxide films are
more protective than chromium oxyhydroxide and valve metal oxide films in these aggressive
solutions.

3. Molybdenum-Corrosion-Resistant Metal Alloys

Figure 3 shows corrosion rates of sputter-deposited molybdenum-valve metal alloys in 12 M HCl
[37-41]. Molybdenum-zirconium alloys become amorphous over a wide composition range,
whereas other molybdenum-valve metal alloys were composed of nanocrystalline single body-
centered cubic (bcc) phases. Because grain diameters estimated from the full width at half-maxima
(FWHM) of X-ray diffraction lines are 5-7nm, these nanocrystalline alloys are regarded as
homogeneous solid solutions from a corrosion point of view. All binary molybdenum-valve
metal alloys show significantly higher corrosion resistance than did alloy component elements,
regardless of crystalline and amorphous structures of the alloys. The corrosion rates of titanium,
zirconium and niobium are several orders of magnitude higher than the corrosion rate of
molybdenum, but the corrosion rate of their alloys decreases with increasing valve metal content of
the alloy. However, the corrosion rate of binary Cr-Mo alloys decreases with an increase in the
molybdenum content of the alloy and the corrosion resistance never exceeds the corrosion resistance
of molybdenum [41].

The high corrosion resistance of the molybdenum alloys is attributed to the formation of passive
double oxyhydroxide films of Mo4 + and cations of alloying elements. The molybdenum-corrosion-
resistant element alloys are spontaneously passive in 12 M HCl, and their corrosion potentials are
close to or higher than the corrosion potential of molybdenum. Molybdenum dissolves actively
from about -0.8 to -0.2V (SCE) and passivates from about -0.2 to 0.2V (SCE), forming

C
or

ro
si

on
 R

at
e 

/ 
m

m
y1



the film consisting of Mo4+ [42]. The cathodic activity of passive molybdenum for both proton
and oxygen reduction is very high. Accordingly, the corrosion potential of molybdenum in 12 MHCl
is very high, and slight anodic polarization results in a sharp current increase due to transpassive
dissolution.

The high protective quality of the passive film is attributed to the synergistic effect of two cations
forming the double oxyhydroxide film. Even if the alloy is polarized anodically over the transpassive
potential of molybdenum, film-forming Mo4 + ions are protected by chromium and valve metal
cations and are stable. The molybdenum species contributing to the protective quality of the
spontaneously passivated film is Mo4 + ions that are stable to about 0.5 V (SCE) when the Mo4 +

ions are protected by chromic ions. When the polarization potential exceeds 0.6 V (SCE), protection
by chromic ions is no longer effective and transpassivation of molybdenum occurs, showing a clear
increase in the content of Mo6 + ions in the film.

4. Tungsten-Corrosion-Resistant Metal Alloys

Since tungsten belongs to the same family as chromium and molybdenum in the periodic table, it is
expected that tungsten-valve metal alloys are also extremely corrosion resistant. Figure 4 shows
corrosion rates of tungsten alloys in 6 M and 12 M HCl [43-47]. The corrosion rates of the binary
alloys are lower than those of the alloy components. The corrosion rates decrease with increasing
alloy concentration, and tantalum-containing alloys show particularly high corrosion resistance. The
W-Cr alloys also show higher corrosion resistance than tungsten and chromium, although the
corrosion resistance of Mo-Cr alloys does not exceed that of molybdenum. The high corrosion
resistance results from spontaneous passivation. The spontaneously passivated films are composed of
double oxyhydroxide of W4 + and cations of alloying elements.

Concentration in Alloy / at%

FIGURE 4. Corrosion rates of W-Ti alloys [43] in 6 M HCl at 3O0C and W-Zr [44], W-Nb [45], W-Ta [46] and
W-Cr [47] alloys in 12 M HCl at 3O0C.
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E. ALLOYS RESISTANT TO SULFIDIZING/OXIDIZING ENVIRONMENTS AT
HIGH TEMPERATURES

Amorphous aluminum-refractory metal alloys possess extremely high resistance to high-temperature
corrosion in sulfidizing and oxidizing environments. Corrosion of metallic materials at high
temperatures in sulfur-containing atmospheres is much more severe than in purely oxidizing
environments. All conventional oxidation-resistant alloys suffer catastrophic corrosion in sulfur-
containing atmospheres at high temperatures, because of the poor protective properties of sulfide
scales. For instance, the nonstoichiometry of sulfide scales formed on these alloys often reaches
10%. Because of rapid diffusion of cations through the defective sulfide scale, they are sulfidized
very rapidly.

Some refractory metals, such as molybdenum, niobium, and tantalum, are resistant to sulfide
corrosion and their sulfidation rates are almost comparable to the oxidation rate of chromium. These
metals, however, have very low resistance to high-temperature oxidation in spite of the fact that
practical sulfidizing atmospheres are often oxidizing. On the other hand, the best alloying element to
form a protective scale in oxidizing environments is aluminum, and the second best is chromium.
These metals form alumina and chromia scales, respectively. Therefore, aluminum-refractory metal
alloys must have the highest resistance to both oxidation and sulfidation.

Sulfidation of sputter-deposited aluminum-refractory metal alloys, such as Al-Mo [48-51],
Al-Nb [52-56] and Al-Ta [57] alloys follows a parabolic rate law, indicating that the rate-
determining step of the overall reaction is the diffusional transport of matter through the sulfide scale
formed. Figure 5 shows sulfidation (solid lines) and oxidation (dotted lines) rate constants for
amorphous Al-Mo and Al-Mo-Si alloys as well as several high temperature alloys [48,49,51]. The
sulfidation rate of conventional oxidation-resistant crystalline alloys is generally many orders of
magnitude higher than the oxidation rate. By contrast, the sulfidation rates of Al-Mo and Al-Mo-Si
alloys are significantly lower and comparable to the oxidation rate of oxidation-resistant alloys.
Furthermore, the sulfidation rate constants of these alloys are more than one order of magnitude
lower than those of molybdenum. The steady-state sulfidation rates of Al-Nb [52-56] and Al-Ta [57]
alloys are also lower than those of the corresponding refractory metals.

The sulfide scales on these alloys consist of two layers, that is, the Al2S3 outer layer and the inner
refractory metal sulfide layer [5O]. The high sulfidation resistance of the Al-Mo alloys is due to
the formation of the MoS2 phase, which constitutes the major part of the inner barrier layer of the
scale. The more protective properties of the sulfide scale on the Al-Mo alloys compared with the
MoS2 scale on molybdenum is attributed to a lower defect concentration in the aluminum-doped
MoS2 phase.

The oxidation rate of Al-Mo alloys is comparable to that of chromia-forming alloys although
higher than that of alumina-forming alloys. In particular, the oxidation rate at temperatures > 90O0C
is very high. The scale consists mostly of alumina, but because of the high molybdenum contents of
these alloys, molybdenum is also oxidized, forming volatile MoO3. Since the melting point OfMoO3

is 7930C, the formation of low-melting point MoO3 is responsible for the relatively low oxidation
resistance of the Al-Mo alloys. By contrast, the ternary Al-Mo-Si alloys have high sulfidation
resistance and have higher oxidation resistance than Al-Mo alloys [49,51]. This high resistance is
attributed to the formation of molybdenum silicide, which is stable to oxidation. During sulfidation
and oxidation, amorphous alloys are crystallized forming nanocrystalline intermetallics. The Al-Mo
alloys form Al8Mo3 and Mo3Al phases. The molybdenum-rich Mo3Al phase is readily oxidized,
forming volatile MoO3. Accordingly, when the alumina scale surface on the Al-Mo alloys is
analyzed, a low concentration of molybdenum is always found. By contrast, Al-Mo-Si alloys are
crystallized to Al8Mo3 and Mo5Si3 phases without forming the easily oxidizable molybdenum-rich
Mo3Al phase. The Mo5Si3 phase is stable to oxidation. Accordingly, any molybdenum and silicon
are not detected in the outer surface of the alumina scale. The oxidation resistance of Al-Nb and
Al-Ta alloys is also improved by the silicon addition [56, 58].
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FIGURE 5. Sulfidation (solid lines) and oxidation (dotted lines) rate constants for amorphous Al-Mo, Al-Mo-
Si, Al-Nb-Si, and Al-Ta-Si alloys as well as several high-temperature alloys [48-51, 56-58].

The chromium-refractory metal alloys have high sulfidation resistance. The sulfidation rates of
the alloys containing at least 50 at.% refractory metals are almost comparable to those of the
corresponding refractory metals [59]. The sulfide scales formed on these alloys consist of two layers:
the Cr2S3 outer layer and the inner refractory metal sulfide layer. The Cr-Nb and Cr-Ta alloys possess
high oxidation resistance nearly comparable to typical chromia-forming alloys.

F. SUMMARY

Almost any kinds of properties can be obtained by preparation of amorphous and nanocrystalline
alloys mostly because of the formation of homogeneous alloys due to expansion of solubility limits.
A variety of corrosion-resistant materials can be prepared depending upon the application and
environmental conditions. Bulk amorphous alloys can be processed if the alloys have a wide gap
between glass transition and crystallization temperatures, but their compositions are restricted.
Corrosion-resistant amorphous and nanocrystalline alloys can be applied by using surface coatings.
Although it is difficult to prepare defect-free perfect coatings at the moment, new surface treatment
methods have potential for developing new corrosion-resistant technology. Consequently,
investigations of both new surface treatment technology and alloy design that satisfy a variety of
demands will exploit a new area in the field of corrosion science and engineering.
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