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X-ray photoelectron spectroscopic studies
of surface oxidation of metallic glasses
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Surface oxidation of the metallic glass FesNiz;zsMo4B 5 has been studied by X-ray photo-
electron spectroscopy. The oxidation behaviour of the metallic glass has been compared
with a crystallized sample of the same composition. A similar study has been carried out
on the metallic glass Ni,¢Si;,B,,, which shows the importance of chemical composition
in determining the surface oxidation behaviour of these alloys.

1. Introduction

X-ray photoelectron spectroscopy (XPS) has been
extensively employed to study surface oxidation
of metals [1—3]. This is an extremely good surface
technique, and can distinctly identify different
species present on a metal surface. The different
metal oxides formed on a metal surface can be
identified by the shift of metal core level binding
energies, and the thickness of oxide layers on the
surface can be obtained from the decrease in the
intensity of metal core level peaks. We considered
it interesting to investigate the surface oxidation
of rapidly quenched metallic glasses by this
technique since there is little or no information
on this aspect of these novel materials [4]. It has,
however, been known that some of the metallic
glasses are more resistant to corrosion than crystal-
line alloys [5,6]. Therefore, we have compared
the surface oxidation behaviour of two metallic
glasses with that of crystallized samples of the
same compositions. The metallic glasses investigated
are Fe,oNizgMo4B,g and NiSi;»Bqs,.

2. Experimental details

The metallic glasses, FeyNiggMosBs (Allied
2826 MB) and NiSi;;Bi, (Vacuum Sehmelzie,
Hanau) were obtained in the form of ribbons.
X-ray photoelectron spectra of these glasses were
recorded using an ESCA-3 Mark II spectrometer
of V.G. Scientific Limited, UK, fitted with a
sample preparation chamber. The samples were
etched with argon ions to obtain surfaces devoid
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of oxygen. The argon ion beam was defocused to
avoid local heating of the sample surface. Oxygen
exposures in Langmuir units, L (1 L= 107 torr
sec), were given in the sample preparation chamber
and the spectra recorded immediately under an
operating vacuum of 107 torr [7, 8]. The
metallic glasses were heated to about 820K for
30 min in the sample preparation chamber under
ultra-high velocity to obtain the crystallized
samples.

Depth profile composition analysis of both
the amorphous and crystalline samples of the
alloys was carried out by measuring the core
level peak intensities in XPS after successive
argon ion etchings (4kV; 50uA). In the case of
Fe4oNizsMoyByg, we found a greater preponder-
ance of iron and nickel relative to molybdenum or
boron on the surface of the crystallized sample.
Similarly, the Ni concentration was higher in the
crystallized sample of NisSij3B1,.

3. Results and discussion

3.1. FeygoNizgMo,B g

Typical spectra in the Fe(2p,,,) and B(1s) regions
of the alloy FesoNissMo,B;s are shown in Figs 1
and 2 to illustrate the nature of changes occurring
on exposure to oxygen. In the low oxygen exposure
range (~ 10L), metal core level intensities (XPS
peak heights) show a slight increase with exposure.
The increase in metal substrate peak intensity is
appreciable up to 7L, decreasing drastically there-
after. Boron, however, behaves differently; there is
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Figure 1 Variation in the Fe(2p,,,) signal
of Fe, Ni,Mo,B,, with oxygen exposure
showing the initial oxidation stages.
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no sudden increase in B(1s) peak intensity and the
decrease in intensity at moderate exposures in the
partially crystalline state is not as drastic as in the
amorphous state. To illustrate this process in the
region prior to oxide layer formation, the peak
intensities of Fe(2ps,,) and Ni(2p3/,) were plotted
with respect to B(1s) and Mo(3ds,,), in Figs 3 and
4. The rise in the core level intensities of Fe and Ni
with respect to boron can be seen in Fig. 3a and b.
Although the intensity increases in both the
amorphous and crystalline samples, it is more
pronounced in the latter. Fig. 4a shows the changes
in iron and molybdenum concentrations to be
quite similar; nickel concentration, on the other
hand, changes identically with molybdenum in
the metallic glass, but shows an increase in the
crystallized state at low to moderate exposure.

According to the model of Fehlner and Mott
for the oxidation of thin films [9], a strong field
is set up across an oxide film, evidence for which is
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Figure 2 Variation in the B(1s) signal of Fe, Ni,;Mo B,
with oxygen exposure: (a) metallic glass; (b) crystallized
sample.



Figure 3 Variation in the intensities
of Fe(2p,,) and Ni(2p,,) peaks of
Fe,,Ni;;Mo,B,, relative to the B(ls) peak
with oxygen exposure: e, metallic glass;
o, crystallized sample.
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given by surface potential measurements. Oxygen
ions move into the bulk, displacing the metal to
the surface by place exchange due to an image
force being set up. Place exchange becomes
difficult after the formation of a monolayer of the
oxide when oxidation at the surface is favoured.

The increase in Ni concentration is more pro-
nounced in the crystallized sample indicating that
crystallization facilitates the drift of ions; Fe and
Mo do not show this effect, possibly because
surface oxidation is more rapid in these cases.
Boron, which has a greater relative abundance in
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Figure 4 Variation in the intensities
of Fe(2p,,) and Ni(2p,,) peaks of
Fe,,Ni;;Mo,B,; relative to the Mo(3d;,,)
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peak with oxygen exposure: e, metallic
glass; o, crystallized sample.
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Figure 5 Total oxygen uptake on the surface of the
metallic glass (o) and the crystallized sample (o) of
Fe,,Ni;;Mo,B,, at different oxygen exposures.

the metallic glass, shows a more rapid decrease in
intensity in this state compared to the crystallized
state of the sample.

Oxygen uptake on the surface of the alloy is
shown in Fig. 5 in terms of the variation of the
O(1s) intensity with oxygen exposure. The total
oxygen uptake is significantly larger on the surface

of the crystallized sample compared to that of the
metallic glass. The binding energy of the core leve]
of oxygen (1s) is an indicator of the state of
binding of oxygen to a surface. The 1s binding
energy decreases to a lower value as charge transfer
takes place from the metal site to the ligand site
on oxide formation, filling up the oxygen valence
levels [10]. The O(1s) binding energy in the case
of the metallic glass was ~ 530eV at low oxygen
exposures (1L 0,) suggesting that oxygen dis-
sociated on the surface tends to form an oxide
layer. In the crystalline sample, on the other hand,
the binding energy (531.5 eV) suggest the presence
of dissociated oxygen which has still not formed
an oxide layer. On further exposure to O, the
O(1s) binding energy shifts to 529.8 ¢V indicating
the formation of oxide layers.

We have attempted to make a quantitative
comparison of the oxidation behaviour of the
metallic glass with that of the crystallized sample,
by calculating the number of oxide layers of Fe,
Ni, Mo and B formed on the surface as a function
of oxygen exposure. The number of oxide layers
was calculated by making use of the decrease in
the metal core level intensities and fitting them to
the formula, I(x) =I, exp(— x/X\), where I(x) is
the intensity of the metal core level peak when the
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Figure 6 Number of oxide layers of Fe, Ni, Mo and B formed in the surface oxidation of Fe,Ni;;Mo,B,,: e, metallic

glass; o, crystallized sample.
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Figure 7 Total oxygen uptake on the surface of the
metallic glass (o) and the crystallized sample (o) of
Ni,Si,,B,, at different oxygen exposures.

coverage is x, and X is the mean free path. The
values of \ were taken to be 7, 6, 9.5 and 9.0
monolayers for Fe(2ps»), Ni(2ps,), B(1s) and
Mo(3dsy), respectively. Peak heights, as well as
the areas under the peaks, were employed as
measures of intensity [11].

The number of oxide layers of the different
elements in the amorphous as well as the crystal-
line forms of the alloy have been plotted against
exposure (log L) in Fig. 6. Initially, boron forms a
larger number of oxide layers in the metallic glass
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than in the crystallized sample; the difference is
marginal in the case of molybdenum. Iron and
nickel, on the other hand, show a larger number of
oxide layers in the crystalline sample compared to
the metallic glass. It is noteworthy that surface
composition analysis, mentioned earlier, indicated
an enrichment of the surface in iron and nickel in
the crystallized sample. From the behaviour of the
different elements in the alloy towards surface
oxidation, it appears that the metalloid element,
boron, forms a protective oxide layer more easily
on the metallic glass, thereby decreasing the
oxidation of iron and nickel. We also see from Fig.
6 that boron shows two distinct stages of oxidation
in the crystallized sample as compared to iron,
nickel or molybdenum. This may be taken to
indicate that boron is oxidized in two different
sites. Such preferential oxidation at interior defect
sites and grain boundaries is indeed known to
occur. Evidence has been presented [12, 13] for
the formation of a protective oxide layer of the
metalloid Si, in the oxidation of Pdg; Sie.

3.2, NiSi;,B;,

Unlike the FeqyNigMoyB g alloy, we find that
in the NiqSij,By, alloy, the total oxygen uptake
is much greater on the surface of the metallic
glass than on the crystallized sample (Fig. 7)
though the uptake behaviour is essentially the
same. The oxygen uptake here is essentially
governed by the oxidation of the metalloid
elements B and Si, hence showing similar trends;
the extent of Ni oxidation being the same in both
the states. On the other hand, in FeyoNisgMo4B;s,
the metals, iron and nickel are more oxidized in

Figure 8 Number of oxide layers of Ni, Si and B formed
in the surface oxidation of Ni, Si,,B,,: e, metallic glass;
o, crystallized sample.
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the crystalline state, contributing to the differences
in the oxygen uptake with the amorphous sample.
The number of oxide layers of nickel, boron, and
silicon in the metallic glass and crystallized sample
is plotted as a function of oxygen exposure in
Fig. 8. We clearly see that the metalloid elements,
boron and silicon, form a greater number of oxide
layers in the metallic glass than in the crystallized
sample, but the difference is not as appreciable in
the case of nickel. This behaviour is somewhat
different from that found in the Fe4oNizzMo4B;g
alloy, where the rates of oxidation of iron and
nickel were less in the metallic glass as compared
to the crystallized sample.

4. Conclusion

Surface oxidation of the metallic glasses and
their crystallized sample depends to a large extent
on the presence of the metalloid elements boron
and silicon. One of the alloys, FesoNizgMosBs,
offers a highly reactive surface for initial oxidation
in the amorphous state, a possible protection
mechanism against further oxidation. It is possible
that the protection mechanism against the
oxidation of metals such as iron and nickel by the
metalloid elements may not be unique to the
metallic glass alone but is related to the chemical
composition.
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