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Effect of silicon on oxidation of Nir 15Al alloy®
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Abstract: The oxidation of binary NrAl alloy containing 15% ( mole fraction, the same below if not mentioned)
Al (Nr15Al), and of a ternary alloy with the same Al content but also containing 4% Si (Nr4Sr15A1) has been
studied at 1 000 ‘C under 1.0 % 10°Pa O2 to examine the effect of the addition of Si on the oxidation of Nr I5A1. Oxi-
dation of N1 15Al produces a duplex scale composed of an outer NiO layer and an inner layer riched in Al O3. On the

contrary, Nr4Sr15Al forms an external alumina layer directly in contact with the alloy presenting only trace of NiO

and the Nr Al spinel. As aresult, the kinetics of Nr15A1 shows a fast initial stage followed by two subsequent para-

bolic stages with decreasing rate constants, while Nr4Sr15A1 presents essentially a single nearly-parabolic behavior

with a rate constant similar to that of the final stage of Nr15A1. Therefore, the addition of 4% Si significantly re-

duces the oxidation rate during the initial stage by preventing the formation of Nrriched scales and promoting an ear-

lier development of an exclusive external alumina layer on the alloy surface.
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1 INTRODUCTION

Chromium, aluminum, and silicon can form
satisfactory protective scales on Nrbased alloys.
Chromium is expensive and not suitable for use at
temperatures above 1 000 C due to the evaporation
of CrOs. It has also been well established that the
incorporation of Si in many alloy systems has a
beneficial effect on their oxidation resistance' " .
In addition, silicon is abundant and cheap. More
over, Si has one of the largest solubility in NizAl
where it substitutes for Al atoms and thus pro-
motes solution hardening, while it also increases
the thermodynamic stability of NizsAI""'. The oxi-
dation resistance of NrAl alloys was reviewed by
Pettit'? and by Wood and Stott"”, while the oxida-
tion resistance of NrSi alloys containing up to
4.97% Si has been the subject of several investiga-

) These works suggested that a critical alu-

tions
minum content in the range of approximately 7%
to 12. 5% ( mass fraction) was required for the for-
mation of an exclusive AlO3 scale on NrAl alloys,
whereas a critical silicon content between 2. 49%
and 4. 97% ( mass fraction) was required for the
formation of an exclusively SiO2 scale on Nt Si al-
loys. The oxidation resistance of NrSrAl alloys
containing 4% Al at 800 ‘C under (5-9) x 10" and
1.0x 10°Pa O2 has been investigated by Yiet al'”,
who found that the oxidation rate was increased by
the presence of Si during the early stages of oxida-
tion, but was reduced after longer times due to for-

mation of an intermediate layer of NiO and double
oxides (NiA,O4 and Ni2SiO4) between a top NiO
layer and a region of internal oxidation. Other two
investigations regarded the oxidation of dilute ter-
nary NrSt Al alloys at the oxygen pressure for the
Ni/NiO equilibrium, and thus in the absence of an
external scale'®®', while a further study involved
1.0x 10°Pa 0.'".

analysis and interpretation of the kinetics of the

The last works focused on the

coupled internal oxidation of silicon plus alumi
num. However, none of the previous papers was
concerned with the possible effect of silicon on the
formation of alumina scales on binary NrAl alloys.
The present paper examines the scaling behavior of
a binary Nr15A1 and a ternary Nr4St15A1 alloys
(molar percent, if not specified) in 1. 0% 10°Pa O
at 1 000 C to clarify the effects of silicon on the
oxidation of a Nr15Al alloy.

2 EXPERIEMNTAL

The alloys prepared by repeated melting ap-
propriate amounts of the high-purity metals
(99.999% , mass fraction) have the actual average
compositions of Nt 15. 2A1 and Nr4. 1Sr15. 4A1,
respectively. The microstructures of both alloys
are shown in Fig. 1. In agreement with the phase
diagram, Nt 15A1 presents a mixture of two pha-
ses, presenting a light rich and a dark poor in Al
phases and Nr4Sr15A1 contains a mixture of two

phases, including a light aphase which is a solid
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solution of Al and Si in Ni, containing about 12%
Al and 4% Si, plus a dark &t phase of NizAl contai-
ning about 5% Si. The oxidation kinetics were con-
tinuously measured by micro-thermobalance at
1000 C in flowing pure oxygen for 24 h. The oxi
dized samples were examined by means of X-ray
diffraction ( XRD), scanning electron microscopy
(SEM) and an energy-dispersive X-ray microanaly-
sis system (EDX) attached to the SEM.

Fig. 1 Microstructures of Nr15A1( a)
and 15A14Si( b)

3 RESULTS AND DISCUSSION

The kinetic curves of the binary Nt 15A1 and
the ternary Nr4Si15A1 alloy oxidized at 1 000 C
in 1.0x 10°Pa Oz for 24 h are shown in Fig. 2(a) as
normal plots and in Fig. 2(b) as parabolic plots.
The mass gains of Nr4Sr15A1 are much lower
than those of the binary Nr15A1 alloy. The curve
of Nr15A1 alloy can be approximately considered
as composed of three subsequent parabolic stages,
with average rate constants of about 9.75x 10™ "
g2 ecem * e s ! for the first 40 min, 1.50x 10™ "
g2 ccem * e s ! from 40 min to 400 min, and 2. 10
x10""g> «+ em™* ¢ 57! from 400 min to 24 h, re-
spectively. On the contrary, Nr4Sr15A1 presents
a nearly parabolic stage with a rate constant equal
to4.75x 10" "g> * em™* * s* ' after a very short in-
itial stage (about 6 min) with a rate constant equal
t02.91x 10" "g> e em™ * o5,

The microstructures of the scales formed on
N 15A1 and Nr4St15A1 (shown in Fig. 3) are sig-
nificantly different. The scales formed on Nr15Al
are duplex and contain an outermost layer of NiO
and a continuous inner layer composed of a mixed
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Fig. 2 Oxidation kinetics of Nir15A1 and
Nr4St15A1 oxidized at 1 000 C for 24 h in

1.01x 10°Pa O
(a) —Normal plots; (b) —Parabolic plots

NrAl spinel and alumina. On the contrary, the
scales formed on Nr4Sr15A1 essentially consist of
an external alumina film with only traces NiO and
NrAl spinel. The preferential Al consumption
causes the disappearance of the Alriched NizAl
phase in a thick surface layer for both alloys. Ac
cording to XRD analysis, NiO and the Nr Al spinel
(NiAL2O4) were identified after 24 h oxidation on
both binary and ternary alloys. In addition, ©&
Al2Os, ®ALOs; and the NrSi spinel Ni2SiOs4
(although the amounts formed were quite small)
were also identified on Nr4Sr15A1, besides the
two metal phases.

A marked difference exists between the nature
of the scales formed on Ni15A1 and Nr4Sr15A1.
When fresh Nr15A1 is exposed to oxygen, NiO,
NiAl2Os, and ALOs all form together during the
fast transient initial stage. Eventually, the scale
develops a stable structure, which includes an out-
ermost NiO layer and an inner layer containing a
mixture of NrAl spinel and ®#Al.Os. On the con-
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Fig. 3 Micrographs of cross sections of
Nr15A1(a) and Nr4Sr15A1(b) oxidized for
24hin 1.01 x 10°Pa Oz at 1000 C

trary, the ternary alloy Nr4St15A1 forms a nearly
pure external alumina layer with only small
amounts of NiO and spinel. As a result, the initial
kinetics of oxidation of Nr4Sr15Al are considera-
bly slower than those of Nr15A1. Therefore, the
addition of 4% Si reduces significantly the oxida
tion rate during the initial stage by preventing the
formation of Nrriched oxides and promoting a rap-
id development of an exclusive alumina layer in the
scale.

The effect of silicon observed here for Nr4Sr
15A1, seldom reported in the investigations of the
high temperature oxidation of NrSrAl alloys, es-
pecially at high oxygen pressures, can be interpre
ted in the following way. Although AlOs may nu-
cleate preferentially over alloy grain boundaries,
oxides of all the components in the alloy may nu-
cleate over the remainder of the alloy surface dur-
ing the initial stage of oxidation''"". NiO is the fas-
test growing oxide that can form, thereby account-
ing for the preponderance of Nrriched oxides over
the surface of Nr4Sr15Al after the first 6 min of
oxidation. The Gibbs free energies of formation of
NiO, SiO; and ALOs; at 1 000 C are equal to
— 251, - 678 and - 845 kJ/mol, respectively[lz].
Thus, since alumina is much more stable than
NiO, as oxidation proceeds and the alloy surface
tends to reach a condition of equilibrium with the
scale, the binary alloy Nt 15A1 develops a continu-
ous layer of alumina, after which the growth of
NiO stops with a corresponding strong decrease of
the oxidation rate. In the case of the ternary alloy

the duration of the initial transient stage and the
corresponding formation of the less stable oxides
NiO and SiO: are strongly reduced. Actually, since
silicon is much less effective than aluminum in de-
veloping rapidly a healing layer of its oxide, SiO:
forms more slowly than Al:Os and develops less ef-

Bl However, its

fectively during the early stage
presence is able to prevent almost completely the
formation of the least stable oxide NiO, probably
by reducing the oxygen pressure prevailing at the
alloy/ scale interface below the stability of NiO, e
ven simply by becoming enriched at this site with a
corresponding reduction of the rate of oxidation.
Among the other factors which can contribute to
this effect there is a reduction of the size of the
particles of the two phases due to the silicon addi
tion, in this way the distance between the AlOs;
nuclei on the grain boundaries is reduced, and
hence less time is required for the sideway growth
of the nuclei to form a continuous layer of ALOs.
Moreover, the grain boundaries may act as paths
for rapid diffusion of Al from the bulk to the sur-
face of the alloy to speed up the process of sideway
growth, as proposed by Giggins and Pettit'"™* " to
explain the beneficial effect of a fine grain size on
the oxidation resistance of binary NrCr alloys. In
addition, silicon may also facilitate the nucleation
of the protective scale. Finally, silicon is able to
promote the Al diffusion in ternary NrSrAl sys-
tems by increasing the effective diffusion coeffi-
cient of Al as compared to binary NrAl alloys''" .
As a final result, silicon promotes an earlier devel-
opment of an exclusive alumina layer over the sur-
face of the ternary alloy with respect to the binary
NrAl alloy with the same Al content.

4 CONCLUSIONS

The addition of silicon has a beneficial effect
on the oxidation of a NrAl alloy containing 15%
Al. The faster diffusion of aluminum in the ternary
alloy Nr4Sr15A1 promotes an earlier formation of
a protective layer of Al2Os on the alloy surface dur-
ing the early stages of oxidation, thereby inhibiting
the formation of large amounts of faster growing,
Nrrich oxides. However, after a continuous layer
of alumina forms on the surface of the binary al-
loy, its oxidation rate becomes very similar to that
of the ternary alloy.
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