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I THE uXIDATION MECHANISM OF NICKEL SILICON ALLOY

ABSTRACT Cross-Reference
Data

Thermogravimetric techniques have been Oxidation

4' used to stud oxidation of nickel alloys Corrosion

containing 0.1 to 3.2 wt % silicon at Nickel

temperatures up to 13000C. Due to the Silicon I

appearance of internal oxidation the effect Nickel alloys

of silicon addition on the oxidation process

vas complex. M"'-ie thermograms showed a simple curve

for lowvr silicon content, but tvo consecutive

curves for higher content. The oxidation

mechanism was interpreted in terms of isothermal

kinetics and the corresponding structural changes.
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INTRODUCTION

It is generally known that the thermal oxidation kinetics of

nickel is described by a parabolic rate law over a vide range of

temperature with a formation of a single phase oxide, Ni0,

indicating the reaction is diffusion controlled. Silicon oxidation

was recently re-examined1 2 and a relationship of mixed parabolic

rate was derived based on a model relative to the reactions taking

place at the two boundaries of the oxide layer and the diffusion

process involved.

Silicon is often used to improve the oxidation resistance of

many metals at high temperatures. However, little work has been

reported on the oxidation behavior of nickel silicon alloys. In an

earlier work, Horn 3 made a qualitative statement indicating that

~the effect of an addition of a second element on nickel oxidation

is greater, the larger the difference in atomic radius. At 9000C

the addition of silicon up to 0.5 atm % increases the oxidation rate

Ibut further addition up to 4 $ reduces the oxidation rate.
Gil'dengorn and Rogel'berg studied the oxidation of nickel alloys
containing 0.9 - 64wt $ silicon in air. Itwas fudta h

silicon addition increases the oxidation resistance of nickel at

1000 - 1200 0C, and in most cases the oxidation kinetics follow an

approximately parabolic rate law particularly at 1100 and 12000C.

In the present work, a thermogravimetric method was used to

study the oxidation of homogeneous nickel silicon alloys in the
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temperature range 300 - 13000C. Thermograms were interpreted in

term of kinetics involving external and internal oxidation.

Analyses of structural change were made relative to the corresponding

kinetics.

EXPERIMENTAL

Materials: The alloys were prepared from high-purity materials

in an arc-melter. Zone-refined nickel with the following analysis:

Ag < 0.02; Al 0.3; Fe 12; Si 0.2 ppm and 6/9s silicon were used.

The bars were cold worked to 1/8 inch thickness and annealed in

vacuum. Analysis of the alloys for silicon gave the following

composition in weight %: 0.08, 0.50, 1.00, 2.98, and 3.21. One-

quarter inch square coupon specimens weighing approximately 1 gram

were cut from the sheets. Thc surfaces were polished through 100

grit emery paper and degreased prior to use. Chemically pure oxygen

supplied from a cylinder was further improved by successive passage

through a purifier and dryer train. The oxygen flow rate was

maintained at 100 cm 3/min throughout the runs.

Apparatus: Mettler's thermoanalyzer was used for gravimetric

measurements. The specimen was supported in a fine platinum wire

basket positioned over the top of a thermocouple tip to minimize

the difference in temperature reading. Weight changes were continu-

ously recorded as the specimen was heated at a linear heating rate

or at a constant temperature in a steady flow of oxygen. For the

linearly-programed-temperature experiments, the heating rate was
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40C/min, while the temperature was controlled within _ 0.50C.

The weight recording sensitivity was 0.1 mg.

After oxidation, the oxide products were identified using

electron and x-ray diffraction and the polished cross sections of

oxidized alloys were subjected to metallographic and electron

microprobe examination.

RESULTS

Oxidation at Linear Heating Rate
Thermograms were obtained for each alloy composition. In

Fig. 1 the specific weight gain is plotted against temperature

over the range 300 - 13000C. The plot shows that increasing

additions of silicon generally tend to reduce oxidation of nickel.

In some cases, however, such as at lower temperatures with silicon

additions up to 1%, an increased oxidation is shown. The oxidation

behavior becomes complex in the neighborhood of 9000C at or above

3% silicon addition.

For pure nickel, the oxidation curve consists of two parabolic

segments Joined with a short straight portion around 900 - 1000 0 C.

This suggests two oxidation mechanisms for the temperature ranges

below and above 9000C, and coincides with the finding by Berry 5 and

Van den Broek 6 who showed a pronounced kink at about 9500 C in

Arrhenius plots. The oxidation rate of nickel is dependent on the

concentration gradient of cation vacancies in the oxide. Vacancy

formation at the 0/NiO interface is written for nonionized, singly
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and doubly ionized nickel as follows:

1/2 0;. V + Nio (1)Ni

112 0 2  V' + 0 + Nio (2)
2 -Ni

1/2 02 V" + 2® + 11io (3)2 Ni

Over a limited temperature range, only one charge state for the

vacancy is likely to predominate. Berry's data satisfactorily

7 followed the singly ionized nickel vacancy-mechanism(2) at 800 - 9000C

and the doubly ionized vacancy mechanism(3) at 10000C or above.

Van den Broek attributed the kink to a change in the number of

oxide layers from a single layer at lower temperatures to a double

layer at higher temperatures.

For dilute alloys containing up to 1% silicon, oxidation is

represented by a single smooth parabolic curve. When the silicon

content exceeds 3%, the oxidation is described by two consecutive

curves with a break around 9000C and an appreciable reduction in

oxidation is observed in the higher temperature region.

Isothermal Oxidation

Oxidation was carried out at three temperatures for 16 hrs.

The logarithmic plot of weight gain vs oxidation time is shown in

Fig. 2. Most of the data are represented by one or two straight

lines indicating the power-law dependence, ( m)n = kt, with n

ranging from 1 to 3. In most cases the plots consist of two

I
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straight line portions. For the 0.5 and 1% silicon alloys the plots

indicate an initial linear oxidation rate followed by a parabolic

rate except for the 1% alloy at 8000C, which is closer to a cubic

rate. For the 3% alloy the initial rate changes from cubic (8000C)

to parabolic (IO00°C) followed by a much higher power rate at longer

times. For the 3.2% alloy at 8000 and 10000 C the rate changes from

the initial parabolic behavior to cubic. At 12000C both the 3 and 3.2%

j alloys obey almost a single rate between parabolic and linear.

The oxide formed was analyzed by diffraction techniques. The

outer surface of the oxide was identified by electron diffraction.

Since the electrons at most penetrate only a few hundred angstroms,

this technique shows the oxide present at the outer surface. The

electron diffraction data are listed in Table I. All the diffraction

patterns showed that the oxide consisted of a single oxide, Nia. In

one case (1% Si, heated at 8000C) , a small amount of SiO 2 type

material was detected in addition to NiO. The oxide was also

analyzed by x-ray diffraction which included all of the oxide layer

and the base metal. The analyses were performed in a diffractometer

using Cu radiation with a nickel filter at 35 KV and 15 milliamperes.

Table II lists the diffraction data matching those of NiO and Nip with

the exception of a few where the oxide layer was thick enough to

absorb x-rays from the matrix. The oxide scale peeled off from the

matrix was analyzed using a powder camera with nickel filtered Cu

radiation at 35 KV and 15 milliamperes. Data in Table III indicate a

11
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TABLE III

X-Ray Povder Camera Data - d (A)

Alloy, % Si 3.2

O id. Temp. (0C) 800 1000

4.145 4.1l49

3.748 3.717

2.651 3.450

2.410 2.728

2.347 2.4.10

2.295 2.088

2.088 1.913

1.919 1.729

1.686 1.655

1.629 1.620

1.476 1.477

1.258 1.255

1.204 1.205
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presence of NiO plus a small amount of Ni 2 Si 4 . The above findings

are sumarized in Table IV with those of surface appearance.

l4etallographic inspection of the polished cross section of the

oxidized alloys revealed a subscale formation of precipitated

particles. The outer scale consisted of a mono- or double-layer

depending on alloy composition and oxidation temperature. Precipi-

tation of oxide particles followed the general pattern of internal

oxidation. Typical photomicrographs are shown in Figs. 3-5. At low

temperature precipitation takes place mainly along grain boundaries

and with increasing temperature precipitation develops throughout

the grain (Fig. 3). With increasing silicon content higher tempera-

f tures of oxidation are required for uniformly dispersed precipitate.

* The 3% silicon alloy showed a little precipitation at lover tempera-

tures, but an evenly dispersed precipitate was observed at 1200 0 C.

(Fig. 4). No appreciable precipitation was observed in the 3.2%

alloy (Fig. 5).

To support the above observation, electron microprobe analysis

was made for each element while thc specimen was traversed at right

angles to the original surface for a distance of approximately 200

microns into the metal matrix. The path of the beam is indicated

by an arrow in the metallographs. The corresponding traces, shown in

Figs. 6-8, indicate the relative distribution of each element. For

comparison the representative x-ray images for Ni and Si are shown

together with the metallographs in Figs. 3-5. It is readily seen

15



TABLE IV

Oxidation Product, Appearance & Analysis

Temperature, 0 C

% Si
800 1000 1200

0.5 gray 1iO (e) gray- NiO (e) met. NiO (e)
NiO+Ni(x) green NiO+Ni(x) gray NiO (x)

1 gray NiO+tr. br. NiO (e) dark NiO (e)
Sio 2 (e) gray NiO+Ni(x) gray NiO (x)
NiOeNi(x)

3 gray NiO (e) gray- NiO (e) green- NiO (e)
NiO+Ni(x) green NiO+Ni(x) d.gray NiO (z)

3.2 gray- NiO (e) gray NiO (e) dark NiO+
brokv NiO+Ni(z) HiO+ grow Hi 2Si04(p)

Ni 2SiO 4 (P)

(e) electron diffraction, (x) x-ray diffraction and (p) powder method

16
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Figure 3. Cross section of Ni 1.0% Si oxidized at 1200C
for 16 hours, unetched, 250X. a) X-ray image for
Ni and b) for Si in the corresponding area.

.- .. . -, .'

.. . , \*.

Figure 4. Cross section of Ni - 3.0% Si oxidized at 12000C
for 16 hours, unetched, 250X. a) X-ray image for

Ni and b) for Si in the corresponding area.
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Figure 5. Cross section of Ni - 3.2% Si oxidized at 12000C
for 16 hours, unetched, 250X. a) X-ray image for
Ki and b) for Si in the corresponding area.
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Figure 6. Electron microprobe trace of a) Ni and b) Si on
the oxidized Ni - 1.0% Si cross section along
an arrow in Figure 3.
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Figure 7. Electron microprobe trace of a) Ni and b) Si on
the oxidized Hi - 3.0% Si cross section along an
arrow in Figure '4.
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Figure 8. Electron microprobe trace of a) Hi and b) Si on
the oxidized Ni - 3.2% Si cross section along
an arrow in Figure 5.

20



r
I

that for 1 and 3% alloys no silicon increase is observed in the

Louter scale. The former shows a broad granular zone adjacent to

the scale/metal interface containing a spotty concentration of

silicon particularly along grain boundaries. The latter shows

small silicon precipitates within a similar area. The 3.2% alloy

shows a sharp increase in Si content in the outer layer adjacent

to the scale/metal interface and no change in Si within the matrix

indicating formation of Ni2Si04 and the absence of internal

oxidation.

DIjCUS3jO:4

Since thermograms obtained with a linear-heating rate are

smooth in the temperature range above 9000C, an activation energy

of oxidation can be estimated using Kofstad7 method.

The general rate law may be expressed by

( M)nl d (am) A exp - Q (4)

dt RT

Temperature increase at a linear rate with time is given by

T = a t + b (5)

Jubstituting (5) and A/a = B in (1),

(n-l)ln (am) + ln a (Lm) I____ n B - (6)

dT PT

The slope of the straight line obtained by a plot of the left side

of (6) against lI/T gives an activation energy, 4. Values obtained

21



in this work (n-2) are listed in Table V. Although this method

gives an approximate value, the data indicate a marked difference

from that of nickel metal. The values obtained in this work for

nickel were in agreement with those of Berry and Van den Broek,

who gave 24 and 20 kcal/mole for the temperature range below 950
0 C,

and 57 and 50 kcal/mole above 950 0 C, respectively.

Since NiO is a metal deficit, p-type semiconductor the oxida-

tion of nickel is controlled by diffusion of nickel ions through
8

cation vacancies and electron holes. Recently Mrowec explained

the double layer formation mechanism by outward diffusion of cation

in two stages: (1) a compact monolayer scale is formed until the

consumption of metal is compensated by the plastic flow of the

scale, and (2) at a certain critical thickness the scale begins to

lose its contact with metal by crack development. Consequent reduc-

tion in the rate of metal transport leads to secondary formation of

a porous layer followed by gradual dissociation of the outer layer.

The morphological structure depends on the plaatic deformation of

the reaction product, surface geometry, and reaction time and

temperature.

In Ni-Si alloys the base metal oxide, NiO, is formed princi-

pally by the outward diffusion of nickel ions through the scale

whereas internal oxidation takes place by the inward transport of

oxygen to form SiO2 precipitates in the matrix. The internally

22



TA.BLE V

Activation Energy, Q (Kcal/mole)

Ni Ni-Si alloys % %Si

500-8000C 950-13000C 0.1% 0.5% 1% 3.0%

20.8 46.5 60.2 59.7 61.3 65.0



formed SiO2 can further react with Ni0 at the .;ale/ntal interface

to form a silicate. The total reaction is written as follows with

free energy changes at 1000OC:

Ni(s) + 1/2 02(g) = NiO(s): L Go - -35,900 cal (7)9

Si(s) + 02(g) - SiO 2(s) AGO -166,800 cal (8)9
8

21±0 + SiO a Ni 2 Sio GO -7,30 cal (9)102 i +Si 2  N2SiO(s): 9

It was observed that a email addition of Si increased the oxidation

of nickel in some cases. The introduction of Si + 4 to the NiO

lattice requires dissolution of internally oxidized Si0 2 at the

Si0/Ni interface. The amount of Si in equilibrium at the interface

in solid solution in Ni can be calculated by the following equilib-

rim constant:

sio2(a) - si (alloy) + 02(g) (10)

RTinK1 OURT naiPO 2 = &Go (11)

Using values for aGo and Po 5.0 x 10 atm (NiO/Ni)8 2

at 1000 0C, (11) yields asi 2.0 x 10 "16 (1000 0C). It can also be

aeen that a very slight amount of silicon is needed to initiate

internal oxidation.

When a small amount of Si is added to nickel, the oxide

precipitation taking place at the scale/metal interface in the

initial stage of reaction gives rise to break down of full contact

24



between scale and metal. Thus the stage(2) described in the case of

pure nickel takes place immediately at the interface resulting in

formation of a porous inner layer and loss of compactness of the

outer layer, which is growing by outward diffusion of nickel ion.

If the anisotropic dissociation of the outer layer or the transport

of oxygen in the crack is the slow process, the formation of the

inner porous layer follows a linear rate law. With increasing

thickness of the porous inner layer, diffusion becomes a rate-

determining step. The oxidation kinetics, therefore, are charac-

terized by a shift from linear to parabolic at a certain thickness

of the porous layer as shown in 0.5 and 1.0 alloys (Fig. 2, a b).

Generally plastic flow of the scale is not observed in the

binary alloys, and the inward transport of oxygen molecules is

carried out through perpendicular discontinuities in the scale

while the outer layer is formed by outward lattice diffusion of

metal. In the 3%0 alloy oxidation kinetics are controlled by

parabolic diffusion until the internal oxide precipitate becomes

a mechanical obstacle to the diffusion process (Fig. 2, c). In

the 3.2% alloy, where no internal oxidation is observed, the

initial reaction kinetics are parabolic diffusion controlled

(Fig. 2, d).

The quasi-cubic rate observed at 800 0 C for the 1 and 3%

alloys appears to be caused by a superposition of two parabolic

steps, whereby the rate constant of gas consumption becomes

25
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smaller as time increases . At higher temperatures where the

scale loses its adherence to the metal, the parabolic rate tends

to deviate towards a linear rate.

The secondary solid-solid reaction between the oxides are

observed only at the 3.2% alloy. To calculate the silicon content

at which an alloy is in thermodynamic equilibrium with a mixture

of Ni2 SiO4 and SiO 2 , the following equation is written

Ni2Sio 4(s) + Si (alloy) = 2 SiO 2(s) + 2 Ni (alloy) (12)

The equilibrium constant is
2

12 Ni /s 12

where

G0  = aGQ0 - 2 Go - &Go = -87,660 cal (lO00 0 C)
12 8 7 9

Thus for si = 1 , asi = 1.1 x 10 "15. It appears that SiO2 is

more stable at the scale/metal interface, if the silicon content

does not fall below this value. The formation of Ni 2 Si0 4 phase,

however, has no effect on the weight change measurements.

Recently a mathematical treatment on the growth rate of sub-

scale depth on simultaneous external and internal oxidation was

developed by Maak 1 2 extending Wagner's equation. However, further

information on precipitation dispersion is awaited for application

of this treatment to thermogravimetry.
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CONCLUSIONS

The addition of silicon generally increased the oxidation

resistance of nickel. In most cases, isothermal oxidation followed two

consecutive power-law relationships in different reaction orders

depending on temperature and alloy composition. With increasing

silicon more than 3%, the oxidation thermogram of Ni-Si alloys exhibited

two distinct consecutive curves diverging at about 9000 C.

The scale NiO consisted of a single oxide NiO and a subscale of

SiO 2 precipitate caused by a simultaneous internal oxidation. For the

3.2% Si alloy, Ni2SiO4 was detected in NiO scale without internal

oxidation.
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