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The oxidation behavior of two types of inhomogeneous nickel was investigated in air at 1273 K for a total
oxidation time of 100 h. The two types were porous sintered-nickel and microstructurally inhomoge-
neous cast-nickel. The porous-nickel samples were fabricated by compacting Ni powder followed by sin-
tering in vacuum at 1473 K for 2 h. The oxidation kinetics of the samples was determined gravimetrically.
The topography and the cross-section microstructure of each oxidized sample were observed using opti-
cal and scanning electron microscopy. X-ray diffractometry and X-ray energy dispersive analysis were
used to determine the nature of the formed oxide phases. The kinetic results revealed that the porous-
nickel samples had higher trend for irreproducibility. The average oxidation rate for porous- and cast-
nickel samples was initially rapid, and then decreased gradually to become linear. Linear rate constants
were 5.5 x 1078 g/cm? s and 3.4 x 10~8 g/cm? s for the porous- and cast-nickel samples, respectively.
Initially a single-porous non-adherent NiO layer was noticed on the porous- and cast-nickel samples.
After a longer time of oxidation, a non-adherent duplex NiO scale was formed. The two layers of the
duplex scales were different in color. NiO particles were observed in most of the pores of the porous-
nickel samples. Finally, the linear oxidation kinetics and the formation of porous non-adherent duplex
oxide scales on the inhomogeneous nickel substrates demonstrated that the addition of new layers of
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NiO occurred at the scale/metal interface due to the thermodynamically possible reaction between Ni and

the molecular oxygen migrating inwardly.

© 2017 Production and hosting by Elsevier B.V. on behalf of Cairo University. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Nickel is known to form only one oxide which exhibits a small
range of non-stoichiometry, Ni;_,O, this oxide behaves as a p-type
semiconductor [1-3]. The oxidation status formed on Ni surfaces is
studied by low energy bombardment using X-ray photoemission
spectroscopy and secondary ion emission spectroscopy. The dom-
inant nickel oxidation state is Ni** while some Ni>* are present
[4]. The oxidation of homogenous pure nickel substrates over the
temperature range 700-1100 °C yields an adherent protective
layer of nickel oxide [5,6]. In situ study for the oxidation behavior
of nickel particles is carried out using environmental transmission
electron microscope with 3.2 mbar of O, between ambient temper-
ature and 600 °C [7]. The kinetics of the oxide scale growth on the
surface of non-porous homogenous nickel substrate and the scale
characteristics are extensively studied [6,8-10]. Regardless of
these extensive studies, discrepancies and important questions
concerning nickel oxidation behavior are still to be answered [6].

At temperature over 1000 °C, the oxidation rate for homogenous
nickel substrates is parabolic [5,6,11,12]. Thermogravimetric stud-
ies show that the oxidation process of sintered nickel green com-
pacts in air at temperatures between 300 and 450 °C follows also
a quadratic dependence on time [ 13]. For temperature ranging from
700 to 900 °C the oxidation rate is initially rapid. The rate then grad-
ually decreases to become parabolic or continuously decreases
[6,14]. The scale growth on homogenous nickel samples oxidized
at temperatures over 1000 °C is controlled by cationic lattice diffu-
sion; whereas, the short circuits diffusion of cations controls the
scale growth at temperatures ranging from 700 to 900 °C [6].

When the temperature ranges from 900 to 1000 °C, the para-
bolic rate constants become widely distributed [15]. Several rea-
sons were proposed for this phenomenon: metal purity [1],
surface preparation [16], heat treatment [17] and the crystallo-
graphic orientation of nickel grains [18] modify the scale-growth
rate dramatically [15]. A theoretical framework is devolved to pro-
vide an understanding of selected set of experimental finding of
the oxidation process by single oxidant, this framework can be
used as a predicted basis for oxidation rates under different condi-
tions [19].

Under practical conditions, the protective oxide scales are
exposed to internal stresses which cause loss of adherence, and
consequently, duplex oxide scales are developed [5]. High temper-
ature oxidation of inhomogeneous nickel might lead to formation
of microfissures, transgranular crack propagation, porous oxide
scales and cavity formation. Therefore, the oxide scales grow lin-
early by inward migration of molecular oxygen [6]. There are three
main routes for the formation of microfissures and inward growth
of NiO by migration of molecular oxygen: dissociation of the scale
into pores and metal/oxide interface, stress-induced fissuring in
the oxide scale and opening of microfissures as a consequence of
differences in the rate of deformation across the growing oxide
due to the inhomogeneity of the metal substrate [6].

Linear formation of NiO duplex scales is associated with inward
migration of molecular oxygen [1,8,20-22]. The inner layer at the
metal/scale interface is noticed to be consisting of small equiaxed
grains overgrown by larger columnar grains in the external part;
this type of scales is formed at temperature below 1000 °C [8].

Most of the nickel-based alloys might have inhomogeneous
structure, and since limited systematic studies on the oxidation

behavior of inhomogeneous nickel and nickel-based alloys were
carried out, the characteristics of the oxidation behavior of essen-
tial structural metals and alloys should be given a priority to deter-
mine the oxidation resistance of these materials at high-
temperature. The inhomogeneity might arise from the presence
of pores at the metal surface or from microstructural heterogene-
ity. Therefore, the main aim of this work is to carry out a compar-
ative orderly study on the high temperature oxidation behavior of
porous-nickel prepared by conventional powder metallurgy and
cast-nickel with microstructural inhomogeneity in air at 1273 K
under atmospheric pressure for a total oxidation time of 100 h.

Experimental

The porous nickel test-samples used in this investigation were
fabricated from nearly spherical particles of nickel powder with
an average particle size of about 85 pm. Nickel green samples
were compacted under 420 MPa and the green samples were then
sintered in a vacuum furnace (1073 torr) at 1473 K for 2 h. Test-
specimens were produced as pellets with 18.5-19 mm in diame-
ter and 3.5-3.7 mm in thickness. The obtained samples had an
average apparent density of 7.58 g/cm®, and in turn, the average
porosity of test-samples was about 14.8%. The average density
value for the inhomogeneous cast-nickel samples was measured
and found to be 8.6 g/cm>. Thus, its average porosity was esti-
mated to be 3.4%.

The composition of nickel powder and cast-nickel as given by
the suppliers and as obtained by wet chemical analysis are listed
in Table 1. The composition obtained by wet chemical analysis ver-
ified to a great extent the chemical composition given by the sup-
pliers. The data in Table 1 indicates that the total impurity level in
the nickel powder is about 0.1% and that of the cast-nickel ranges
from 0.1 to 0.2%.

For microstructural examination of test-samples, a pellet of
each type of test-samples was mounted and ground successively
with silicon carbide abrasive papers with grit size ranging from
100 to 800, and then polished with 0.3 pm alumina paste. The sam-
ples were then etched in an aqueous solution consisting of 15 cm®
nitric acid (70 wt% HNO5+30 wt% H,0) and 90 cm® acetic acid
(99.5 wt% CH3COOH) [23]. The microstructure of the etched pellets
was observed by optical microscopy using “Olympus BX41M-LED
microscope” and scanning electron microscopy (SEM) utilizing
“FEI Company, Quanta 250 FEG, made in Netherlands”.

The oxidation kinetics was measured for three porous-nickel
samples (1, 2, and 3) and three cast-nickel samples (4, 5, and 6).
The measurements were performed for each sample individually
to examine the reproducibility of the process. The oxidation kinet-
ics of each sample was carried out in air at 1273 K for a total oxi-
dation time of 100 h. The weight gain per unit area as a function of
time for each sample was observed during the oxidation test using
the gravimetric method; a microbalance with an accuracy of 107 g
was used in this investigation.

Visual and photographic examinations were conducted to view
the macrostructure of the formed oxide scales. Microstructure
observations were carried out by using optical microscopy, and
scanning electron microscopy (SEM) which was also employed to
view the topography of the formed oxide scales. Diffraction pat-
terns of each of the surfaces of the oxidized six samples were
obtained using X-ray diffractometry (XRD) using “X'Pert PRO PAN
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Table 1
The chemical analysis of nickel powder and cast-nickel samples.
Elements, % Composition
Nickel powder Cast nickel
Given by the supplier® Obtained by wet chemical analysis® Given by the supplier” Obtained by wet chemical analysis®
C 0.08 0.07 <0.0035 0.1
S 0.001 N.D. 0.019-0.025 N.D.
Fe 0.01 0.015 - -
Cu - - <0.0008 0.0001
Zn - - <0.002 N.D.
As - - <0.0015 N.D.
Pb - - <0.0003 0.0002
Co - - <0.065 0.0003
Ni Bal. 99.9 Bal. 99.83

¢ Analysis given by the supplier (Dop. company).
b Analysis given by the supplier (Vale company of vale™ electrolytic nickel s-rounds).
€ results of the wet chemical analysis in the laboratories of the “Egyptian Mineral Resources Authority (EMRA)”.

(a) (©) (e)
Optical image of Optical image of Optical image of the periphery
porous-nickel the core of cast-nickel of cast-nickel

(b) (d) ®
SEM image of porous- SEM image of the core of SEM image of periphery of
nickel cast-nickel cast-nickel

Fig. 1. Optical and SEM images of porous-nickel (a and b), cast-nickel core (c and d), and cast-nickel periphery (e and f) of test-samples.

analytical diffractmeter (made in Netherlands, 2007), with Cu Ko For the microstructure examination of the cross-section of the
radiation-2 = 0.15406 nm, 45 kV and 40 mA”. X-ray energy disper- oxidized pellets, each sample was vertically mounted in a mould,
sive analysis (EDAX) using “FEI Company, Quanta 250 FEG analyzer and then ground successively with silicon carbide abrasive papers
(Netherlands)” was employed for spot EDAX elemental (O and Ni) with grit size ranging from 80 to 800 until almost one half of the
analysis and also for having oxygen and nickel profiles along the sample was removed, and then the cross-section was polished with
cross-section of oxidized samples. 0.3 um alumina paste.
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Fig. 2. The dependence of the weight gain of three test-samples of porous-nickel and three test-samples of cast-nickel on time 2(I), their average weight gain 2(II), and

average oxidation rate 2(IlI) oxidized in air at 1273 K for 100 h.

Results and discussion
Microstructure of the metal test-samples
Typical optical and scanning electron images of porous-nickel

and cast-nickel (core and periphery) test-samples are shown in
Fig. 1, which clearly indicates the formation of pores and triple

points at the grain boundaries of porous-nickel, Fig. 1(a) and (b).
The microstructural inhomogeneity of a typical cast-nickel test-
sample is also shown in Fig. 1, where equiaxed grains are found
at the core, Fig. 1(c¢) and (d), and elongated grains are formed at
the periphery as shown in Fig. 1(e) and (f). Spot EDAX results for
porous-nickel and the periphery of the cast-nickel samples indi-
cated the existence of only oxygen and nickel peaks. The oxygen
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Fig. 3. XRD patterns obtained from the surfaces of the oxidized samples of porous-nickel samples (a) sample (1), (b) sample (2), and (c¢) sample (3) and for the oxidized cast-

nickel samples (d) sample (4), (e) sample (5), and (f) sample (6).

percent indicator (OI) at different spots of the porous-nickel sam-
ples reached up to 2.64% while the corresponding value at the
periphery of cast-nickel samples was about 1%. The spot EDAX
results at the cores of cast-nickel samples had no oxygen peaks
(a sign of negligible content of oxygen at the core of the cast-
samples).

Oxidation kinetics

Fig. 2(I) shows the dependence of weight gain per unit area of
each of the three test-samples of porous-nickel, Fig. 2(I-a), and
each of the three test-samples of cast-nickel, Fig. 2(I-b). All kinetic
curves indicated that the oxidation rate was initially rapid and
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Table 2
The relative intensity percent of the peaks of the XRD pattern obtained from the surfaces of the six samples and the corresponding peaks reported in literature for NiO powder
[25].

Sample No. Relative intensity percent

111) (200) (220) 311) (222) (400)

NiO Powder [25] 68 100 44 14 10 3

Sample 1 (Porous-nickel) 5 100 17 14 2 2

Sample 2 (Porous-nickel) 65 100 35 9 4 41

Sample 3 (Porous-nickel) 100 35 28 8 3 3

Sample 4 (Cast-nickel) 36 100 27 6 3 2

Sample 5 (Cast-nickel) 100 63 56 21 16 8

Sample 6 (Cast-nickel) 58 46 100 32 16 16

o ot ‘Outer Oxide
uter Oxide
Layer Inner Oxide Layer
Inner Oxide Layer
Layer
(a) ©
A photographic image of the A photographic image of the
duplex scale formed on duplex scale formed on
porous-nickel cast-nickel
Outer Oxide Layer -—»
Outer Oxide Layer

Inner Oxide Layer

Porous-Nickel
Substrate

(b)

A photographic image of the cross-section
of an oxidized

porous-nickel sample

A photographic image of the
cross-section of an oxidized

cast-nickel sample

Fig. 4. The macrostructure of the duplex oxide scales formed on porous-nickel samples (a and b) and on cast-nickel samples (¢ and d).

then gradually decreased over a period of about 40 h (transient-
stage). Later, a linear rate (steady-state rate) was observed. At
some points during the steady-state period, the kinetic rates
showed a rapid increase for a short period of time and then it
started to slow down again nearly to the steady-state linear rate.
This rapid increase might arise from the development of more easy
paths which allow molecular oxygen migration such as microc-
racks propagation, cavities development and partial separation of
the oxide layers from the metal substrate [8]. These easy paths

for molecular oxygen migration might be due to the development
of internal stresses within the oxide scales [8].

The dependence of the average weight gain per unit area on time
is shown in Fig. 2(II). The average weight gain per unit area for the
three porous- and also for the three cast-nickel samples are plotted
in Fig. 2(II-c) and (II-d), respectively. Both Figures were found to
behave linearly after about 40 h for the rest of the oxidation process.
The bars shown in the figures represent the standard deviation at
each point. The highest value of the standard deviation for the aver-
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Fig. 5. SEM images for the surfaces of the oxidized porous-nickel test-samples of (a)
sample (1), (b) sample (2) and (c) sample (3).

age weight gain per unit area of the porous-nickel samples was +58%
and the corresponding value for the cast-nickel samples was +41%.
This, in turn, might be caused by the higher inhomogeneity of the
porous-nickel samples than that of the cast-nickel samples.

The dependence of the average rate of oxidation on time is
shown in Fig. 2(Ill). The average rate of oxidation is estimated by
using the relation AW,,/At where AW,, is given by the change
in average weight gain per unit area over the time period At. The

Fig. 6. SEM images for the surfaces of oxidized three cast-nickel test-samples of (a)
sample (4), (b) sample (5) and (c) sample (6).

dependence of the average oxidation rate for porous- and cast-
nickel is shown in Fig. 2(Ill-e) and (IlI-f), respectively. It is clear
from all Figures that the growth rate of the oxide scales at the ini-
tial stage is rapid and then it slows down until it reaches a constant
value (linear behavior). The values of the linear rate constants were
about 5.5 x 108 g/cm?s and 3.4 x 1078 g/cm? s for porous- and
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cast-nickel, respectively, which means a better oxidation resis-
tance of cast-nickel than porous-nickel.

Texture analysis of the outer oxide layers

The diffraction patterns, Fig. 3, obtained from the surfaces of the
oxidized samples, under the oxidation conditions used in this
work, confirmed that Ni;_,O is the only oxide phase formed which
is in agreement with literature [1,24]. Accordingly, the relative
intensity percent of the peaks of the XRD pattern obtained from
each of the surfaces of the oxidized samples might reflect the tex-
ture of each of the outer oxide layer.

Fig. 3 shows the XRD patterns obtained from the outer surfaces
of the oxide scales formed on the six nickel samples (three porous
and three cast). The obtained peaks coincided with the peaks
reported for nickel oxide powder in literature [25].

The relative intensity percent of the obtained peaks of the six
patterns obtained from the surfaces for the test-samples and the
corresponding peaks reported for NiO powder in literature [25]
are listed in Table 2. These data indicated that the oxide grains in
the outer oxide layers of the scales might have crystallographic
(111), (200), and (2 20) preferred orientation for samples (3
and 5), (1 and 4) and 6, respectively. This preferred orientation
might refer to the formation of columnar grains at the outer part
of the oxide scales.

Macrostructure of the oxide layers

Fig. 4 shows the macrostructure of the duplex oxide scales
formed on a porous- sample and on a cast-nickel test-sample as
detected by visual examination. Fig. 4(a) and (b) show that the
color of the outer oxide layer formed on a porous-nickel sample
is black with glossy and dark parts, and the color of the inner layer
is light green. The two oxide layers formed on the cast-nickel sam-
ples are shown in Fig. 4(c) and (d). The outer one had a dull
greenish-black color, while the color of the inner oxide layer was
light green. The formation of colored-duplex scale is reported in
previous work [24]. The molecular oxygen inward migration leads
to the formation of NiO duplex scales [21,22], which are generally
composed of small equiaxed grains at the metal/oxide interface
overgrown by larger columnar grains in the external part, the
duplex scales are generally formed at temperatures less than
1273 K [8].

Surface topography and microstructure of the oxidized nickel samples

Fig. 5 shows the surface topography observed by SEM for the
oxide scales formed on the three porous-nickel samples 1, 2, and
3, as shown in Fig. 5(a)-(c), respectively. The surface topography
of the porous-nickel samples shows a dimpled structure sur-
rounded by cleavage zones, Fig. 5(a), facetted structure, Fig. 5(b),
and pores within the nickel oxide grains, Fig. 5(c), which might
have acted as nuclei for the dimples. Fig. 6(a)-(c) also show the
topography observed by SEM for the surfaces of oxide scales
formed on the three cast-nickel samples 4, 5, and 6, respectively.
The presence of facetted structure and parallel microfissures across
some grains (the parallel directions differ from one grain to
another) is revealed from Fig. 6(a) and (b). Moreover, pores are
detected within the grains on the surfaces of these scales, Fig. 6(c).

The EDAX results obtained at different spots of the mentioned
surfaces showed that the OI varied from about 6% to 18%. This
variation might be caused by the porosity of the scale and the
unevenness of the surfaces of the oxide scales.

Figs. 7 and 8 illustrate the microstructures of the cross-sections
of the oxidized porous- and cast-nickel samples. Fig. 7(a) and (b)
show the optical images of the porous- and cast-nickel samples,

MR s
- I

s « Cavities
A TE Oh
SNy, 0

" | Metal s, ,‘1‘,:,,; L

- oy, T,

[

|

(b)

Fig. 7. Optical images of the cross-sections of oxidized porous-nickel test-sample
(a) and cast-nickel test-sample (b).

respectively; whereas Fig. 8(a) and (b) show the SEM images and
the corresponding oxygen and nickel line-profiles for the oxidized
porous- and cast-nickel samples, respectively. The optical and SEM
Figures indicated that oxide duplex scales were developed on the
porous- and cast-nickel test-samples. The two layers were partially
separated from each other because of the formation of cavities
between the two layers. In some parts, the lower layer (about
50 um in thickness) was overgrown by an upper layer (about
100 um in thickness). In other parts, the lower layer was noticed
to be less than 10% of the thickness of the upper layer. The two
oxide layers of the duplex scale were noticeably porous.

The nickel and oxygen line-profiles recorded along the cross-
section of the oxidized samples are also shown in Fig. 8. It was
noticed that the oxygen profile was high along the oxide scale and
that it decreased to an almost very low level along the metal phase
region; while the nickel profile was observed to have its highest
level over the metal phase region. The oxygen profile increased over
cavities to its highest value because these cavities were filled with
air. Also, if a closed pore was just underneath the surface layer, both
oxygen and nickel profiles would simultaneously get lower. The
EDAX profiles in Fig. 8 also indicate the formation of NiO particles
within the pores of the porous-nickel samples; since repeated peaks
of oxygen are observed on the oxygen profile and these oxygen
peaks are associated with decrease in the nickel profile.
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2,00 3.0 4.00 5.00

6.00 7.00 8.00

9.00 keV

Fig. 9. SEM image for the porous-nickel substrate and EDAX results for an NiO particle formed inside one of the pores (p).
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Fig. 9 shows an SEM image and the corresponding spot EDAX
results on a particle developed at one of the sample pores (P).
The spot EDAX results yielded only Ni and O peaks which, in turn,
indicated the formation of NiO particles.

SEM images of the cross-sections of the cast-nickel samples
before and after oxidation are shown in Fig. 10. The images indi-
cate the formation of voids within the metallic phase after oxida-
tion; this phenomenon is previously reported in literature [26].
The size of these voids decreased with the depth in the metallic
phase measured from the scale/metal interface. The density
number of these voids was also decreasing with that depth until
they nearly vanished. The SEM image in Fig. 10 indicates that the
cast-nickel samples were almost free from porosity before
oxidation, as shown in Fig. 10(a). The formation of voids after oxi-
dation within the metallic phase is revealed from Fig. 10(b).

The OI of the outer oxide layer formed on porous-nickel sam-
ples was 11.56% and almost the same value was detected for the
inner oxide layer while a value of about 1.5% for the OI was

obtained in the metal substrate. As for the cast-nickel, the OI of
the outer oxide layer is about 11.54% and almost the same value
was obtained for the inner oxide layer while a value of 0.85%
was detected for the OI of the metal phase.

The volume fraction percent of the voids decreases with the
increase in depth, below the scale/metal interface of the oxidized
cast-nickel test-sample as shown in Fig. 11 which also shows the
high volume fraction of the pores developed within the oxide scale
formed on the metal substrate. The high values of the volume frac-
tion of the pores at the surface of the oxide scale revealed that the
pores were initially nucleated at the surfaces of the oxidized sam-
ples; while the highest value of the volume fraction was developed
at the scale/metal interface. This could be mainly related to the for-
mation of cavities at the scale/metal interface; which is attributed
to the loss of adherence at the oxide/metal interface resulting from
the development of internal stresses [5,8].

Adherent and protective nickel oxide scales are formed on pure-
homogenous nickel substrates upon oxidation in air (or oxygen) at

-
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Fig. 10. SEM images of the cross-section of a cast-nickel sample before oxidation (a) and after oxidation (b).
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Fig. 11. The percentage of the volume fraction of voids with the depth below the oxidized cast-nickel sample surface of Fig. 10(b).
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1273 K [11,24]. The scales are grown by outward cationic lattice
diffusion [6,11,24]. The average parabolic rate constant of the oxi-
dation process of nickel under these conditions is about
3.5 x 107" g?/cm* s. Accordingly, the thickness of the NiO layer
formed in this case is about 35 pm which is 4-5 times smaller than
the thickness of the oxide layer, about 150 um, formed on the inho-
mogeneous cast-nickel used in this work. Moreover, the depth of
the metal substrate region containing voids detected in this work
is found to be about 130 um; which is not observed in the case
of oxidation of sound-homogenous pure nickel [11].

Oxidation mechanism
Fig. 12 shows the topography of initially formed oxides on

porous- and cast-nickel samples observed by SEM after oxidation
time of 10 and 30 min. Fig. 13 also illustrates the microstructure

of the cross-sections of oxidized porous- and cast-nickel samples
noticed by SEM after 10 and 30 min oxidation time. Fig. 12
(a) and (c) indicate the formation of a highly porous oxide layer
on the porous-nickel samples oxidized for 10 and 30 min, respec-
tively, while Fig. 12(b) and (d) show the buildup of a network of
ridges with a cellular appearance of NiO layer on the cast-nickel
samples which were oxidized for 10 and 30 min, respectively.
The cross-section images also indicate the formation of a discon-
tinuous thin layer on the porous-nickel test-samples, as shown in
Fig. 13(a) and (c), and the formation of NiO particles within the
pores of the porous-nickel test-samples. Microcracks propagation
extending from the pores of porous test-samples through the metal
matrix was, also, noticed. This, in turn, might be due to the acting
internal stresses which could be induced by the NiO particles
formed within the pores. Microcracks were also observed to extend
from the NiO layer formed on the surface of the porous-nickel

(a)
Surface topography, 10 min

oxygen% indicator = 13.26

(b)
Surface topography, 10 min

oxygen% indicator = 4.36

(©

Surface topography, 30 min

oxygen% indicator = 14.08

(d)
Surface topography, 30 min

oxygen% indicator = 12.78

Fig. 12. SEM images of the surface topography of the oxidized samples for 10 and 30 min formed on the porous-nickel samples (a and c) and the cast-nickel samples for 10

and 30 min (b and d).
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test-samples to the inner metal phase region. Fig. 13(b) and (d)
indicate the formation of fragile NiO layers on the cast-nickel
test-samples. The formation of a highly porous single layer on both
cases indicated that the oxidation mechanism at the initial oxida-
tion period was controlled by inward migration of molecular
oxygen.

The values of Ol detected by spot EDAX analysis were 13.2% and
14.08% for the thin layers formed on the porous-nickel samples
after 10 and 30 min, respectively. The corresponding values for
cast-nickel were 4.36% and 12.78%; this might be due to the dis-
continuity of the thin layers and the ridge structure of this oxide
layer which was formed on the cast-nickel after 10 min of
oxidation.

After about 40 h of oxidation, steady-state conditions (linear
oxidation rate) started to dominate the growth rate of the oxide
scales and the scales were observed to be of duplex nature.

The formation of a duplex scale might be initiated by loss of
adherence between the single layer and the metal substrate due
to the buildup of internal stresses within the oxide scale giving
the possibility of formation of a second layer between the upper
oxide layer and the metal substrate.

The linear kinetics, the topography of the oxide scales which
revealed the formation of paths for molecular oxygen migration,
the duplex-porous scale, the formation of cavities and formation
of NiO particles within the pores of the porous-nickel samples,
all indicate the growth of oxide scales by inward migration of
molecular oxygen along the NiO scale [1,8,21,22]. The oxygen
molecules might also migrate through the open pores of the
porous-nickel samples forming NiO particles within these pores.
On the other hand, most of the voids formed within the matrix
of the cast-nickel samples, which were relatively smaller than
the pores of the porous-nickel, did not include NiO grains.

10 min

(c)

30 min

306011/ 5503 .0 5730 T3 1 mnl—— Gt Pl ———|
(d)

30 min

Fig. 13. SEM images of the cross-section of the oxidized samples for 10 and 30 min formed on the porous-nickel samples (a and c) and the cast-nickel samples (c and d).
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Accordingly, the oxidation mechanism based on inward migra-
tion of molecular oxygen through the NiO duplex-scale should be
the main mechanism for the oxidation process of inhomogeneous
nickel substrates. The formation of the voids within the metallic
phase of the cast-nickel might be explained on the basis of annihi-
lation of vacancies formed at the oxide/metal interface in the metal
phase lattice as previously reported [26].

Conclusions

The oxidation behavior of two types of inhomogeneous nickel is
systematically investigated. The oxidation rate for both types is ini-
tially rapid and then it gradually decreases with time to a constant
rate which is attained after about 40 h. The linear rate constants
are about 5.5 x 108 g/cm? s for the porous-nickel type (porosity
14.8%) and 3.4 x 108 g/cm? s for the cast-nickel type. Initially sin-
gle thin porous NiO layers are formed on the surfaces of the test-
samples of both types. The single layers then change to duplex
scales. The two layers of the duplex scales, in general, have two dif-
ferent colors and both are porous. Cavities are formed between the
two layers and also at the scale/metal interface. Therefore, the two
layers do not adhere to each other; in addition the oxide scale is
partially separated from the metal phase. Nickel oxide particles
are formed in most of the pores of the porous-nickel substrate.
The cast-nickel type shows voids formation in the metal phase
whose size and distribution number decrease with depth, mea-
sured from the scale/metal interface. In other words, the voids vol-
ume fraction decreases with depth. The topography views of the
upper surfaces of the NiO scale indicate the formation of easy paths
for downwards migration of molecular oxygen. The easy paths
include pores, microfissures, dimples and transgranular microc-
racks. All these observations reveal that the scale growth occurs
by inward migration of molecular oxygen; therefore, the newly
formed oxide layers take place at the scale/metal interface.
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