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1. Introduction

The emergence of new technologies such as using
municipal waste to produce electricity has made
more complex and aggressive environments develop
compared to those of conventional fossil fuels [1].
Such environments contain low amounts of chlorine-
bearing gases caused by burning polyvinyl chloride
(PVC) in waste incinerators [2]. The presence of a
mere several ppm of chlorine in a high-temperature
oxidative atmosphere could significantly affect the
oxidation Kkinetics [3]. In fluidized bed waste
incinerators, the conditions are more complicated
because hot sand particles that are used to increase
the heating efficiency, remove the oxide scale formed
on the surface of the boiler tubes continuously and
cause severe material wastage through a complex
process called high-temperature erosion-oxidation
(E-O) [4]. Therefore, material selection and alloy
development for such environments have become a
subject of research in recent years [4-6]. The
mechanisms of high-temperature E-O in oxidative
atmospheres have been studied [7-9]. Different
regimes of degradation including oxide erosion [7,
9], metal erosion [7, 9], oxidation-affected erosion [7,
9], and erosion-enhanced oxidation [8] have been
widely accepted. The influence of the incidence angle
of the eroding particles was evaluated. The
specimens faced the maximum and minimum mass
loss at an angle of 30° and 90°, respectively [10]. The
high-temperature E-O of alloys has been studied in
different aspects. The E-O behavior of SS316L and
Inconel 740H at room temperature and 800°C was
studied. At ambient temperature, SS316L showed
higher erosion resistance. However, at 800°C, the
hardness of SS316L reduced and the oxide scale was
spalled off. Therefore, the E-O resistance of SS316L
reduced significantly. Because Inconel 740H had
higher ~ mechanical  properties at elevated
temperatures, it outperformed stainless steel at 800
°C [11]. The E-O behavior of several Ni and Fe-based
superalloys in an actual boiler environment was
investigated. It was concluded that alloying elements
especially chromium were the main factors affecting
the alloys’ degradation rate [12]. The E-O behavior
of Superni-750 in a real coal-fired boiler was studied
and it was suggested that a continuous chromia scale
was important to guarantee the performance of the
alloy [13]. The comparison of the E-O behavior of Ni
and Fe alloys and superalloys showed that Cr
addition was important in the materials’
performance. It was also pointed out that
conventional stainless steels performed better than

14

more complicated superalloys. Such results directed
the research toward developing much simpler alloy
systems [14]. Nickel chlorides have rather high
melting points and low vapor pressures that favor
nickel as a base material for chlorine-bearing
atmospheres [15].

In general, the behavior of an alloying element in an
oxidizing atmosphere does not necessarily replicate
that in an oxidizing-chloridizing atmosphere. This is
because some elements such as chromium form
volatile chlorides/oxychlorides, but their oxides are
highly stable [15]. Under severe conditions of E-O
where the corrosion product is partially removed by
colliding particles, the situation is more complicated.
In pursuit of implementing new alloy systems with
fewer alloying elements to resist high-temperature
erosion-corrosion in fluidized bed waste incineration,
it is vital to figure out such interrelations between the
alloying elements content, corrosive media, and
mechanical degradation by the erosion. The effect of
Mo on the high-temperature E-O of Ni-20Cr alloys
was studied in earlier research. It was found that
higher contents of Mo had detrimental effects on the
alloy performance [16]. The E-O rate increased by
repeated erosion of a Ni-rich oxide layer and
spallation of the oxide scale. The spallation was
attributed to the formation of an inner porous scale
caused by the volatilization of Mo oxychloride [5].
The study of the Si additions to the same alloy system
showed that Si-enhanced Cr diffusion in the alloy
reduced the Cr-depleted zone and consequently
eliminated internal oxidation. However, Si caused the
spallation of the oxide scale and its rapid removal by
the impacting particles [17].

Fe is usually known as an element to improve the
economy of Ni alloys [18]. However, the role of Fe
in the high-temperature E-O of the Ni-20Cr alloys is
not clear. This paper aims to evaluate the effects of
Fe and Fe in combination with Si on the erosion-
oxidation behavior of Ni-20Cr model alloys in
fluidized bed waste incineration conditions.

2. Materials and methods

based-Nickel alloys with dimensions of 20x10x1
mm? and the nominal compositions shown in Table 1
were prepared in a vacuum arc remelting furnace
under a vacuum level of 2x107 torr followed by 48 h
of normalizing process in a vacuum tube furnace at
1200 °C. The optical micrographs of the alloys 30Fe
and 30Fe-4Si after normalizing could be seen in Fig.
1 which show single-phase microstructures.
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Table 1. Nominal chemical composition of the alloys (wt.%)

Sample  Ni
OFe 80
10Fe 70
30Fe 50
30Fe-2Si 48
30Fe-4Si 46

Cr Fe Si
20 - -
20 10 -
20 30 -
20 30 2
20 30 4

i g
(@)
Fig. 1. Optical micrographs of the alloys 30Fe and 30Fe-4Si after 48 h of normalizing at 1200°C.

The specimens were tested in a rig, schematically
shown in Fig. 2, which was designed and customized
for the evaluation of the E-O behavior of alloys in
fluidized bed waste incineration conditions. SiO»
sand with a temperature of 700 °C, contaminated
with 0.5 wt.% of equimolar NaCI/KCI mixture, was
used as the erodent. The sand was placed in a quartz
reaction chamber. There was a quartz filter at the
bottom of the chamber to let the air move in the
chamber. The samples were pinned at an angle of 45°
to the bottom of a cylindrical sample holder facing
down to the eroding particles. Compressed air with a
flow rate of 25 L/min was primarily heated by heater
1 at the air inlet. It was further heated to 400 °C
passing through the quartz tube by heater 2 and
caused the sand to move and make a fluidized bed of
particles collide with the specimens for 250 h. A
crucible of salt was placed below and outside the
reaction chamber at 550 °C to ensure a continuous
supply of salt vapor to the environment. To evaluate
the E-O resistance of the alloys, the thickness
reduction of the specimens was measured. For this
purpose, a laser thickness measurement device based
on the mechanism of light reflection from a constant
point with a precision of 0.1 um was used. For more
accuracy, the thickness of eight equidistant points on
the middle line of the specimens was measured
before and after the experiments and the mean value
was reported. To have a better understanding of the
behavior of the alloys in erosive conditions, a set of
oxidation experiments was performed at 560 °C for
100 h in an atmosphere of air containing small
amounts of NaCIl-KCI-CaCl, salt vapor. For this

(b)

purpose, a crucible of a salt mixture (KCI-40 mol.%
NaCl-20 mol.% CaCl,) with a melting temperature of
517 °C was placed in the hot zone of a tube furnace
next to the specimen. The chlorine potential of the
atmosphere was calculated to be 3.7 x 10 atm [19].
To ensure steady-state conditions, a stream of air
with a linear flow rate of 1 mm/s was blown in the
furnace [20]. The oxidation temperature of 560 °C
was chosen after numerous experiments at 450-700
°C for evaluating the scaling behavior of the alloys in
comparison with E-O experiments. For the
evaluation of the oxidation resistance of the alloys,
the mass change after 100 h of oxidation was
measured using a balance with a precision of 10-6 g.
For each alloy, three specimens were tested and the
mean value of the mass change was reported. The
surface and cross-section of the samples were
observed using field emission scanning electron
microscopy (FESEM) equipped with energy
dispersive X-ray spectroscopy (EDS). Since the
oxide scales were thin, the preparation of the cross-
sections was carried out by focused ion beam (FIB)
using gallium ion, through several rough and fine
milling steps. A FIB-FESEM JIB-4700F multi-beam
system was used for preparation and observation
purposes. X-ray diffractometry was performed to
characterize surface layers. For thicker scales XRD
was carried out in the normal mode using Cu-ka
radiation, 20° < 28 < 80°, step size of 0.04 in 40 kV
and 30 mA. For thinner scales, a low-angle technique
at 5° at three 20 ranges of 20-40°, 40-60°, and 60-
80° was utilized.
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3. Results and discussion

3.1 Erosion-corrosion behavior of the alloys
In high temperature erosion-corrosion, the material is
lost by a persistent oxidation and wear process [12].
Therefore, the thickness of the material is reduced
during the process. So, the thickness reduction of the
materials was taken as the measure for the E-O
resistance of the alloys. The thickness reduction of
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different alloys after 250 h of E-O is shown in Fig. 3.
It is noted that when the iron content of the alloys
increased from 0 wt.% to 30 wt.%, the E-O resistance
of the alloy increased by about 3 times. However,
adding 2 and 4 wt.% of Si to Ni-20Cr-30Fe alloy with
the highest E-O resistance led to an increased
thickness reduction of the alloy to as low as that of
10Fe alloy which shows the detrimental effect of Si
on the E-O resistance of the alloys.
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Fig. 2. Schamatic representaion of the E-O test rig.

In order to identify the oxide scales that remained on
the alloy surfaces after 250 h of E-O, XRD patterns
were obtained for samples OFe, 10Fe, and 30Fe (Fig.
4). Because the remained oxide scale was not thick
enough, no reliable datawas attained for Si-containing
alloys. The results show the formation of NiO and Ni-
Cr spinel (NiCr204) on the surface of alloys OFe and
10Fe. In the case of alloy 30Fe, chromia and spinel
appear to be dominant reaction products. This could
imply that the addition of 30 wt.% Fe to the base alloy
affected the reaction products. In the XRD patterns,
the Ni peaks come from the base alloy.

The SEM micrographs of the eroded surface of
samples OFe, 30Fe, and 30Fe-4Si are shown in Fig.
5. The surface of all samples is covered with a thin
oxide layer. Because of the impact of sand particles
on the surface, some scratches and craters appeared.
However, in the case of sample 30Fe-4Si (Fig. 5¢) the
damage is apparently more intense which is in

agreement with the thickness reduction results. The
SEM micrographs of the cross-section of the samples
OFe, 30Fe, and 30Fe-4Si after 250 h of E-O under the
test conditions are illustrated in Fig. 6. An uneven
surface covered with a thin layer of oxide is noted in
all alloys. The thickness of the oxide layer was about
130 nm, 280 nm, and 136 nm in the case of OFe, 30Fe,
and 30Fe-4Si, respectively. It means that the oxide
layer remained on 30Fe with the highest E-O
resistance is twice as thick as the other two alloys.
Studies on the E-O behavior of Ni-20Cr-4Fe alloy
showed an oxide scale thickness of about 80 nm and
320 nm after 50 h and 250 h, respectively. The
addition of 7 wt.% of Mo to the above alloy caused a
complete removal of the oxide scale after 250 h [5].
Moreover, in the case of alloy 30Fe-4Si, the oxide
scale is seemingly more interrupted as a result of the
severe erosive attack observed in Fig. 6c.

JMATPRO (2022), 10 (4): 13-24
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Fig. 3. Thickness reduction of different alloys after 250 h of E-O.

The EDS elemental analysis of different areas shown
in Fig. 6 is tabulated in Table 2. It should be noted
that EDS analysis is a semi-quantitative method.
Also, the oxide scales in the present study are thinner
than the electron spot size, and getting some signals
from the base alloy is unavoidable. So, the chemical
compositions in Table 2 are partly decisive. Analysis
of point 1 shows Ni, Cr, and O in the oxide which
shows oxide formation. However, this analysis does
not give trustworthy information about the oxide’s
composition. According to Table 2 and Fig. 6a, a Cr-
depleted zone with a depth of about 600 nm was
formed in sample OFe which shows the intensive

consumption of Cr in this alloy in the form of a spinel
phase. Regarding alloy 30Fe, the depth of Cr
depletion was reduced to one-fifth of that in OFe
(~120 nm). The depletion of Fe in this alloy could be
attributed to the incorporation of Fe in the oxidation
products like (Cr, Fe),Oz which is likely to form
despite different defect structures of Cr.0; and Fe;03
[21]. Even though Cr depletion in OFe and 30Fe was
evident, one could not find internal oxides in the
near-surface depleted regions. Regarding alloy 30Fe-
4Si, analysis of point 8 in Fig. 6¢ confirmed no
tangible depletion of Cr or Fe.
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Fig. 4. XRD patterns of the surface of alloys OFe, 10Fe, and 30Fe after 250 h of E-O.
JCPDS cards: Ni (#04-0850), NiO (#44-1159), NiCr,0,4 (#23-0432), Cr,03 (#38-1479).
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Fig. 6. SEM micrographs of the cross-sections of alloys OFe, 30Fe, and 30Fe-4Si after 250 h of E-C.
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Table 2. EDS elemental analysis of different points on Fig. 6 and Fig.9 (at.%)

Ni Cr Fe Si O ClI Ca K Na
1 563 317 - - 117 - - 02 -
2 873 11 - - 14 02 - - -
3 821 17.7 - - - 02 - - -
4 403 223 263 - 107 03 0.2 - -
5 59 162 213 - 1 13 06 - 05
6 291 221 288 - - - - - -
7 409 181 265 81 6.1 - - 0.2 -
8 426 218 294 6.2 - - - - -
9 748 5 - - 20 01 - - -
10 43 25.2 - - 227 01 01 84 0.6
11 39 383 - - 224 01 01 0.2 -
12 323 522 - - 15 04 - - -
13 773 224 - - 01 02 02 - -
14 17 421 222 - 181 03 0.2 - -
15 45 287 24 - 21 01 01 01 -
16 228 22 252 43 249 03 04 0.2 -
17 429 24 271 35 15 05 03 01 -

3.2. Oxidation of the alloys in flowing air
containing chlorine vapor
Since high-temperature E-O is a complex interaction
of high-temperature oxidation and removal of surface
scales by hard particles, it has been established that
for a better understanding of the E-O behavior of an
alloy, its oxidation behavior ought to be known, too
[9]. The mass gain results of different samples after
100 h of oxidation in air + chlorine vapors at 560 °C
are presented in Fig. 7. Alloy 30Fe showed the lowest
corrosion rate (~0.04 mg/cm?). Reducing the Fe
content of the alloys to 10 and O wt.% led to an
increase in the alloy oxidation rate to about 4 and 13
times, respectively. It appears that Fe has an
exceptionally positive effect on the oxidation
resistance of Ni-20Cr alloys under test conditions.
However, the addition of 4 wt.% of Si deteriorated
the oxidation resistance and caused the oxidation rate
of 30Fe-4Si to increase 9 orders of magnitude
compared to that of 30Fe.
Regarding XRD results in Fig. 8a, alloy OFe shows a
complex oxide scale comprising NiO, Cr.0s, and
NiCr,04 together with a non-protective potassium
dichromate compound (K.Cr,Oy). The latter forms
through the reaction of vapors of KCI with the
chromia scale through equation (1), and acts as a sink
for Cr [22] which leads to the breakdown of the
protective scale [23-25].

1)

2KCI(g) + Cr,03(s) + 20,(g) =

KszzO7(S) + C|2(g)
The oxidation products in alloy 10Fe were more or
less similar to those of OFe. However, the oxide scale
on alloy 30Fe mostly comprised Cr.0s/(Cr, Fe)20s.

As in the case of the E-O experiments of alloy 30Fe,
it could be argued that the addition of 30 wt.% Fe to

a Ni-20Cr alloy stabilized Cr,0s. Silicon-containing
alloys showed a different oxide scale with the
composition of (Fe, Ni)Cr.04 (Fig. 8b) which is a
spinel of Fe, Ni, and Cr. The study of the oxidation
behavior of Ni-20Cr alloy in the air at 570 °C showed
that a chromium oxide scale and some oxides
growing toward the inner areas of the alloy were
formed. When the alloy was tested at air + chlorine,
some deposits of NaCl appeared on the oxide scale.
Also, KCI caused a potassium chromate layer to form
on the surface which was responsible for the
breakdown in the protection of the oxide scale [19].
This shows that even small amounts of chlorine
vapors affected the oxidation behavior and
protectiveness of the oxide scales.

The SEM micrographs of the cross-section of alloy
OFe after 100 h of oxidation could be seen in Fig. 9a.
A mixed oxide scale with a thickness of about 1.7 um
is observed. The chemical composition of points 9,
10, 11, and 12 in Table 2 agrees with the XRD results
(Fig. 8). At point 12 the chlorine content of 0.4 at.%
at the interface between the oxide scale and the base
material implies a chlorine attack on the material. The
chlorine attack is widely accepted to happen through
the formation of molecular chlorine on the surface
and its diffusion through pores and cracks on the
oxide [1, 22]. There are also some voids at the
interface that might be associated with the formation
of volatile chlorides/ oxychlorides. The analysis of
the near-surface area (point 13) showed no Cr
depletion in this alloy. The thickness of the oxide
scale of alloy 30Fe with the highest oxidation
resistance was about 250 nm i.e. about 7 times lower
than that of alloy OFe (Fig. 9b). The oxide scale in
this alloy is perhaps (Cr, Fe).0s3, as discussed earlier
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in the E-O results of the same alloy. The oxide scale
on alloy 30Fe-4Si with a thickness of about 4.2 um
shows totally different characteristics. Such a porous
scale is indicative of the formation of volatile
chloride compounds which promotes accelerated

20

active oxidation [1]. The EDS analysis of the
subsurface area of alloys 30Fe and 30Fe-4Si showed
no signs of Cr-depletion. However, some signals of
Cl in points 15 and 17 may indicate the diffusion of
Cl into the alloy.

7
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Fig. 7. Mass gain of the alloys after 100 h of oxidation at 560 °C in air + chlorine vapors.
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Fig. 8. XRD patterns of the surface of the alloys after 100 h of oxidation at 560°C in air + chlorine vapors.
(a) OFe, 10 Fe, and 30Fe, (b) 30Fe-2Si and 30Fe-4Si. Note: JCPDS cards: Ni (#04-0850), NiO (#44-1159), NiCr,04
(#23-0432), Cr,05 (#38-1479), K,Cr,0O7 (#00-001-0676).
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Fig. 9. SEM micrographs of the cross-sections of alloys OFe, 30Fe, and 30Fe-4Si after 100 h of oxidation at 560 °C in
air + chlorine vapors.

In the case of alloys OFe and 10Fe, after 100 h of
oxidation in air + chlorine vapors at 560 °C a
multicomponent oxide scale formed consisting of
more protective Cr,Os and NiCr,Os and less
protective NiO oxides. This in turn could expose the
oxide to further mechanical damage by developing
internal stresses caused by varying thermal expansion
coefficients of 17.1x10% K™, 85x10°% K, and
17.6x10° K for NiO, Cr,Os, and Ni, respectively
[26]. Oxidation of the alloy starts with a transition
stage in which NiO forms before a chromia scale is
stabilized. The extent of this transient stage depends
on the conditions that promote the selective oxidation
of chromium. In the case of Ni-20Cr alloy and the
oxidation conditions in this study, it seems that Cr
content was not enough for a continuous chromia
scale to be established. According to Wagner’s
theory, the minimum Cr content is obtained using the
following equation (2):
NC(?) > g* N(S) DoVin ]1/2 )
2v DCrVox

where NC(‘T’) is the initial Cr content in the alloy, g* is
the critical volume fraction of oxide for the transition
from internal to external oxide, N(gs) is the molar
fraction of oxygen dissolved in the surface, D, and

D, are the diffusivities of O and Cr, respectively,
and V;,, and V,, are molar volumes of the solvent

metal and Cr0,, respectively. To measure Nc(‘r’) for

the current case, g™ is considered as 0.3 [1, 27], v is
1.5 for Cr.0s, V;,, and V,,,, are 6.7 and 14.56 cm®/mole,
respectively. The data in [28] and [29] were used to
approximate D and D,.. NS could be obtained by
Equation (3), where O denotes the dissolved oxygen
in the alloy.

1
2 0,(9) =0 (©)

For this reaction, AG = AG*S + AGMi@, S,
AG
= AH, — TAS)S

1
+ RTInNo 5 RTnPy,

If AH,=-182 kJmol* and ASZS= -107.6 Jmol*K*
[1] and the maximum solubility of oxygen in nickel
is calculated by the equilibrium between Ni and NiO,

Py, and subsequently Nés) could be calculated at any
given temperature. Therefore, at 560 and 700 °C,

NC(‘T’) values of about 0.4 and 0.35 were obtained
which is higher than the Cr content of the alloy in this
study. Despite this, some factors like grain boundary
or dislocation-assisted diffusion that accelerates the
Cr diffusion in the alloy could lower the above
values. Thus, it could be argued that 20 wt.% of Cr
did not suffice for a single chromia layer formation
and it was experimentally confirmed in Fig. 8a and
Fig. 9a. Such a result was reported in the case of Ni-

(4)
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20Cr alloy in wet CO; gas at 650 and 700 °C [27].
The spinel phase could form through a solid state
reaction shown in Equation (5).

NiO + Cr;03 = NiCr,04 %)
The addition of 30 wt.% of Fe to the Ni-20Cr possibly
shortened the transition oxidation and caused a
continuous chromia scale form. It was suggested that
iron could reduce the activation energy for the
diffusion of Cr in Ni, from 283 kJ/mol in Ni-19.9%Cr
to 277 kJ/mol in Inconel 600, because of a decrease
in bond energy [30]. Similarly, in the present study,
Fe might enhance the Cr outward diffusion and
accelerate chromia formation.

The literature survey shows that Si could stimulate
the formation a chromia scale [31] because its
addition to the alloy could accelerate the Cr diffusion
rate in the alloy. In the case of NiCr and NiCrFe
alloys, it was reported that at 1000 °C, Si increased
the Cr diffusion in Ni by 10 times [32]. However, it
is emphasized that in many Si-containing alloys, Si
may not perform well, because it may form highly
volatile silicon tetrachloride at the interface between
the alloy and oxide scale (where the oxygen partial
pressure is too low), weakens the bonding between
the scale and alloy, and prevents an already damaged
oxide scale from healing up [31]. However, it has
been thermodynamically confirmed that at high
oxygen pressures and low chlorine pressure in this
study, only oxides are stable [19]. Fig. 9c shows a
porous oxide formed through the active oxidation
mechanism. In this mechanism, the oxide formed on
the surface could react with the chlorine that
penetrated the oxide scale through pores and cracks
to form the chloride of the metal [33]. Since chlorides
have high vapor pressures, move upward through the
scale. At higher oxygen partial pressures i.e. near the
outer surface of the oxide scale, the chloride is
thermodynamically unstable and transforms to oxide
again. This oxide is otherwise porous and therefore
could not protect the alloy from further oxidation. It
was reported that the transformation of SiCl, to SiO-
is kinetically too slow [31]. Thus, it seems that Si
takes part in the material wastage in the form of vapor
SiCl, rather than the mass gain. This could explain
the higher mass gain of the alloy 30Fe-2Si. However,
still Cr and Fe chlorides could actively take part in
the active oxidation process.

Regarding E-O experiments, alloy 30Fe with the
highest oxidation resistance had the best performance
in erosive conditions. OFe and 30Fe-4Si which
showed lower oxidation resistance, underperformed
in E-O conditions, too. In high-temperature E-O, the
oxide scale formed on the surface is partially
removed by the impact of hard particles. So, the rate
of E-O is expressed as the difference between the
scale formation by oxidation and its removal by
erosion. Concerning alloy OFe, a thick fast growing
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oxide scale formed during oxidation. However, a
very thin scale remained on the surface after 250 h of
E-O (Figs. 9a and 6a). This indicates that in this alloy,
the oxide removal has exceeded its growth by
oxidation. Since both oxidation and removal rates are
fast, the alloy shows high wastage. The high erosion
rate is associated with the mixed oxide and the
subsequent internal stresses and also the non-
protective and poorly adherent chromate phase. As
was stated earlier, the chromate phase consumes lots
of chromium without participating in the
protectiveness of the oxide scale. This could explain
Cr depletion in the subsurface regions of alloy OFe
(Fig. 6a and Table 2). However, it is not clear why
internal oxides are absent in the depleted areas.

In the case of alloy 30Fe-4Si, the damage mechanism
is quite straightforward. The porous and layered
oxide formed on the surface is not resistant to
erosion. The impacting particles could simply
remove the oxide scale and expose the material to
accelerated oxidation and erosion. This is justified by
the fact that in diffusion-controlled oxidation, the
oxide scale initially grows rapidly. After it reaches a
certain thickness, the diffusion of cations or anions in
the scale slows down and oxidation proceeds at a
steady state rate. When the oxide is removed rapidly,
as in the case of the present study, the diffusion-
controlled steady-state is not achieved and the
oxidation continues rapidly. Therefore, the
interaction of a fast-growing, non-protective, loose
oxide and collision of hard particles leads to a high
wastage rate of the alloy. The absence of the Cr-
depleted zone in this alloy is attributed to the role of
Si in increasing the Cr diffusion in the Ni substrate
[32]. Therefore, Cr diffuses more rapidly from the
internal zones to the subsurface areas compared to
other alloys.

Alloy 30Fe showed the best performance in both
oxidation and E-O conditions. It was suggested that
maybe Fe promoted chromia formation. Chromia is a
slow growing oxide that provides the alloy with
excellent oxidation resistance. Such a thin and single
phase oxide scale develops lower levels of stress in
the scale. Besides, chromia has superior mechanical
properties over NiO [34] and therefore is more
mechanically resistant against eroding particles.
Incorporation of Fe in the crystal structure of chromia
in the form of (Cr, Fe),Os may incraese the toughness
of the oxide and futher enhance the mechanical
properties of the oxide.

4. Conclusions

The high-temperature erosion-oxidation under
fluidized bed waste incineration and oxidation in air
+ chlorine vapors behaviors of Ni-20Cr alloys with
various amounts of Fe (0-30wt.%) and Si (0-4wt.%)
were investigated.
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1- The alloy containing 30 wt.% Fe showed the
highest E-O resistance with a wastage rate of about
6.7 um/250 h. The SEM observations and XRD
analysis showed a scale comprising Cr,Os and
NiCr,04 with a thickness of about 280 nm. This alloy
showed the highest oxidation resistance with a mass
change of about 0.1 mg/cm?. A protective (Cr, Fe),03
scale formed on the surface which was responsible
for the alloy's performance in the corrosive
atmosphere. Fe was suggested to accelerate the Cr
diffusion and the formation of external chromium
oxide and the resulting high-temperature E-O and
oxidation resistance of the alloy.

2- In Ni-20Cr alloy, a scale comprising NiO, Cr,0s,
NiCr204, and KyCr,O; (thickness of ~ 1.7 pm)
formed after 100 h of oxidation at 560 °C. 20 wt.%
of Cr was considered insufficient to guarantee a
protective chromia scale on the alloy surface. Such a
multicomponent scale with different coefficients of
thermal expansion was known to develop internal
stresses in the oxide. Thus, the oxide was more prone
to breakdown at the collision of eroding particles.

3- Si deteriorated the resistance of Ni-20Cr-30Fe
alloy in both oxidation and E-O conditions. A porous,
layered thick oxide (~4.2 pm) with the composition
of (Ni,Fe)Cr.0, formed after 100 h of oxidation in air
+ chlorine. Such a porous scale was not resistant to
erosive conditions and was easily removed by
impacting solid particles. The morphology of the
oxide scale suggested the active oxidation
mechanism that does not protect against oxidation.
The formation of volatile silicon chlorides was
probably responsible for interrupting the formation of
a compact protective scale. However, Si led to an
accelerated Cr diffusion in the alloy and the
annihilation of the internal oxidation.
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