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KINETICS OF THE HIGH TEMPERATURE OXIDATION OF THE INCONEL 686 COATINGS
IN THE WASTE INCINERATION ASH

In this paper, detailed characterization of the oxide scale, grown on the Inconel 686 coating after high-temperature oxida-
tion at 650°C in ashes from waste incineration power plant was performed. Phase composition, morphology, microstructure and
chemical composition of the oxide scale were investigated using XRD and SEM analysis. Mechanisms of formation and growth
of oxide scales were examined, resulting in the insights into oxidation kinetics. Results revealed presence of NiO in the outermost
layer of the oxide scale. At the bottom of oxide scale, CrNi,O, spinel layers were formed due to the increasing concentration of
Cr. In the middle area of oxide scale, due to higher concentration of Cr and lower amount of Ni, the Cr,NiO, spinel is formed. The

innermost layer was composed of Cr,Os.
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Introduction

Among wide range of Ni-based superalloys, Inconel 686 is
an advanced corrosion resistant material. Due to its high perfor-
mance in aggressive environments it is widely used in several
industrial sectors, including petrochemical, air pollution control
and power generation systems [1,2]. Inconel 686 is available in
all standard produced forms, including: plate, sheet, pipe, tube,
rod, bar, forging stock, and matching composition welding
products [3] and mainly contains nickel, chromium, molybde-
num and tungsten. Carbon content is restricted to 0.01%, what
facilitates in diminishing precipitation at the grain boundaries
in the heat-effected zone (HAZ) of welded areas to uphold the
corrosion resistance [3]. Generally, good corrosion resistance
of Ni-Cr-Mo alloys is assured due to the formation of adherent,
dense and thermodynamically stable oxide scales, based on NiO
and Cr,0O3 components. Sims [4] showed that 15-20 wt% Cr
content in Ni-base alloys assures reasonable degree of protec-
tion against high temperature oxidation, whereas above 18% of
chromium is needed to form continuous chromium scale [5].

Corrosion process is even more destructive if the reaction
ofthe corrosion products with an ash (originating from combus-
tion of biomass), wastes and heavy oil occurs. Such inexpedient

reactions with ash present at the surface of oxide scale, containing
dangerous oxides, sulphides and chlorides lead to formation of
aggressive low melt eutectic [6-8]. These products may again
react with components of the combustion gases. In this way
a complex series of interacting heterogeneous reactions takes
place. The ash layer shows differences in chemical composition,
and it is related to the temperature gradient. The mechanism
resulting from the corrosive ash components interaction is ex-
tremely complex and depends not only on chemical composition
of ash but it depends also on the reaction conditions and type of
substrate exposed to the corrosive environments [5,8,9].

The oxidation mechanism of metal at the high tempera-
ture under the ash atmosphere usually depends on the oxygen
transport from ashes to the bulk material of alloy as a result of
diffusion of alloy cations to the alloy/ash interface [10]. The
oxidation of metal at the high-temperature conditions should be
considered as electrochemical process. Therefore, in the case of
Inconel alloys, the process of oxide layer formation at the surface
of'the clean metal starts with the adsorption of oxygen by Ni and
Cr atoms, according to the chemical reactions (Eq. (1 and 2)):

2Ni + 0, () — 2NiO (s) (1)
4 Cr+3 0, (g) — 2Cr,05 (5) ©)
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Many authors have investigated the diffusion of chromium
and oxygen in Cr,05 and most of them have found that chromium
diffusion was faster than oxygen diffusion [11-14].

The Cr,0; particles were surrounded with NiO and the
solid-state reaction occurs to form spinel according to the chemi-
cal reaction (Eq. (3)):

Cr,0; + NiO — Cr,NiO, (s) 3)

Moreover, the Cr,NiO, spinel can also reduce the diffusion
rate of metal ion, what decreases the bonding rate of the metal
and oxygen ions [15], therefore the oxidation resistance of the
alloys will be enhanced. The growth kinetics of these oxides, at
steady-state conditions fulfill a parabolic law, what is in agree-
ment with Wagner’s oxidation theory [16].

Among a variety of welding techniques, cladding is another
form of surface treatment, where the surface of bulk material is
protected by the layer of another, corrosion resistant, material.
The clad layer has more superior properties than those of the
bulk material. Chemical composition of the clad layer should
be homogenous and the concentration of Fe entering from the
base material into the coating should be as low as possible.
To produce Ni-based weld overlays without introducing too
much Fe, a new, automatic weld technique called Cold Metal
Transfer (CMT) was used [17]. The protection against corrosion
is assured with Ni-based superalloys, most commonly Inconel
625 or Inconel 686. The steel tubes are cladded circumferentially
in protective gas shroud. Cladding material is supplied in form
of wire, which is melted due to current flow. A uniform layer
is formed in one pass. In the clad layer the welding incompat-
ibilities such as pores and discontinuities may appear but using
the CMT method significantly reduces the occurrence of these
imperfections. The following investigations are very important
due to limited information about corrosion resistance of the
Inconel 686, whereas many studies focus on investigating the
corrosion resistance of Inconel 625 [18-22].

In the present study the high temperature oxidation behavior
of Inconel 686 alloy at 650°C for 100, 1000 and 2000 hours was
investigated. Oxide scale morphology, its chemical composi-
tion at the surface and through cross—section were studied with
various diffraction and microscopic techniques. The growth and
formation mechanisms of oxide scales were examined, giving
the insights into oxidation kinetics.

1. Materials and methods

The external surface of 16Mo3 steel boiler tube was clad
with Inconel 686 alloy by the CMT method in the SEFAKO S.A.
boiler factory (Fig. 1a). The chemical composition of the investi-
gated Inconel 686 clad layer, 16Mo3 steel and the ashes, sampled
from a fluidized bed waste incinerator is shown in Table 1.

In the CMT process, the wire is moved towards the work
piece (boiler tube) until a short circuit occurs. Flowing by the
wire current causes it to melt. After certain time, circuit is auto-
matically opened due to the wire retraction. Now, the wire moves

Clad layers
(Inconel 686)

Base metal (16Mo3)

b)

Face of clad layers (Inconel 686)

Face of clad layers

Polished surface

Fig. 1. a) Schematic diagram of Inconel 686 clad layers on the boiler
tube; b) piece cut out from clad tube; ¢) specimen with removed base

metal, ready for corrosion experiments in ashes

Chemical composition of: Inconel 686 wires used for cladding,

TABLE 1

16 Mo3 boiler tubes substrate and ashes (%, wt.)

Element Concentrations (wt., %)
Inconel 686 16Mo3 Ashes
Nickel balance — —
Chromium 19.0-23.0 max. 0.3 —
Molybdenum 15.0-17.0 max. 0.3 —
Tungsten 3.0-4.0 — —
Iron max. 2.0 balance 2.5
Manganese max. 0.75 max. 0.65 —
Silicon max. 0.08 max. 0.35 22
Titanium 0.02-0.25 — —
Cobalt max. 1.0 — —
Phosphorus max. 0.04 — —
Calcium — — 37.7
Oxygen — — 23.5
Chlorygen — — 2
Sodium — — 1.5
Aluminium — 3
Sulfur — — 3
Carbon max. 0.01 max. 0.16 5

towards the work piece once again and the process reiterate. The
general parameters of the cladding process are given in Table 2.

Samples for experiments have form of 15 mm x 10 mm
x 1.5 mm coupons (Fig. 1b). The outer surface of specimen



TABLE 2
CMT cladding parameters

Cladding | Cladding Gas flow Feed Peripheral

Clad rate speed rate | speed rate
current | voltage . .

rod (A) V) (litre/ (metre/ | (rotation/

min) min) min)
Inconel

625 200 20 17 0.8 4.5

consists of Inconel 686 layer deposited on the surface of 16Mo3
steel boiler tube. Before oxidation, the 16Mo3 base material was
completely removed by grinding with abrasive paper. Polishing
on diamond suspensions was used in order to obtain mirror — like
surface on the substrate side (Fig. 1c). Polished and cleaned in
ethanol Inconel 686 clad layer samples were placed in a ceramic
crucible. Subsequently, they were covered with around 1 cm
thick layer of the waste incinerations ashes and exposed to
temperature of 650°C for 100 to 2000 h (Fig. 2a). The overview
of the Inconel 686 clad layer before oxidation is presented in
Fig. 2b, whereas Inconel 686 clad layer samples after oxidation
in waste incineration ashes for 100, 1000 and 2000 hours are
shown in Figures 2c-e respectively. The oxidation products were
studied by X-ray diffraction technique (XRD) using PANana-
lytical Empyrean DY 1061 diffractometer with filtered Cu Ka
L= 1.54060 A radiation at 40 kV and 40 mA. The X-ray diffrac-
tion measurement were made with Bragg-Brentano geometry
in the 260 range of 20-80 degree. The step size and the time per
step were fixed to 0.05° and 10 s, respectively. The X-ray dif-
fraction spectra were recorded with PANalytical HighScore Plus
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software. The surface morphology and chemical composition
of oxidized Inconel 686 clad layer were investigated with the
use of scanning electron microscopy (SEM) Inspect 550, FEI
company, equipped with energy dispersive spectrometer (EDS)
by EDAX.

Subsequently, the samples were sputtered with thin layer of
Au. Afterwards, Ni-coating was deposited electrochemically to
protect the oxide scales against damage during metallographic
preparation. Metallographic cross-sections were then prepared
by standard grinding procedures, as described by Solecka et al.
[23]. The SiO suspension with a particle size approx. 0.05 um
was used for final polishing.

2. Results and discussion

The microstructure and characteristics of Inconel 686 al-
loy clad layer have been examined and discussed elsewhere
[22,24-26]. These studies have shown presence of (Nb, Ti)C
in the clad layers matrix of y phase. Moreover, precipitates of
other phases (Laves, P and o) were observed [22,25]. Chemi-
cal composition analysis revealed the microsegregtion of Mo,
Cr and Fe into the cellular-dendritic microstructure of Inconel
686 clad layers. The Fe content is clearly higher in the partially
mixed zone than in the fusion zones and decreases with the dis-
tance from the interface (fusion boundary) towards the coating
surface [22,24-26].

In following study, above described coating was exposed
to waste incineration ashes at 650°C for 100, 1000 and 2000 h.
As a result of corrosion products formation, oxidized samples
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Fig. 2. Schematic of the corrosion experiments in ashes at 650°C (a), and b) the Inconel 686 clad layer before oxidation; (c,d,e) Inconel 686 clad

layer after oxidation for 100, 1000 and 2000 h, respectively



1190

lost their metallic lustre (Fig. 2b), acquiring a grey color with
locally occurring bright green areas (Fig. 2c-¢), representing ash
residues on the surface of the clad layer.

According to Mrowec [5] as well as Young [11], the first
stages of oxidation might be controlled by the phase boundary
reaction, therefore oxidation kinetics shall be linear. After some
time of the oxidation, when the oxide scale will be thickened, the
diffusion will start to control the oxidation process. Therefore
the oxidation may proceed according to the parabolic oxidation
kinetics [5,11]. In the other words, corrosion process is slowing
down with the extension of the superalloy oxidation time. As the
oxidation time increases, a continuous scale forms on the surface
of clad layers, which separates the superalloy from the oxidizing
environment. Further scale growth is therefore difficult because
inward oxygen diffusion and outward metal diffusion is hindered.
The inner layer is adherent to clad surface and is consisted of
metal oxides with a lower degree of oxidation and a lower oxygen
concentration. The recrystallization of oxide scale after gaining
thickness as well as significant volatility of the oxide scale at
elevated temperatures might be a reason of the outer porous
layer formation [5,11].

The Bragg-Brentano X-ray diffraction spectrum for Inconel
686 samples after corrosion test for 100, 1000 and 2000 h are
presented in Figure 3. The strongest peaks at 20 angle 0f45.6 and
50.5° corresponding to Inconel 686 substrate (g). The corrosion
scale is composed of three main components — Cr,03, Cr,NiOy,
and NiO. Strong peaks corresponding to NiO (analysis of NiO
phase was made base on diffraction pattern no. 04-006-7439)
are visible at 20 angle of 37.3, 43.3, 62.9, 75.4 and 79.4° what
is consistent with literature data [28]. Peaks corresponding to
Cr,05 are visible at 26 angle of around 24.4, 33.5,41.5 and 54.5°,
whereas peaks at 26 angle of around 36, 57, 62.9 and 74.5° cor-
responding to Cr,NiOy spinel. Increase intensity of NiO peaks
(at 20 angle of 37.3, 62.9 and 79.4°) and Cr,NiO, peaks (at 20
angle of 36, 57, 62.9) after 1000 h of oxidation time indicates
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Fig. 3. XRD Bragg-Brentano pattern of the Inconel 686 clad layer after
oxidation in waste incineration ashes for 100, 1000 and 2000 h at 650°C

the increasing thickness of the oxidized layer by growth of NiO
and Cr,NiO,. Reduction of the peaks intensity of Cr,NiO,4 and
Cr, 035 after 2000 h suggesting NiO as the top layer of corrosion
products.

Further analysis were performed on the cross-sections.
Scanning electron microscopy allows for qualitative analysis of
oxides. The morphology of the scale formed on the outer side of
the Inconel 686 clad layer is shown in Fig. 4a. Observations made
on the surface revealed the presence of oxide scale with homo-
geneous morphology. Some sharp-edged polyhedral crystals are
occurring (Fig. 4a), suggesting that coarse grained nickel oxide
(NiO) is formed on the entire outer surface. The presence of NiO
has been confirmed by XRD analysis (Fig. 3). The morphology
of the sample cross-section was presented in Fig. 4b.

The long-term corrosion process was evaluated through the
measurement of the scale thickness increase, as shown in Fig. 5.
Usually, the mass measurements performed during the corrosion
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Fig. 4. Morphology and microstructure of the Inconel 686 clad layer after exposure at 650°C in ashes for 2000 h: a) surface (plan view),

SEM-SE; b) cross-section, SEM-BSE



process are used as an input data for the oxidation kinetics. In
the case of corrosion tests in the ash environment, however,
mass measurement may be erroneous, mainly due to presence
of the residuals of ash on the surface, disturbing in the correct
measurement. The thickness of the oxide scales was measured
with scanning electron microscopy on the cross-sections of
the samples after oxidation in the ashes at 650°C for 100, 250,
500, 1000 and 2000 h. For each sample, the thickness measure-
ment was carried out on a distance of 1 mm. Every value in
the diagram (Fig. 5) is the average of 100 measurements. The
standard deviation is also indicated. It is worth to mention that
oxide scale is multilayered, however, the overall thickness of all
layers was measured. It is also explicit that the thickness of the
formed layer increases with the oxidation time. After 100 h of
oxidation in the ashes, the average thickness of the oxide scale
formed on the surface was 3.95 (+1.10) mm, whereas after 1000 h
the average thickness increased to 10.10 (£2.23) mm and after
2000 h thickness increased to 12.15 (£2.60) mm (Fig. 5). Note
that oxide scales after longer time of exposition (1000, 2000 h)
had very non-uniform thickness. In the latter case, the thinnest
region had a thickness of 10 um, whereas the 25 um was found
for its thickest part (Fig. 5). On the basis performed investiga-
tions, it might be concluded that oxide layer thickness increase
kinetics has a parabolic form. It is further supported by the results
of the microstructural observations. The corrosion process of the
investigated superalloy is relatively fast at the beginning and
getting slower with the oxidation time.
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Fig. 6 presents the results of EDS chemical composition
mapping, which graphically show the cross sectional distribu-
tions of the Ni, Cr and O in Inconel 686 clad layer after expo-
sure at 650°C in ashes for 100, 1000 and 2000 h, respectively.
Performed microstructural investigations reveal that the oxide
scales are characterized by the significant thickness variation and
porosity. Elemental maps of Ni, Cr and O showing non-uniform,
multi-layered structure, which is clearly visible in Figure 6c¢.
Moreover, these layers are intertwined with each other. After
1000 h of oxidation, under the oxide scale the Cr depleted zone
still contains some amount of Cr, which is able to form Cr,0;
oxide. After 2000 h of oxidation, the interface between the oxide
scale and the base metal is very irregular. Moreover, the base
metal right under the oxide scale is drained out of Cr on the
thickness of ~5 um. It might have serious implication during
further oxidation. Since no Cr is present, the Ni will oxidize next.
According to analysis of cross-section and XRD results (Fig. 3),
it could be assumed that NiO is formed at the outermost layer
in contact with the waste incineration ashes, whereas Cr,NiO,
and Cr,Oj5 are located more internally, near the Inconel 686 al-
loy substrate.

In addition, the higher Ni concentration in Inconel 686 alloy
promoted the formation of NiO. Chevalier et al. [29] found that
the Ni at the NiO grain boundaries has 1-2 orders of magnitude
higher thermal diffusion coefficient of oxygen when the environ-
ment temperature is less than 800°C. NiO is mainly formed by
the diffusion of Ni to the alloy surface via the grain boundaries
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Fig. 5. Thickness of the oxide scale grown on Inconel 686 clad layer after exposure at 650°C after different times of oxidation
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and combination with oxygen. Nickel oxide is not as stable as
Cr,0; or Cr,NiO4 [30].

Due to the 23% Cr-content in the weld clad, developed Cr,04
scale is continuous, what is in agreement with literature data.
The minimum concentration of chromium, needed for the forma-
tion of a passive Cr,O5 oxide film ranges from 20 to 25% [30].

Oxide scale growth resulting with distinct nickel and chro-
mium depleted region present in the clad layer. It is characterized
by high porosity and impacts on the composition of the clad,
especially in the near-surface area where the concentration of
nickel is significantly higher than in the deeper part of material.
The chemical composition of the Inconel 686 clad layer becomes
heterogeneous. The presence of the Cr-depleted zone due to the
outward diffusion is confirmed by numerous studies [23,31,32].
In the innermost layer of oxide scale, the Cr content is consider-
ably enhanced, on the average, by 75% relative to the Cr content
in clad layer core, what confirms the formation of chromium
oxide there. SEM-EDS chemical composition analysis (Fig. 6)
showed that the chromium depleted zone was developed beneath
oxide scale. It is consequence of selective oxidation of Cr to the
Cr,05 and Cr,NiQy,. Cr-depleted zone is deeper after a longer
time of oxidation, therefore strong enrichment in Ni was noticed.
Occurrence of the Ni-enriched region results from the creation of
the passive Cr,05 layer on the surface of the Inconel 686 alloy,
which significantly reduced diffusion of nickel into oxide scale.

3. Conclusions

During cladding boiler elements with nickel alloys, like
Inconel 686, it is necessary to choose the best cladding technique
to minimize the iron content in the clad layer (lower than 7%
for inner and less than 2% in outer region of coating). The CMT
technique is recommended for cladding boiler components for
waste incineration power plants. The corrosion processes of
the clad layer occurring under the impact of ashes from waste
incineration plants, induce the formation of 1-2 um thick Cr,05
oxide layer in the innermost part of oxide scale after 100 h, which
constitutes a passivation layer. Coarse grained NiO is formed in
outermost region. Cr,NiOy is formed between Cr,O5 and NiO.
Right beneath outermost region, regions enriched alternately
with NiO and Cr,NiOy, are present. A CrNi,O, spinel is grown
between NiO and Cr,NiO,4. Cr,O5 passive layer protects the
Inconel 686 clad layer from further degradation in aggressive
environments, mainly by reduction of the diffusion rate of nickel
towards the oxide scale.
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