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Abstract

The main issue with using biomass fuels in power plants is fireside corrosion. Applying corrosion-resistant coatings
is one potential choice. The current study examines how a Ni—Al diffusion coating on austenitic stainless steel reacts
to corrosion and interdiffusion (TP347H). Nickel was electrolytically deposited to create Ni-Al coatings, which were
then pack aluminized at 650 °C. With an internal layer of Ni and a Ni,Al; outer layer, a homogenous and dense Ni-Al
coating was created. Samples were heated to 560 °C for 168 h in an environment designed to simulate the combus-
tion of biomass. A localized corrosion attack was the result. By using isothermal heat treatment in static air at 650 °C
or 700 °C for up to 3000 h, interdiffusion was examined. In the course of the interdiffusion process, the Ni,Al; even-

tually changed into NiAl and Ni;Al. At both temperatures, porosity formed at the intersection of the Ni-Al coating

and the Ni layer and grew with time.
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1 Introduction

The globe is paying more attention to challenges related
to global warming. The utilization of CO,-neutral fuels,
such as biomass, has become more popular recently
because CO, is one of the leading greenhouse gases.
However, problems arise when using biomass as fuel in
power plants. Fireside corrosion is one of the critical
problems. It is caused by corrosive substances contain-
ing sulphur dioxide, hydrogen chloride, and potassium
chloride generated by biomass combustion. Fireside cor-
rosion can lead to the premature failure of superheater
tubes exposed to high temperatures [1]. This limitation
sets the maximum outlet steam temperature for biomass-
burning power stations at 540 °C, which reduces their
efficiency compared to fossil fuel plants [2]. In addition,
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even at 540 °C, the corrosion rate in a biomass plant is
faster than in a coal-fired plant, leading to components
having to be replaced already after 5-10 years. Unlike
fossil fuels, corrosion cannot be prevented by employ-
ing materials with a greater Cr content. While burning
biomass, chromia does not provide protection against
the corrosive species present in the flue gas [3]. Applying
corrosion-resistant coatings containing elements other
than Cr is one option.

Much work has been done on the selection of coating
materials for boiler superheaters. Kiamehr [4] tested the
reactivity of different oxides with KCI under simulated
high temperature corrosion conditions of biomass. The
results of the study showed that a significant reaction
between KCl and Cr,O; took place after 15 h at 650 °C,
but no considerable reaction between KCI and Al,O5 was
observed. Jonsson [5] found that pure nickel and electro-
plated nickel also showed good corrosion resistance in
KCl under laboratory-simulated corrosion conditions,
and no significant reaction between KCI and NiO was
observed. Therefore, the preparation of nickel-aluminide

©The Author(s) 2023. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.


http://orcid.org/0000-0003-2513-0031
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1007/s44251-023-00019-0&domain=pdf

Xu et al. Surface Science and Technology (2023) 1:17

coatings that can form an Al,O; oxide film is a potential
optimized option for solving the problem of high-tem-
perature corrosion of biomass.

Aluminide diffusion coatings are deposited using
the economical and popular pack aluminizing coat-
ing technique. Aluminizing is typically carried out at
temperatures higher than 700 °C, which can have nega-
tive influences on a steel substrate. A limited amount of
work has been published on aluminizing at lower tem-
peratures: Schiitze and Rohr aluminized P91 at 650 °C,
although the coatings were irregular in thickness, and
pores and cracks formed during the coating process [6].
The coating quality was significantly improved in their
following work [7]. Wang et al. prepared a coating with
an inner layer of FeAl and a thin outer layer of Fe,Al;
at 700 °C. The coating was uniform, and no cracks were
formed [8]. Xiang et al. deposited Fe-aluminide coatings
on P92 steel at 650 °C and investigated the long-run oxi-
dation performance in both steam and air at 650 °C. The
findings suggested that under steam and air conditions at
650 °C, the coating would increase the steel’s long-term
oxidation resistance [9].

The coating lifetime is determined by the depletion of
aluminium via two primary mechanisms: I) surface cor-
rosion and II) interdiffusion due to chemical differences
between the steel substrate and the coating. The present
study considers both degradation mechanisms of a Ni—
Al coating deposited onto TP347H via nickel electrolytic
deposition, then low-temperature pack aluminizing.

The interdiffusion behaviour of Ni-Al coatings has
been extensively studied, but most of the literature refers
to higher temperatures than those relevant for bio-
mass combustion, see, e.g. [10], and lower temperatures
(between 600 °C and 700 °C) have been studied very sel-
dom. In the temperature range of 655—-1000 °C, Janssen
and Rieck investigated the layer growth kinetics in Ni—
Al diffusion couples but tested for up to only 300 h [11].
Xiang et al. examined the growth kinetics of intermetallic
phases in Ni—Al coatings caused by interdiffusion, but in
an argon environment and only at 650 °C [12]. Corro-
sion properties of the aluminized coatings have been well
established and have been reported extensively in litera-
ture in a variety of chemical environments. Therefore, in
order to anticipate the service life of coated components,
it is necessary to better understand the interdiffusion
performance of Ni—Al coatings at temperatures relative
to biomass combustion power plants, in addition to the
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precise corrosion mechanism. The work also serves as a
baseline for understanding the degradation mechanisms
for similar coating solutions that have been inserted into
full service on superheater tubes in power plants.

2 Experimental procedures

2.1 Sample preparation

The base metal to be coated was TP347H austenitic stain-
less steel. Table 1 provides the nominal composition of
the steel. A TP347H tube with measurements of 32 mm
on the outside, 19 mm on the interior, and 10 mm on the
thickness was cut into tube pieces using a precision metal
cutter. All of the samples were cleaned with ethanol and
ground using 1000-grit SiC paper. The samples in the
form of rings each had two holes drilled perpendicular
to the cross-section. A screw was placed into each hole,
and wires were connected to the screws to allow handling
during the nickel electroplating process.

2.2 Coating

On TP347H stainless steel, the Ni—Al coating was pro-
duced using a two-step procedure. The steel was first
electroplated with nickel, and after that, aluminium was
added via pack aluminizing. The samples were cleaned
using several pre-treatment methods before being nickel
electroplated. The samples were washed for three min-
utes with an anodic degreaser, then rinsed with deter-
gent (soap) and ethanol after three minutes of chemical
activation in dry acid. Prior to the final nickel plating, a
pre-plating treatment was completed in a Woods nickel
[13] striking bath for 5 min, and the current density was 6
A/dm?. The final nickel-plating procedure was placed in a
Watts nickel-plating bath [14]. 100 min of plating at 45 °C
and 6 A/dm? of current density were used. After an etha-
nol rinse, the samples were ready for pack aluminization.

Pack aluminizing was performed in a horizontal tube
furnace. Pack powders for aluminizing were composed of
82 wt.% Al,O, powder (particle size of 63—200 um) as an
inert filler, 8 wt.% AICIl; (anhydrous) as an activator, and
10 wt.% Al powder (99.9% purity, maximum particle size
of 60 pm) as the aluminium source.

The powders were thoroughly mixed and filled into a
cylindrical alumina crucible (outer diameter: 35 mm,
inner diameter: 30 mm, length: 50 mm) with the samples
embedded in the pack. The crucible was covered with a
steel cap, fixed with steel wire and sealed with ceramic
cement (produced by Linde AG). After that, the crucible

Table 1 The weight percent of TP347H's nominal chemical composition

Cr Ni Mn C

Si Nb+Ta Fe

18 12 2 0.07

<0.75
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was put inside the argon-flowing tube furnace. At a rate
of 18 °C/min, the furnace was heated to 650 °C, and this
temperature was maintained for 6 h. The argon gas flow
was held after the furnace was shut off while the samples
were allowed to cool down to room temperature pro-
gressively. The Ni—Al coated samples were taken from
the powders after the pack aluminizing, cleaned, and cut
into six identical pieces with a precision metal cutter.
Following cutting, the samples with Ni—Al coating were
ultrasonically degreased in acetone and then dried with
ethanol.

2.3 Corrosion exposure

Acetone and ethanol were utilized to clean the tube sec-
tions in an ultrasonic bath before depositing KCI. The
concave surface of the curved tube sections was coated
with a layer of pure KCl (Sigma, 99%). KCl particles
were mixed with 2-propanol, and it was then applied to
the coating surface. Therefore, a uniform KCI layer that
was about 1 mm thick was left behind when the solvent
evaporated. The KCl-coated samples were heated to high
temperatures in a corrosion test setup that consists of a
horizontal electric furnace, a gas mixing panel, and a flue
gas cleaning system.

Mass flow controllers were employed to modify the
concentration of the several gases that make up the simu-
lated flue gas. The flue gas composition after the burn-
ing of straw as determined at a biomass power plant was
used to model the gas composition (dry base N, 82 vol.%,
O, 6 vol.%, CO, 12 vol.%, SO, ppmv, HCI 400 ppmv; the
dry gas was lead via a heated humidifier resulting in a
final H,O content of 13.4 vol.%) [15, 16]. Since the typical
concentration in straw combustion is around 70 ppm, the
HCI concentration utilized here indicates the worst-case
scenario. In the corrosion test setup, the samples coated
with KCI were heated to 560 °C for 168 h.
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2.4 Isothermal heat treatment

The samples with the Ni—Al coating were put in a muf-
fle furnace. The samples were then isothermally heated
at 650 °C or 700 °C for 250, 500, 1000, 1500, 2000, 2500,
or 3000 h in static laboratory air. Samples were cleaned
with ethanol and mounted in epoxy resin following the
interdiffusion test. The samples were then ground and
polished, with a final polishing step utilizing a Struers
Rotopol 22 and 1 um diamond suspension.

2.5 Characterization of samples

A Scanning Electron Microscope (SEM, Model Quanta
200 ESEM FEG, FEI) fitted with an Energy Dispersive
X-ray Spectroscopy (EDS, Oxford Instruments 80 mm?
X-Max) detector was used to analyze the microstructure
and composition of the sample. In the Back-Scattered
Electron (BSE) mode, images were acquired. The samples
were sputter-coated with a thin carbon coating prior to
SEM analysis. Using Image-Pro Plus software, the thick-
ness of several intermetallic phases of Ni—Al layers was
measured. The measurements were performed by cre-
ating trace features along the phase boundaries, and
the software then calculated an average for the distance
between trace features.

3 Results and discussion

3.1 Microstructure of Ni-Al coating

Figure 1 displays a cross-sectional image of the coating
and the distribution of the main constituents follow-
ing nickel electroplating and aluminizing. The steel has
a double-layered Ni—Al coating that was adhered to it.
An exterior Ni,Al; layer (70 pm) and an inner Ni layer
(100 pm) made up the double-layer coating. The double-
layer structure was consistent with previous results from
the literature [9, 14]. By using XRD results and the com-
position profile of chemical components over the coated
surface, the Ni,Al, layer was detected (Fig. 2).
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Fig. 1 BSE-SEM micrograph of the Ni-Al coating (a) and cross-sectional compositions (b)
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Fig. 2 XRD analysis of the as-received Ni-Al coating

Any stable phase in the Al-Ni binary phase diagram
that is stable at 650 °C can develop during the coating
preparation process, according to thermodynamics.
In reality, kinetics is quite essential. Therefore, only
Ni,Al; was discovered right after the coating because
Ni,Al,’s interdiffusion coefficient is significantly greater
than that of the other nickel aluminides by at least two
orders of magnitude [17].
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Fig. 3 BSE-SEM micrographs of the exposed Ni-Al coating
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3.2 Corrosion exposure

Figure 3 illustrates how the exposure caused localized
corrosion on the coated surface. At some locations,
protective behaviour was observed. In contrast, at the
attacked sites, aluminium was selectively removed, pre-
sumably as volatile aluminium chloride, leaving behind a
porous nickel-enriched area, and a thick layer of corro-
sion product was present on the coated surface. The volu-
minous corrosion product, visible as dark grey in the BSE
micrographs in Fig. 3, was enriched in Al, K and O with
trace levels of Cl and S, as indicated in the EDS elemen-
tal maps in Fig. 4. This indicates potassium-aluminate
as the outer corrosion product. The BSE contrast of the
nickel enriched area indicates the aluminium depletion
has caused the formation of NiAl, which is also the first
phase expected to form from the phase diagram when
Ni,Al, is depleted in aluminium.

Interdiffusion has produced various intermetallic
Ni-Al phases as well as apparent porosity at the inter-
face where the nickel layer and the outer coating with
enriched aluminum meet.

A porous region, which is visible as a dark line between
the nickel layer and the aluminium-enriched outer part,
presumably originates from the Kirkendall effect due to
differences in diffusion fluxes of aluminium and nickel
across the interface. In several locations, this led to the
de-scaling of the aluminium-rich outer part of the coat-
ing. The de-scaling probably happened either during
cooling after testing or during sample preparation.

Ni-Al coating
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increasing intensity

Fig. 4 BSE-SEM micrograph and EDS elemental maps showing the chemical composition across the exposed Ni—Al coating

3.3 Isothermal heat treatment at 650 “C Ni,Al,; phase layer, NiAl, NizAl; and Ni;Al layers formed.
After being subjected to isothermal heat treatment at  The NiAl appeared as two “layers” in BSE contrast with a
650 °C for 500, 1500, and 3000 h, the Ni-Al coatings thick NiAl layer and a thin Al-rich NiAl layer were found,
are shown in a cross section in Fig. 5. Besides the initial ~ which is in line with the findings of other authors [15, 18].
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Fig. 5 BSE micrographs of the Ni-Al coating after being subjected to isothermal heat treatment at 650 °C for 250 h (a), 500 h (b), 1500 h (c),
and 3000 h (d), respectively
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As shown in Fig. 5(a), the outer Ni,Al; phase trans-
formed into an Al-rich NiAl phase, which was due to
the similarity of their structures. Ni,Al; and Al-rich
NiAl phases were based on the same structure. Both
of them were derived from bcc structure with a slight
difference in the Ni vacancies distribution [19]. The
Ni vacancies were randomly distributed in the Al-rich
NiAl phase, while they were ordered in sheets perpen-
dicular to the cube diagonal in the Ni,Al; phase [20].
NizAl; was not observed at the NiAl/Ni;Al interface,
even though this could be expected from the phase dia-
gram. Jiang et al. suggested that the formation of NizAl,
was difficult at the NiAl/Ni;Al interface, which agreed
well with the findings of Xiang et al. [21]. Their research
demonstrated that the growth of the NizAl; phase layer
began only after the Ni,Al; phase had entirely been
consumed [14].

These intermetallic layers grew as a function of time at
the expense of the outermost Ni,Al, layer, and porosities
started to appear at the interface of Ni—Al / nickel layer,
see Fig. 5(b). These are likely Kirkendall voids that devel-
oped as a result of variations in the inherent diffusivities
of nickel and aluminium. The porous region expanded
gradually with time. Nickel leaves the nickel layer much
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more quickly during the interdiffusion process compared
to how quickly aluminium diffuses into nickel [13, 18].

After 1500 h, only a thin layer of Ni,Al; was left at the
surface. After 3000 h, the Ni,Al; phase had been almost
entirely converted, and the surface of the sample included
the Al-rich NiAl phase, see Fig. 5(c).

After the interdiffusion test at 650 °C for 3000 h, the
coating samples experienced only slight oxidation and
a reasonably thin oxidation film formed on the surface.
During the whole process, a significant reduction in Al
was not apparent at the surface.

According to the composition profiles shown in Fig. 6,
the Ni layer acted as a barrier, which prevented aluminum
from diffusing into the substrate from the coating. When
examining the penetration depth on the profiles for dif-
ferent diffusion times, it is evident that the diffusion of
Al into the Ni layer from the Ni—Al coating occurred at a
somewhat modest rate. The total penetration depth of Al
after 3000 h was around 15-20 pum.

Cr and Fe are also diffused into the Ni layer at the point
where it meets the steel substrate. For around 30 pm, Cr
and Fe entered the Ni layer. However, these two elements
did not encounter Al from the outer coating before
3000 h had elapsed.
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Fig. 6 Composition profiles of the Ni-Al coating after being subjected to isothermal heat treatment at 650 °C for 250 h (a), 500 h (b), 1500 h (c),

and 3000 h (d), respectively
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3.4 Isothermal heat treatment at 700 ‘C

In order to test the coating under a more accelerated con-
dition, the interdiffusion experiment was then performed
at 700 °C. The cross-sectional images of the Ni—Al coat-
ings after isothermal heat treatment at 700 °C for 500 h,
1500 h and 3000 h are shown in Fig. 7. Compared with
the coating morphology at 650 °C in Fig. 5, the interdiffu-
sion took place much more rapidly at 700 °C.

After 250 h, the Ni—Al coating mainly consisted of Al-
rich NiAl, Ni-rich NiAl and Ni;Al, with only local areas
of Ni,Al, in the outermost layer. Ni;Al, was not observed
at 700 °C, which is also the upper limit for the formation
of this phase according to the binary phase diagram. The
coating structure after 500 h of interdiffusion is shown
in Fig. 7(b). As was observed at 650 °C, porosities also
formed at 700 °C. The porosity formation was much
more severe compared to the same time at 650 °C. As
shown in Fig. 7(d), after 3000 h, the Ni—Al coating was
composed of an outer Al-rich NiAl phase layer, an inner
Ni;Al phase layer and the Ni-rich NiAl phase layer in
between has started to grow at the expense of both Al-
rich NiAl and Ni;Al. The porosity formation at the inter-
face between the Ni layer and the Ni—Al coating was so
severe that it can be envisioned that it will soon lead to
coating spallation.
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After the interdiffusion tests up to 3000 h, the coating
samples experienced only slight oxidation and a reason-
ably thin oxide film formed on the surface. During the
whole process, no significant surface depletion of Al was
visible at the outer surface.

At a specific time, the growth of the Al-rich Ni-Al
phase stopped, and the Ni-rich Ni—Al phase started to
grow faster. This was due to a change in the predomi-
nant species in the different intermetallic stages. Al was
found to be the dominant diffusing species in Ni,Al; and
Al-rich NiAl phases. However, Ni diffusion was predomi-
nant for Ni-rich NiAl and Ni;Al phases. At some stage,
the inward diffusion of Al must lead to a decrease in the
Al content of the surface layer to a specific value. The for-
mation of an Al-rich NiAl phase will not continue below
this value, and the opposite process of Ni-rich NiAl layer
growth by outward diffusion of Ni will be initiated [22].

As shown in Fig. 8, at 700 oC the interdiffusion between
Ni and Fe/Cr at the nickel/steel interface took place more
rapidly. After 3000 h, the total penetration depth of Fe
and Cr was about 40 um. The Cr and Fe elements in the
matrix diffused across the Ni layer and began to enter
the Ni—Al coating. In principle, the inner Ni layer can be
made sufficiently thick to prevent the Al from the coat-
ing reaching the steel. In addition, the Ni layer also acts
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Fig. 7 BSE micrographs of the Ni-Al coating after being subjected to isothermal heat treatment at 700 °C for 250 h (a), 500 h (b), 1500 h (c)

and 3000 h (d)



Xu et al. Surface Science and Technology (2023) 1:17

Page 8 of 10

(a) (b)
100 100
250h at 700°C 500h at 700°C —=—Al
Cr *—Cr
80| Mn 80| 4—Mn
= Fe [ _ v Fe
o Ni || &% + Ni
s s
= 60 L 604
g £ 60
g g
1 €
§ 40 g 40
5 s
(&) o
20 20
0 Y ¥ 0 Y i
0 50 100 150 200 0 50 100 150 200
(C) Distance (um) (d) Distance (um)
100 - -
1500h at 700°C 3000h at 700°C —a— Al
Cr
804 Mn
= = Fe
f\., 2 Ni |
o
= = 604
8 S
s s
= 1=
8 8 40
c c
i=3 o
o o
20
o —_—

100
Distance (um)

150 200

T T
100 150 200

Distance (um)

Fig. 8 Composition profiles of the Ni-Al coating after being subjected to isothermal heat treatment at 700 °C for 250 h (a), 500 h (b), 1500 h (c),

and 3000 h (d), respectively

as a bonding layer, which helps to improve the adhesion
between the coating and substrate. However, the Ni layer
can also lead to the formation of porosity at the interface
of the inner Ni layer and outer coating. It is therefore,
the optimal Ni thickness should be evaluated from both
aspects.

3.5 Growth kinetics of different intermetallic phases
in the coating

The thicknesses of several layers were plotted as a func-
tion of the square root of interdiffusion time, as shown
in Fig. 9, to investigate the kinetics of intermetallic phase
growth in the coating. The sum of the layer thicknesses
was also plotted, revealing that there was variation in
coating thicknesses on the different samples.

In general, the Ni,Al; was gradually consumed as NiAl
(sum of Al rich-NiAl and Ni rich-NiAl) and Ni;Al were
formed. At 650 °C, both Al rich-NiAl and Ni rich-NiAl
zones continued to grow and followed a parabolic growth
law within the exposure times tested (up to 3000 h). It is
to be expected that the thickness of the NiAl zone will
start to decrease soon after 3000 h since almost all Ni,Al,
has been consumed, and Ni;Al will start to grow at the
expense of NiAl as further Al is lost through the interdif-
fusion into the nickel.

At 700 °C, the transformation from Ni,Al; into NiAl
and Ni;Al took place much more rapidly than at 650 °C.
As shown by the conversion of Al-rich NiAl into Ni-rich
NiAl in Fig. 6, the Ni,Al; was already nearly totally con-
verted after 500 h, and the Al depletion of Al rich-NiAl
had begun. When 1000 h have passed, the Al rich-NiAl
zone’s expansion has come to an end, and the Al rich-
NiAl phase is starting to deplete in aluminum. However,
the Ni rich-NiAl continued to grow even after 3000 h,
which was related to a shift of the predominant species in
Al rich-NiAl and Ni rich-NiAL

At both temperatures, the growth of the Ni;Al phase
stops following a parabolic behaviour after 1000—1500 h
of testing; it is hypothesized that this is related to the for-
mation of porosities at the interface, limiting the diffu-
sion flux across the interface between Ni and Ni;AlL

The useful service life of Ni-Al coatings can typically
be defined as having ended once the NiAl phase is con-
sumed. The reason for this is that the content and dif-
fusivity of Al in NiAl are still sufficiently high to form a
protective oxide scale [23], but when the outer layer has
been totally transformed into NizAl, the coating will no
longer be protective. As for the Ni;Al phase, a stable and
protective Al,O; scale can only be formed at tempera-
tures above 1200 °C [24]. At lower temperatures, the dif-
fusion of aluminium in NizAl is not sufficiently rapid to
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Fig. 9 Growth kinetics of different intermetallic phases in the Ni-Al
coating at 650 °C and 700 °C

supply enough Al to stabilise a protective oxide. Further-
more, the oxidation of Ni;Al was associated with vacancy
production, which can lead to the formation of voids and
subsequent scale spallation [25].

It is, therefore, essential to track the changes in the
NiAl phase, as the oxidation resistance and the service
life of the coating are entirely dependent on the presence
of a NiAl phase. Our ongoing research aims to develop
a lifespan model for the Ni—Al coating by combining the
corrosion data and growth dynamics of the NiAl phase
during isothermal heat treatment.

3.6 Overall discussion

The corrosion testing for 168 h at 560 oC under con-
ditions simulating biomass combustion revealed local-
ized attack with selective removal of aluminium. The
corrosion behaviour was significantly better than the
behaviour of uncoated steel TP347 tested under similar
conditions. However, spallation of the Ni—Al coating
was also observed after corrosion testing, which may
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prove to be a limiting factor to the application of this
type of coating to real superheater tubes, especially in
combination with thermal cycling.

The interdiffusion behaviour was analysed at 650 °C
and 700 °C. The useful service life of Ni—Al coatings
can typically be defined as limited by the consumption
of the NiAl phase since the content and diffusivity of Al
in NiAl can be expected to be sufficiently high to form
a protective oxide scale. At both test temperatures,
the NiAl phase continued to be present in the outer-
most layer after 3000 h had elapsed. In power plants,
the actual temperature is below 600 °C, so that the alu-
minium depletion would be much slower, and the per-
formance of these coatings should be more promising.
In the isothermal heat-treated samples, no spallation
was observed. With time and at both temperatures, the
number of pores at the junction of the Ni—Al coating
and the Ni layer increased.

The Ni layer served as a helpful diffusion barrier
since it prevented elements from the steel, such as Fe
and Cr, from diffusing into the coating, as well as limit-
ing the inward diffusion of aluminium from the coat-
ing into the substrate. In light of the coating’s service
life, it would be preferable to stop Al from penetrat-
ing the steel matrix. In this regard, the inner Ni layer’s
original thickness should be greater than the Al pen-
etration depth into the inner Ni layer. However, the Ni
layer itself was detrimental as it diffused rapidly into
the Ni-Al coating. At the Ni—Al coating/Ni layer inter-
face, porosity then developed and expanded with time
in both cases. This would constitute a limitation for the
application of Ni—Al coatings, as peeling may happen
in an actual application.

4 Conclusions

Coating resulted in surface layers of Ni,Al; and Ni with a
thickness of 70 pum and 100 pum, respectively, from elec-
troplating followed by pack cementation.

Corrosion tests at 560 oC for 168 h in an atmosphere
mimicking aggressive biomass combustion resulted in
localized attack with selective removal of Al. The Ni—Al
had spalled in many places following corrosion tests at
560 °C.

Coated samples were isothermally heat-treated in
static air at 650 oC and 700 oC for up to 3000 h. The ini-
tial Ni,Al; phase gradually transformed into the NiAl
phase and the Ni;Al phase throughout the interdiffusion
process.

Interdiffusion led to the formation of porosity at the
interface between the Ni—Al coating and the Ni layer. The
porosity region extended over time at 650 °C and 700 °C
without causing spallation.
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