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ABSTRACT
The energy sector will need to employ novel strategies to reduce greenhouse gas emissions, 
such as the increase of steam temperatures/pressures or the use of low carbon fuels (i.e. 
biomass). Both cause heat exchanger materials’ degradation issues, due to the formation of 
more/different corrosive deposits, which requires the use of expensive nickel-based materials 
or coatings. This paper focuses on the behaviour of three different coatings (HVOF NiCrFeSi, 
laser clad FeCrAl and Laser Clad NiCrFeSi) deposited on TP347HFG, at 700°C (up to 1000 h 
exposure). Tests were performed using the ‘deposit recoat’ method (KCl deposit) in simulated 
biomass combustion environments. Cross-sections were analysed using dimensional metrol-
ogy, to determine distributions of metal loss and internal damage. Intergranular damage and 
pits were identified using SEM/EDX. A ‘diffusion cell’ behaviour was observed, which led to 
depletion of alloying elements from the coating and consequent increase in damage. The 
results suggested a severe degradation of all coatings.
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Introduction

To address the challenge of climate change, future 
energy systems need to have reduced greenhouse gas 
emissions [1–6], and as solid fuel fired power genera-
tion systems operate within the context of competing 
environmental, technical, regulatory and economic 
pressures, use of biomass in coal-fired plants has 
been the first step into greener energy production 
[7–9]. However, legislative frameworks are placing 
ever stricter limits on SOx, NOx and CO2 emissions, 
and systems solely fired on biomass are being encour-
aged by regulatory actions in some countries to meet 
CO2 reduction targets [10–15].

Combustion systems fired solely on biomass are 
typically much smaller (<50 MWe) than coal-fired 
plant (>500 MWe) [16,17], though larger systems 
have been developed [18] or are under development 
[19]. The use of biomass for combustion exposes the 
superheaters and reheaters to deposits with chemical 
compositions richer in chlorides than coal-fired sys-
tems (due to the higher Cl/S ratio of biomass fuels) 
[20,21]. These deposits could produce a more corro-
sive environment on the superheaters/reheaters [22– 
27], and as a result, to maintain components' lives, 
most biomass plants use lower steam temperatures 
(and pressures), and hence achieve lower energy con-
version efficiencies [28].

There are several ways to overcome the decrease in 
steam temperature and pressure. One is to use more 
expensive Ni-based alloy [29]. It has been shown that 
IN740H has the potential to withstand a biomass 

combustion environment at 700°C, showing damage 
similar to what is already seen for biomass co-firing 
[29,30]. Although very resistant to corrosion, Ni-based 
alloys are usually more expensive than steels. To 
decrease the costs, the use of corrosion protective 
coatings has been proposed for solid fuel firing envir-
onments at different temperatures [31–33]. In these 
studies, different coating compositions, showing pro-
mising results for biomass exposure at 600°C for 72 h 
using Ni-Al-based coatings [33] Other studies have 
pushed to higher temperature (800°C) but in co- 
firing simulated environments [31].

This work focuses on assessing the viability of using 
different types of metallic coatings on a stainless steel 
(TP347HFG) in biomass simulated firing conditions. 
Three different types of coating chemistries were 
assessed (two different NiCrFeSi and one FeCrAl). 
One NiCrFeSi and the FeCrAl were deposited through 
laser clad. For the NiCrFeSi coating, a high-velocity 
oxy-fuel deposition method was also used, to assess 
the difference in terms of coating techniques.

Materials and methods

Heat exchanger materials

This study focusses on three different coatings, 
NiCrFeSi and FeCrAl, deposited through laser clad, 
and a NiCrFeSi deposited through HVOF (Table 2). 
The coatings were deposited on TP347HFG substrate, 
a steel that could be used in superheaters/reheaters 
(Table 1). The samples came from tube segments, 
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which were subsequently cut into specimens 
(Figure 1). The typical dimensions of specimens were 
∼15 mm long and wide with a ∼4 mm wall thickness.

Environment simulation

Fireside corrosion tests were carried out in alumina- 
lined, controlled-atmosphere, vertical tube furnaces 
(Figure 2) for 1000 h exposure, in cycles of 200 h, 
using the deposit recoat technique [19,20]. Samples 
were accommodated in alumina crucibles. Samples 
were cleaned with acetone and then IPA in an ultra-
sonic bath for 10 minutes each prior to exposure. 
Dimensional metrology was carried out on the clean 
samples using a digital micrometre (resolution of 1  
μm) before exposure. The deposit was applied with 
a brush paint to give coverage of ∼20 mg/cm2 of dried 
deposit (deposit composition 100% KCl). This was 
done to simulate the deposit formation following bio-
mass firing, however the exact exposure conditions 
were chosen to accelerate the fireside corrosion pro-
cesses. The acceleration of the fireside corrosion pro-
cesses has been done using higher fluxes. The 
application of the deposit was repeated every cycle. 
Sample weight was measured before and after every 

cycle for samples and crucibles, this was done mainly 
for tracking the samples inside the furnace, since 
weight change data make it more difficult to quantify 
the extent of the internal damage or spallation effects. 
Deposit-free samples were exposed to provide 
a baseline reference that is needed for the analysis of 
the dimensional metrology data (details in the follow-
ing section).

Gases were supplied to the testing furnace through 
mass flow controllers (flow rate of 100 cm3/min), to 
achieve the desired gas compositions (Table 3). The 
addition of moisture was done by injecting water into 
the furnace using a peristaltic pump.

Analytical techniques

To analyse the samples after exposure, cross-sections 
were made. To avoid loss of deposit/scale, samples 
were cold mounted. The mounting was performed 
using glass ballotini mixed with a low shrinkage 
epoxy resin. Samples were cured for 24 hours and 
then they were cut, ground and polished down to 
a 3-µm diamond suspension in an oil-based medium. 
Scanning electron microscopy (SEM) has been used to 
analyse the sample microstructures and the scales. 
Energy dispersive X-ray spectroscopy (EDX) was 
used to assess scale growth processes and scale/ 
deposit/gas interactions.

Dimensional metrology was used to generate the 
statistical distributions of coating corrosion damage 
data for each exposed sample [29–31]. A microscope 
was used to collect images around the cross-sections. 
The images were then measured with an image analyser 
to collect x-y coordinates of the remaining coating. The 
data were compared to the pre-exposure metrology data 
collected to determine the coating performance. The 
cumulative probability curves were obtained by order-
ing the data before plotting. A schematic diagram of the 
process is given in Figure 3.

Fireside induced corrosion damage of the coated 
samples is presented as ‘coating change’ (negative 
number showing the amount of coating lost) as 
a function of cumulative probability. The cumulative 
probability distribution datasets were produced in line 
with the current standards for high-temperature 

Table 1. Nominal composition of TP347HFG base alloy (wt%).
Trade name Fe Ni Cr Co Mo C Si Mn S P

347HFG Bal 9–13 17–20 0.06–0.10 <0.75 <2 <0.03 <0.04

Table 2. Nominal composition of the three different coatings used for the study.

Material

Nominal Composition (wt%) Median 
Thickness 

(μm)Al C Cr Fe Si O Mn P S Ni

NiCrFeSi 0.1 46 1.1 2.1 0.03 Bal. 1500
FeCrAl 5.9 0.03 21.7 Bal. 0.83 0.76 0.01 0.01 1400
NiCrFeSi (HVOF) 0.1 46 1.1 2.1 0.03 Bal. 200

Figure 1. Examples of tube segments used for corrosion 
exposures, the samples are about 15 mm x 15 mm, with 
4 mm thickness.
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corrosion assessment [34]. The use of these statistical 
methods for analysing corrosion data is becoming 
more widespread and provides a good basis for corro-
sion model development and validation [35–37].

Results

Dimensional metrology

The results of this work are presented in this section. 
The first part will present results for the dimensional 
changes of the samples. Typical dimensional changes 
are presented in Figure 4, which shows different types 
of behaviour. On the right hand side of the graph 
(above 80% probability), there is a ‘steep’ section of 
slope indicating areas with the lowest coating loss; 
areas that have undergone slower corrosion than the 
average. In these regions, there are small portions of 
the coating that have damage of as low as about 
−700 μm.

The majority of the chart (from about 80% to about 
20%) shows a second section that is almost parallel to 
the X-axis of the graph, with a coating change of 
approximately −950 μm. This type of behaviour is 
typical of ‘uniform’ damage around the sample; 
approximately 60% of the surface has this extent of 
coating loss.

The last (left hand) section of the graph, from about 
20% down, shows another steep variation towards 
higher damage. This type of behaviour is typical of 
localised damage. Analysing these data points more 

closely, and comparing the results with the median 
thickness of the coating before exposure (Table 2), it 
can be seen that a small part of the sample (about 3%; 
extreme left datapoint) shows a remaining thickness 
less than half of the original thickness (about 1500 μm, 
about 37% of the original thickness).

In summary, there is a probability of about 97% 
that the coating will lose −700 μm or more under these 
conditions over 1000 hours exposure. The median 
change observed for this coating (NiCrFeSi deposited 
via laser clad) corresponds to −950 μm, which is more 
than half of the original coating thickness. The graph 
also shows that almost 60% of the sample shows this 
amount of change. Looking at the highest damage, 
observed for a small part of the sample’s surface 
(about 2–3%), virtually no coating is left on the surface 
(a loss of about −1300 μm).

Microscopy

The cumulative probability plot shown in Figure 4 
shows only the data for one of the coatings (NiCrFeSi 
deposited with laser clad). This is because, using optical 
microscopy, it was not possible to distinguish between 
substrate and coating for the samples NiCrFeSi HVOF 
and FeCrAl. The samples were prepared from tube 
sections, with only one, the top side, coated. This 
makes it difficult to extract dimensional data from the 
samples. The complete loss of coating is highlighted by 
the images in Figure 5. From left to right, the figure 

Table 3. Inlet gas composition used for fireside corrosion tests.
Simalting Environment N2 O2 CO2 SO2 HCl H2O

Biomass Balance 4.0% vol 12.9% vol 210 vpm 170 vpm 16.4% vol

Figure 2. Rig layout for fireside corrosion tests [20].
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shows three different alloys/coating combinations, 
FeCrAl laser clad, NiCrFeSi HVOF and NiCrFeSi laser 
clad, respectively. As can be seen from the optical 
micrographs, three different microstructures were 
observed. In the first two images from the left (FeCrAl 
Laser Clad and NiCrFeSi HVOF, respectively) it is not 
possible to clearly differentiate the coating microstruc-
ture, or an interface between coating and base alloy. In 
the image on the right hand side (NiCrFeSi laser clad), 
on the contrary, an interface can be seen, highlighting 
the presence of the coating on the base alloy. From this 
figure, it can also be seen that the NiCrFeSi laser clad 

shows signs of pitting type of corrosion; this is in line 
with observations from dimensional metrology 
(Figure 4). Furthermore, a porous area can be seen on 
the top surface of the coating, this should correspond to 
a scale/deposit layer.

Further microstructural analysis was performed 
through SEM/EDS on all three coatings. The first 
sample reported is the NiCrFeSi HVOF. Figure 6 
shows a SEM micrograph with EDS maps for the 
NiCrFeSi HVOF sample. As can be seen, a thick 
scale/deposit layer was observed on the surface of the 
sample. From the maps, it can be noted that the outer 

Figure 4. Cumulative distribution of coating change for NiCrFeSi deposited through laser clad after 1000 h exposure.

Figure 3. Schematic representation of the dimensional metrology process. The process consists of several steps 1) measurement of 
samples prior to exposure, 2) mount the samples in resin, 3) image of samples’ perimeter, 4) select points at metal’s surface and for 
internal damage, 5) comparison with pre-exposure measurements and reference samples, 6) subtraction of the environment effect 
by comparison to a sample without deposit, 7) plot of the resulting change in metal against location and 8) re-order of the data 
based on cumulative probability.
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Figure 5. Optical micrographs of the three different coatings after 1000h exposures.

Figure 6. SEM micrograph with EDS maps of the scale on the NiCrFeSi HVOF coating after 1000h exposure.
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layer of the scale was composed of a mixed Ni-Fe rich 
oxide (presence of Cr has also been found). This was 
followed by a Ni-rich oxide, then a Fe-rich oxide, 
while the innermost layer was composed of a Cr-rich 
oxide. It could also be noted that the K is spread in the 
entire outer layer and then concentrates above the Cr- 
rich oxide, where it appears to be coupled with S, 
probably as potassium sulphates (O presence has 
been found in the entire cross-section). Cl presence 
appears to be dissociated from K. The K could have 
reacted with the S present in the gas environment to 
form K2SO4 and released the Cl- able to react and 
form HCl, which could have evaporated [38]. 

(Table 4) shows the chemical composition (wt%) 
obtained from the spectra in Figure 6. The table con-
firms what has already been highlighted by the EDS 
maps. The major highlights are the presence of S and 
K rich particles inside the scale (about 14.7 wt% and 
13 wt%, Spectrum 17, Table 4), which shows also the 
contemporary presence of O (55.5 wt%) and Ni (11.5  
wt%). K is also present in other parts of the scale 
(Spectra 13, 15, 20 and 21). These regions are mostly 
in the outer part of the scale, indicating that the K was 
not able to diffuse through the scale, but the 

simultaneous absence of Cl, also shows that is not 
present anymore as KCl. This could have freed the 
Cl to react and form HCl, which could evaporate from 
the scale/deposit. Another behaviour observed in the 
literature [39] is also the formation of Fe-Cl complex, 
which could have helped the diffusion of Fe from the 
alloy to form Fe-rich oxide at the gas–scale interface. 
This is usually coupled with the formation, for exam-
ple, of K-Cr-O (Spectra 13 and 19) compounds, and 
the presence of pits (pits not observed in this case). 
The absence of pits in this case, could be due to the fact 
that the corrosion attack is fully developed. The pre-
sence of K- and Ni-rich areas has been observed as 
well (Spectrum 17, Table 4), this could be due to the 
formation of K-Ni trisulphates, which has been docu-
mented in the literature [40]. 

The metal surface has also been analysed (Figure 7). 
As it can be seen from the EDS maps, there is the 
presence of Cl-rich particles at the interface, suggest-
ing the migration of some of the Cl from the deposit to 
the metal surface. This is not coupled with the diffu-
sion of K, confirming the dissociation of the KCl 
deposit observed in the scale/deposit layer (Figure 6 
and Table 4). At the same time, it can note an 

Table 4. Elemental composition (wt%) from EDS spectra collected from Figure 6.
Spectrum Label C O Al Si S Cl K Cr Mn Fe Ni Nb Mo

13 10.6 36.3 0.4 0.9 0.9 2.3 6.2 38.1 0.3 2.7 0.6 0.5 0.2
14 3.9 29.8 0.0 0.3 0.1 0.2 0.7 7.9 1.0 33.7 21.8 0.3 0.2
15 9.0 28.5 0.1 2.1 0.8 0.8 3.8 2.3 0.4 17.7 34.2 0.0 0.4
16 2.1 29.8 0.1 0.2 0.2 0.3 0.6 2.5 1.0 43.5 19.1 0.6 0.0
17 3.0 55.5 0.0 0.1 14.7 0.4 13.0 0.1 0.1 1.8 11.5 0.0 0.0
18 1.0 29.7 0.0 0.2 0.1 0.3 0.3 2.3 0.8 59.8 4.7 0.6 0.4
19 7.1 30.3 0.1 0.6 2.0 0.3 1.8 17.4 0.8 30.6 7.8 0.8 0.5
20 8.6 36.0 0.1 0.3 3.3 0.5 11.2 9.0 1.5 27.5 1.6 0.0 0.4
21 9.1 29.6 0.2 3.2 0.8 0.7 3.8 2.6 0.4 11.2 37.8 0.2 0.6
22 4.0 30.3 0.1 0.3 0.0 0.3 0.8 6.8 0.8 33.1 22.8 0.0 0.8
23 4.0 22.3 0.1 0.6 0.0 0.2 0.1 23.8 0.3 31.8 14.5 1.7 0.7

Figure 7. SEM micrograph with EDS maps of NiCrFeSi HVOF coating after 1000h exposure.
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enrichment in Cr at the interface where O is also 
present, suggesting the formation of a Cr-rich oxide. 
The same region seems to show a low concentration 
of Fe.

The features observed in the elemental maps are 
confirmed by the spectra collected (Table 5). It 
seems that the presence of K is negligible at the 
metal surface. It also highlights some depletion of 
Cr below the surface (Spectrum 25, Table 5), in 
respect to the amount in the bulk alloy (Spectrum 
26 Table 5). This region corresponds to an internal 
corrosion attack.

Looking closer at the internal corrosion area 
(Figure 8) it can be seen how this is characterised by 
a grain boundary type of attack. From the EDS maps 
in Figure 8 it can be seen how this internal corrosion 
area is characterised by a depletion of Fe at the grain 
boundaries, where an oxide is formed. Some traces of 
Cl and S appear to be present below the metal surface. 
The grain boundaries attack is responsible for 
a ‘diffusion cell’ type of behaviour, which has been 
reported already in the literature for coatings [41]. 

Table 6 reports the elemental composition of the 
spectra collected at several locations of Figure 8. 
Spectra 34 and 35 reports the composition of the corro-
sion products around the grain boundaries. It can be 
seen by the spectra that those areas are depleted in Fe, 
while maintaining the same amount of Cr and higher 
O and Cl content. This could suggest the formation of 
Cr-rich oxide, which could stop the diffusion of alloying 
elements from the bulk of the alloy to the surface. This 
could translate into the lack of Cr available to form 

a protective oxide. Spectra 29, 30 report the composi-
tion of different grains close to the metal surface, which 
are either fully enclosed in the corrosion product or not 
fully enclosed in the corrosion product, respectively. 
From these values, it can be seen how the Cr content 
of the fully enclosed grain is lower than that of the rest 
of the alloy (16 wt% and 18 wt% respectively). This is in 
agreement with the idea that corrosion products stop Cr 
diffusion from the alloy, leaving the grain below the 
metal surface depleted in Cr.

Figure 9 shows the line scans collected from 
Figure 8. It can be seen how the line intersects two 
different corrosion products along the grain bound-
aries, and how in these areas there is an increase in Cr 
content, together with O. The concentration of the two 
elements then falls inside the grain. Opposite beha-
viour has been observed for Fe.

Figure 10 shows the SEM micrograph and EDS 
maps for the other Ni-based coating, the NiCrFeSi 
deposited through laser clad. The micrograph con-
firms what has been seen from the metal change 
distribution and the optical images (Figures 4 and 
5) with coating still present on the surface of the 
alloy. The maps show depletion of Cr from the 
corroded areas and no evidence of a protective Cr- 
rich oxide on the surface of the material. On the 
contrary, it seems that the formation of Fe-rich 
oxide has been formed on the coating surface and 
in the internal corrosion areas. The presence of Cl 
has been observed in these areas as well. This could 
suggest that Cl could react with Fe to form an Fe- 
Cl complex, which could then form Fe-rich oxides 

Table 5. Elemental composition (wt%) from EDS spectra collected from Figure 7.
Spectrum Label C O Al Si S Cl K Cr Mn Fe Ni Nb Mo

24 6.8 44.6 0.2 0.8 0.0 0.3 0.0 14.7 0.2 22.0 9.3 0.6 0.6
25 15.6 12.0 0.0 1.0 0.0 0.2 0.0 12.4 1.0 48.2 8.4 0.8 0.5
26 6.1 2.7 0.2 0.9 0.2 0.1 0.0 18.1 1.3 59.8 9.6 1.0 0.0
27 18.6 35.5 0.2 0.8 0.2 0.8 0.3 10.1 0.5 26.5 6.2 0.4 0.1
28 14.7 24.1 0.0 0.8 0.5 0.4 0.2 10.6 0.7 39.3 8.2 0.5 0.0

Figure 8. SEM micrograph with EDS maps of NiCrFeSi HVOF coating after 1000h exposure at higher magnification.
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when in contact with O [40]. Similar behaviour 
with the formation of pits has already been seen 
in the literature [38]. 

Table 7 reports the elemental composition of the 
spectra collected from Figure 10. Spectra 1 and 3 
report the composition of the coating close to the 

Table 6. Elemental composition (wt%) from EDS spectra collected from Figure 8.
Spectrum Label C O Al Si S Cl K Cr Mn Fe Ni Nb Mo

29 4.1 2.6 0.0 0.5 0.0 0.1 0.0 16.1 1.3 61.6 12.0 0.9 0.7
30 2.0 1.5 0.0 0.5 0.0 0.0 0.0 18.8 1.5 63.6 11.1 0.6 0.5
31 2.9 0.3 0.1 0.4 0.1 0.0 0.0 18.8 1.5 63.6 10.5 1.7 0.0
32 3.9 3.4 0.1 0.5 0.0 0.2 0.1 17.0 1.5 61.9 10.3 0.9 0.4
33 2.4 1.1 0.1 0.5 0.0 0.0 0.1 17.7 1.6 64.1 11.1 0.4 0.9
34 5.2 18.0 0.0 1.1 0.0 0.4 0.3 18.3 0.5 43.4 10.9 0.4 1.4
35 2.4 2.7 0.0 0.3 0.2 0.1 0.0 13.5 0.9 63.9 14.2 0.6 1.4
36 3.6 1.3 0.0 0.5 0.0 0.1 0.0 18.6 1.5 62.6 10.6 0.2 0.9

Figure 9. EDS line scans from location in Figure 8.
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surface and close to the metal, respectively. From the 
data, it can be seen that, apart from some trace of Cl 
and K near the surface, no major difference was 
recorded. Spectra 2 and 5 report the composition of 
corrosion products on the metal surface and internal 
corrosion, respectively. It can be seen how the spectra 
taken inside one of the pits (Spectrum 5) presents 
a high concentration of K and Cl (about 20 wt% for 
both), lower than on the coating surface (Spectrum 4).

Figure 11 shows a higher magnification of the 
internal corrosion area. It can be seen how the area 
below the surface presents signs of oxidation and 
simultaneous Cr depletion, while it is rich in Fe. It 
can also be seen how below the depleted zone Cr is 
forming needle-like type of structure, which is rich in 
Cr and depleted in Fe. The presence of Cl can also be 
seen on the coating surface, where Fe is also present. 
This is in line with what is observed for the NiCrFeSi 
coating deposited through HVOF (Figures 7 and 8).

Table 8 shows the elemental composition of the 
EDS spectra collected from Figure 11. Spectrum 6 
reports the composition of the scale/deposit layer 
that is mainly composed of Fe, O and Cl. The same 
type of composition has been found in the internal 
corrosion areas (Spectrum 7). Spectrum 8 highlights 
the diffusion of S inside the coating, while the pits 
show high Cl concentration.

Figure 10. SEM micrographs with EDS maps of NiCrFeSi deposited through laser clad after 1000 h exposure.

Table 7. Elemental composition (wt%) from EDS spectra col-
lected from Figure 10.

Spectrum 
Label C O Al Si S Cl K Cr Mn Fe Ni

1 4.7 1.1 3.9 0.7 0.0 0.1 0.1 20.0 0.9 64.7 3.9
2 17.4 24.3 1.5 0.5 0.2 2.5 1.9 8.1 0.4 39.7 3.6
3 5.2 1.0 3.4 0.7 0.0 0.0 0.0 19.8 1.0 64.6 4.3
4 4.1 1.4 0.2 0.4 0.0 0.0 0.0 18.1 1.5 63.5 10.7
5 12.9 6.0 0.8 0.3 0.2 20.4 20.2 18.2 0.3 19.2 1.6

Figure 11. SEM micrographs with EDS maps of NiCrFeSi deposited through laser clad after 1000 h exposure, at higher 
magnification.
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Figure 12 shows the SEM micrographs and EDS 
maps for FeCrAl deposited through laser clad. It can 
be seen how a scale has been observed on top of the 
sample, which is detached from the alloy. This seems 
to be primarily composed of Fe-rich oxides. Below the 
surface is an oxygen-rich area, which corresponds to 
an internal type of corrosion attack.

The spectra collected from Figure 12 are 
reported in Table 9. It can be seen how the high-
est Cr concentration has been found on the inner 
scale (Spectrum 9) and in the bulk alloy (Spectrum 
11), while a depleted zone is observed in the 
internal corrosion area.

The internal corrosion area seems to show signs of 
intergranular attack, as shown from Figure 13. This is in 
line with what has been observed in Figures 8 and 11, 
showing internal grain boundary attacks, which could 
lead to a ‘diffusion cell’ type of behaviour, which could 
enhance the corrosion attack.

General discussion

From the data reported, it can be seen how the 
three different coatings studied suffered enhanced 

corrosion attack, which resulted in internal corro-
sion and ‘diffusion cell’ type of behaviour. All the 
three coatings were not able to stop the diffusion 
of corrosive elements (mainly Cl and K) through 
the coating thickness, also affecting the substrate 
alloy. Among the three coatings, the one 

Table 8. Elemental composition (wt%) from EDS spectra collected from Figure 10.
Spectrum Label C O Al Si S Cl K Cr Mn Fe Ni Nb Mo

6 11.3 45.6 0.6 0.3 0.0 1.5 0.4 0.7 0.1 36.2 2.1 0.0 1.1
7 6.1 27.4 9.3 0.9 0.0 1.0 1.1 1.3 0.3 50.2 1.8 0.1 0.6
8 21.1 21.5 13.0 2.0 4.6 1.5 0.3 7.4 0.3 18.3 2.0 6.9 1.1
9 10.7 1.1 2.4 0.1 0.0 0.1 0.0 63.5 0.7 17.1 3.1 0.5 0.8
10 5.0 8.3 2.1 0.8 1.3 0.4 0.2 1.7 0.1 75.5 4.5 0.3 0.0
11 16.1 26.5 9.2 2.7 0.0 1.5 0.3 10.3 0.2 29.2 2.9 0.9 0.4
12 10.1 40.4 15.2 0.6 0.0 2.6 0.3 7.2 0.4 21.1 1.8 0.0 0.3

Figure 12. SEM micrographs with EDS maps of FeCrAl deposited through laser clad after 1000 h exposure.

Table 9. Elemental composition (wt%) from EDS spectra collected from Figure 12.
Spectrum Label C O Al Si S Cl K Cr Mn Fe Ni Nb

7 18.1 25.0 0.1 0.6 0.0 0.6 0.3 2.6 0.6 49.8 2.4 0.0
8 23.6 18.3 0.0 0.9 0.1 0.3 0.4 7.5 0.0 35.8 12.8 0.3
9 13.9 18.3 0.0 0.7 0.1 0.4 0.0 22.3 0.0 35.9 7.8 0.7
10 13.2 0.2 0.8 0.1 0.0 0.0 15.6 1.4 57.5 10.7 0.6
11 6.0 0.0 0.4 0.0 0.0 0.0 18.0 1.3 62.6 10.5 1.2

Figure 13. SEM micrograph of FeCrAl deposited through laser 
clad.
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composed of NiCrFeSi deposited through laser 
clad seemed to be the only one remaining on the 
surface of the alloy, although it did suffer the same 
type of attack. The main reason for the slightly 
better performance of the NiCrFeSi deposited 
through laser clad (with respect to the NiCrFeSi 
deposited through HVOF) could be attributed to 
the higher thickness of the coating with respect to 
the same coating deposited through HVOF (1500  
μm and 200 μm, respectively, Table 2). On the 
other hand, the FeCrAl coating had a similar 
thickness to the NiCrFeSi deposited through laser 
clad, but it showed a higher amount of damage 
that can be due to the fact that the high amount of 
Fe could have led to the formation of a Fe-rich 
oxide layer. This could have caused the spallation 
of the oxide layer on the surface, increasing the 
corrosion damage observed.

Conclusion

This work has presented corrosion behaviour of 
three different coatings (NiCrFeSi and FeCrAl 
deposited through laser clad, and a NiCrFeSi 
deposited through HVOF) in a simulated biomass 
combustion environment. The three alloys were 
deposited on a stainless-steel alloy (347HFG) and 
exposed at a temperature of 700°C for 1000 h, 
using the deposit re-coat technique. The deposit 
used for the exposure was composed of KCl.

The samples were analysed through dimensional 
metrology, SEM and EDS. From the dimensional 
metrology data, only NiCrFeSi deposited through 
laser clad showed some coating remaining on the 
sample after 1000 h exposures. From the SEM and 
EDS analyses, it has been observed that all the sam-
ples showed internal corrosion type of attack along 
the grain boundaries. These areas are also charac-
terised by depletion of alloying elements (mainly 
Cr), showing the typical ‘diffusion cell’ type of 
behaviour.

The best performing coating (NiCrFeSi laser 
clad) had two main differences with the other two 
coatings. The difference with NiCrFeSi HVOF is 
mainly the thickness of the coatings, 1500 μm for 
NiCrFeSi laser clad and 200 μm NiCrFeSi HVOF. 
The amount of damage observed to the NiCrFeSi 
laser clad was 700 μm median value, which is 
higher than the thickness of the NiCrFeSi HVOF 
coating. On the other hand, the difference between 
the FeCrAl and the NiCrFeSi laser clad is mainly 
due to the higher Fe content of the FeCrAl. From 
the SEM images, it has been shown that Fe in 
FeCrAl seems to form an Fe-rich oxide, which 
could have caused spallation of the oxide layer, 
exposing the coating/alloy to the deposit.
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