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a b s t r a c t

This work investigates the impact of high-temperature corrosion behavior of the newly

developed FeCrAl alloy Kanthal® EF101 bulk material and weld overlay coating in the

presence of KCl(g)/KCl(s) at 600 �C. The oxide scale formed within the secondary corrosion

regime after exposure and the impact of alloy microstructure on corrosion behavior was

investigated using scanning transmission electron microscopy. The findings indicated the

key microstructural differences is the alloy grain size which influences the formation of a

protective scale. In addition, It is indicated that coating exhibited inferior performance

than the bulk material, primarily attributed to the microstructural differences.

© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

In recent years, there has been an increased global awareness

of the necessity to reduce carbon dioxide (CO2) emissions and

transition from fossil fuels to alternative energy sources.

Many countries across the world have set targets to system-

atically reduce the emission of greenhouse gases by more

than 45e55% by 2030 compared to 1990 [1,2]. The shift from

using conventional fuels to utilizing fuels such as biomass and

waste in powerplants is one example of how to obtain carbon

neutral energy. However, the combustion of biomass and
organic Chemistry, Depa
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waste produces high amounts of corrosive species, which

causes rapid degradation of metallic components at the fire-

side of the boilers, especially the superheater tubes which

results into reduced material life-time, high maintenance

costs and reduced electrical efficiency of these plants [3,4].

Low-alloyed steelsmay be used as superheatermaterials at

lower temperatures in power plants due to their good me-

chanical properties and low prices, however these materials

suffer severe corrosion challenges in these harsh environ-

ments [5,6]. On the other hand, stainless steels may be used in

areas with higher temperatures or more severe corrosion
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challenges as these materials are able to form Cr-rich scales

that improve the high temperature corrosion resistance [7].

However, accelerated corrosion experienced in boiler envi-

ronments poses challenges f€or high demand on corrosion

resistant high-temperature materials. In order to meet these

material challenges, alternative material solutions may be

required to reduce the maintenance costs and increase the

electrical efficiency of these plants. Iron-chromium-

aluminum (FeCrAl) alloys with varying compositions are pri-

marily used for heating elements at higher temperatures

(900 �C�1400 �C) and in other industrial applications e.g., ig-

nitors, radiant tubes and heat exchangers in furnaces, etc.

[8e10]. The matrix of the FeCrAl alloys is a body-centered

cubic and addition of chromium (Cr) and aluminium (Al)

assist in developing a protective aluminium oxide (Al2O3)

scale at high temperatures (900e1300 �C), which acts as a

strong diffusion barrier providing a good oxidation/corrosion

protection of the alloy [10e15]. In addition to excellent

oxidation/corrosion resistance at high temperature, FeCrAl

alloys have also been shown to exhibit impressive electrical

and thermal properties [12]. Limited studies have been per-

formed to explore and fully understand the material's
behavior at intermediate temperatures (�600 �C) in aggressive

environments such as e.g., biomass/waste power plants.

Asokan et al. [10]. has recently investigated the effect of the

addition of Si in FeCrAl alloys in the mild environment (dry O2

and wet O2 without any salt) and reported the formation of an

alumina scale at 600 �C. It was suggested that Si may increase

the activity of Al while decreasing the Cr activity in the alloy

[10]. Eklund et al. [16,17]. have reported on the influence of Cr

and Al in FeCrAl alloys after breakaway oxidation at 600 �C.
However, more work is needed in order to understand the

performance of these materials at intermediate temperatures

in harsh environments.

Combining corrosion and mechanical properties poses a

longstanding challenge for materials selection, design, and

development. It is well known that high Cr content in FeCrAl

alloys causes significant embrittlement around 475 �C due to a

miscibility gap [7]. The embrittlement may be mitigated by

selecting an optimum Cr content in the alloy. The newly

developed Kanthal® EF101 is designed with an aim to signifi-

cantly reduce embrittlement while maintaining a good

corrosion resistance. Another attractive and cost-effective

solution is to use the alloy as a metallic coating. Overlay

welding for corrosion protection is a well-established tech-

nique first developed in 1950 and is a commonly used method

in industry. However, the impact of overlay weld micro-

structure on the corrosion mechanisms in harsh environ-

ments at elevated temperature is less known [18e20].

Varghese et al. [21]. reported on the coldmetal transfer clad Ni

based superalloy, Inconel 617 M and 316L stainless steel and

the influence of microstructure and dilution on the mechan-

ical and corrosion properties. More work is needed in order to

understand the corrosion properties of not only bulk but also

weld overlay coatings produced by lean FeCrAl alloys in harsh

environment at medium high temperatures.

The aim with this work is to investigate the microstructure

and its impact onhigh temperature corrosion resistanceofweld

overlay and bulk Kanthal® EF101 aswell as a reference chromia

forming alloy in a simulated biomass/waste-fired boiler
environment for long exposures at 600 �C. This comparative

study provides a microstructural characterization of multi-

layered oxide scales formed after breakaway oxidation of bulk

and coatingmaterial using advancedmicroscopic techniques in

order to better understand the underlying mechanisms.
2. Materials and methods

2.1. Sample preparation

The newly developed alloy Kanthal® EF101 was supplied by

Kanthal in the form of both bulk (strip) and coating, and the

composition is given in Table 1. The EF101 coating was applied

onto the ferritic martensitic alloy SVM12 using a weld overlay

technique.

The overlay welding was performed using a mech-MIG

with Pulse Multi Control technique by Fronius, with built in

arc control. The welding parameters used were 179 A current,

25 V voltage and a travel speed of 300 mm/min. An argon

shielding gas was used with a flow of 19 l/min. The welding

overlay was produced in one layer of approximately 4 mm. A

higher heat input would have been needed to produce a

thinner coating, but the 4 mm thick substrate limited the heat

input possible. To reduce the stresses and thereby the risk of

deformation and cracking during cooling, the substrate was

welded onto a 50 mm thick steel block prior to coating and

subsequently removed after cooling.

The martensitic stainless steel SVM12 was developed and

supplied by Vallourec and the composition is given in Table

1. The SVM12 was used as a substate for the EF101 weld

overlay, as well as a reference material in the corrosion

investigation. The bulk and coating coupons of EF101 were of

the dimensions 20 � 10 � 2 mm and 20 � 10 � 8 mm,

respectively. The bulk EF101 was ground with P800 grit SiC

abrasive paper using Struers TegraPole31 machine and was

ultrasonically cleaned using acetone to remove surface

contaminations. The edges of the coated coupons were

painted by the Instituto Nacional De Technica Aerospace

(INTA) with its proprietary slurry formulation to minimize

the edge effect, which may perturb the corrosion/oxidation

measurements during and after the exposures. Potassium

chloride (KCl) salt (0.5e2 mg/cm2) was deposited onto the

specimens using a spray technique before the exposure. The

specimens were weighed before and after the furnace ex-

posures using a Sartorius micro weight balance with micro-

gram resolution.

2.2. Furnace exposures

The KCl salt deposited (2 mg/cm2) EF101 bulk and weld overlay

coated coupons were exposed in a 5% O2 þ 20% H2O þ N2 (bal.)

environment at 600 �C for 168-, 500-, 1000-, 2000- and 8000 h. A

gas flow of 0.1 cm/s was maintained throughout the exposure

andanaluminaboat filledwith 5gKCl saltwasplacedupstream

the specimens in a three-zone silica tube furnace to reduce KCl

evaporation as to maintain the deposited salt onto the speci-

mens till the end of exposure. Less KCl salt deposited (0.5 mg/

cm2) specimens were also exposed for 500 h in the similar

environment. All the exposures were performed in a

https://doi.org/10.1016/j.jmrt.2023.07.073
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continuous manner without any interruption. Thermogravi-

metric analysis (mass gain) was performed after cooling down

the specimens for 24-h.

Theoretical oxide thicknesses were calculated using the

theoretical density change given in Equation (1) by assuming

that the total mass gain originates from the density change

due to the ingress of oxygen [8]:

Drtheoretical ¼ rMxOy
*

M
�
Oy

�

M
�
MxOy

� (1)

where rMxOy
is the density of the oxide scale, MðMxOyÞ and

MðOyÞ are the molar masses of the oxide and of oxygen in the

oxide, respectively.

2.3. Broad Ion Beam (BIB) milling

After the exposure, cross-sections of the specimens were

prepared using a Leica TIC 3X Broad Ion Beam (BIB) milling

system. The triple ion beam milling system produces a large

2 mm wide cross-section for analysis. The BIB machine was

operated at an accelerating voltage of 8.0 keV for 5 h and 4 keV

for 4 h to obtain a high quality planar and smooth cross-

section for analysis in scanning electron microscopy (SEM).

Due to the fragility of the oxide scale, which may easily spall

off during the sample preparation, a silicon wafer was glued

on top of the specimen using a Loctite 415 glue then cut into

two pieces using a Minitom low-speed saw from Struers and

one piece was placed in the BIB milling system.
2.4. Focused Ion Beam (FIB) milling

Focused Ion Beam (FIB) system has been used to prepare

samples for the Transmission Electron Microscopy (TEM) in-

vestigations. A dual-beam Versa 3D FIB from FEI was used to

prepare site-specific thin lamella from the BIB cross-sections.

The FIB used in the current study was equipped with a liquid

metal ion source (LMIS) of Ga and an in-situ Omniprobe needle

for lift-out. A conventional FIB sample preparation method

used in Ref. [22] was employed for TEM sample preparation: a

protective Pt layer was deposited onto the area selected for

lift-out. An accelerating voltage of 30 keV and a beam current

of 30 nA was used to make trenches and a fine milling was

performed using a beam current of 7 nA. After lifting out the

sample in-situ using Omniprobe and welding the sample on

FIB lift-out Cu grid, the lamella was thinned down using an

acceleration voltage of 30 keV and a beam current of 1 nA. The

acceleration voltage and beam current were subsequently

lowered to 16 keV and a beam current of 30 pA. Finally, the

samples were plasma cleaned via a low voltage of 2 keV argon

milling using Fischione 1020 plasma cleaner system.
3. Analytical techniques

3.1. Scanning electron microscopy and Energy
Dispersive X-ray (EDX) spectroscopy

The Scanning Electron Microscopy (SEM) investigations were

performed using an FEI Quanta 200 ESEM field emission gun

https://doi.org/10.1016/j.jmrt.2023.07.073
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machine equipped with an Oxford Instruments X-Max 80T

Energy Dispersive X-ray (EDX) detector. The SEMwas operated

with an accelerating voltage of 20 keV for imaging and EDX

analysis.

3.2. Transmission electron microscopy (TEM)

Transmission Electron Microscopy (TEM) investigations were

performed using an FEI Titan 80e300. The field emission gun

TITAN is equipped with an Oxford X-sight EDX detector and

high-angle annular dark field (HAADF) detector. The TEM was

operated in Scanning TEM (STEM) mode at 300 keV for

microstructural and STEM-EDX investigations using HAADF

detector. The STEM-EDX analysis were acquired normal to the

probe and the data was post-processed using FEI TEM Imaging

and Analysis (TIA) software.
Fig. 1 e Back scattered electron SEM micrographs

illustrating the grain size of the Kanthal® EF 101 bulk

(a) and weld overlay coating (b), bright precipitates are the

reactive elements randomly distributed within the grains

and grain boundaries. SE¡SEM micrograph showing the

non-uniform coating -metal interface in (c).
4. Results

The corrosion behavior and microstructural differences be-

tween the FeCrAl alloy EF101 bulk material and weld overlay

coatingwhen exposed in KCl-rich environment is investigated

in detail. The general corrosion behavior is compared with a

martensitic stainless steel SVM12 while the focus is on the

EF101 bulk/weld overlay. Three specimens of each bulk/weld

overlay material were exposed in 5% O2 þ 20% H2O þ N2

(bal.) þ KCl(s) for up to 8000 h at 600 �C. Oxide thickness

measurements were carried out from representative regions

on the representative parts of the very wide ion milled cross-

sections. The presented results demonstrated the repeat-

ability of the findings under same conditions.

4.1. Unexposed microstructure - bulk and overlaid weld

The microstructure of the EF101 bulk specimen was investi-

gated using SEM on an ion-milled cross-section, see Fig. 1a.

The elemental composition of EF101 given in Table 1 was

verified using Energy Dispersive X-ray (EDX) spectroscopy.

The material's grain size was determined from the SEM/BSE

images and found to range between 11 and 40 mm. The EF101

bulk contains reactive elements, which can be seen as 1e3 mm

large bright particles randomly located within the grains and

across the grain boundaries, indicated with arrows in Fig. 1a.

The thickness of the weld overlay coating was approxi-

mately between 3.5 and 5.5 mm. The chemical composition of

the EF101 coating was analysed using SEM-EDX spectroscopy.

However, SEM-EDX quantification revealed a compositional

difference between the bulk and weld overlay coating close to

the coating/metal interface. The largest difference was

observed near the substrate-coating interface indicating a

dilution caused by interdiffusion during the welding process

(a region of ~15e20 mmwas affected). This resulted in a higher

amount of Fe (86 at-% instead of 79 at-%) and somewhat lower

amount of Al (1 at-% instead of 6 at-%), Cr (11 at-% instead of

13 at-%) at the metal-coating interface (in the SEM-EDX).

However, the composition of the coating at approximately

35 mm away from the coating/metal interface contained a

composition very close to the bulk composition. The REs

particles were observed as 1 mm large precipitates
preferentially locatedwithin the grain boundaries (see Fig. 1b).

The microstructural investigations of the EF101 coating

showed no apparent cracks or signs of porosity. A non-

uniform metal-coating interface and good adhesion was

observed in the optical and scanning electron microscope

(SEM) as shown in the inset in Fig. 1c. The grain size was

relatively uniform throughout the EF101 overlay welded

coating (see Fig. 1b) and was found to range from 20 to 70 mm.

4.2. Oxidation kinetics

The mass gain data provides an estimation of the oxidation

rate and is proportional to the oxide thickness [23] as Fig. 2 and

section 2.2 depicts. However, some of the edges of the coating

specimen were more corroded as the proprietary slurry in

https://doi.org/10.1016/j.jmrt.2023.07.073
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Fig. 2 e Average measured oxide thicknesses of the Kanthal® EF101 bulk and weld overlay coating when exposed to 5%

O2þ20%H2O þ N2 (bal.) under KCl rich environment for up to 8000 h at 600 �C. The oxide thickness of the reference SVM12

used as a base material for weld overlay coating is also presented.
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some cases spalled off during exposure, revealing the under-

lying SVM12 substrate. All oxide thicknesses were measured

on SEM-BSE images of ion milled cross-sections. While the

theoretical oxide thicknesses (obtained using equation (1))

were higher than the measured values, the mass gain and

actual oxide thickness displayed similar trends. Fig. 2 displays

the average oxide thicknesses of the reference uncoated

SVM12, EF101 bulk and EF101 overlay weld for exposures of

168 h up to 8000 h at 600 �C in a KCl-rich environment. The

EF101 weld overlay coatings showed higher mass gains

compared to the EF101 bulk counterpart and hence also oxide

thicknesses (see Fig. 2). The oxide thickness of the reference

SVM12 used as a base material for weld overlay coating is also

presented in Fig. 2.

The general microstructure of all exposed specimen has

been reported here [24]. The general overview investigation in

the referred report offered a foundation for more comprehen-

sive microstructural investigation of the difference between

bulk/weld overlay FeCrAl corrosionproperties. In this study, the

oxide thickness measurements for EF101 showed the same

general trend for all specimen except for the 1000 h-exposure

where spallation was observed, see Fig. 2. The reference

martensitic SVM12 had the highest mass gain and formed a

92e130 mm thick oxide scale. The oxide scale was composed of

an outward-growing iron oxide and an inward growing mixed

oxide [22] This type ofmicrostructure has been reported to form

after breakaway oxidation in harsh environments in what has

been referred to as the secondary corrosion regime [23]. The

oxidescalesformedonbothEF101weldoverlaycoatingandbulk

material grew slower than SVM12 but displayed similar general

microstructure (multi-layered scale) indicating breakaway

oxidation i.e., transition from the primary to the secondary

corrosion regime when exposed in the presence of KCl. The
remnants of KCl salt were also identified over the oxide scale in

plan-view SEM image (not shown here) after 500 h exposure on

all specimens.

In order to investigate the oxide microstructure in detail

with the TEM, the specimens exposed for 500 h (0.5 mg/cm2)

were selected. All oxide features are represented and have

grown larger than after 168 h exposure, while the challenge

with spallationwhen cooling specimen/cutting cross-sections

was smaller than for the longer exposures/larger amount of

KCl. The overview of the oxide scale developed on the bulk

EF101 after 500 h exposures in KCl environment is shown in

Fig. 3a. The oxide scale was composed of an outward growing

and an inward growing oxide with a total thickness of

39e69 mm. This is in line with the calculated thickness of

41 mm. The ratio of inward- and outward-growing oxide scale

for the bulk EF101 was found to be approximately 1:1. The

thick outward-growing oxide scale was identified as an iron

oxide of approximately 26e49 mm and inward growing oxide

scale was composed of mixed (Fe, Cr, Al, Si) oxide of approx-

imately 13e20 mm.

The overview of the oxide scale developed on the EF101

coating after 500 h exposure is shown in Fig. 3b. The oxide

scale was composed of an outward-growing and an inward-

growing oxide with a total thickness of 66e119 mm. This is in

line with the calculated thickness of 76 mm. The ratio of in-

ward- and outward-growing oxide scale for the coated EF101

was found to be approximately 1:1. The outward-growing

oxide scale was identified as an Fe-oxide with a thickness of

approximately 38e57 mm and the inward-growing oxide scale

was composed of mixed (Fe, Cr, Al, Si) oxide of approximately

28e62 mm.

In order to investigate the microstructure of the inward-

growing part and the thin oxide layers (on the bulk/coating)

https://doi.org/10.1016/j.jmrt.2023.07.073
https://doi.org/10.1016/j.jmrt.2023.07.073


Fig. 3 e SEM micrographs showing the backscattered image of the overview of the polished Kanthal® EF101 bulk (a) and ion

milled weld overlay coating (b). The specimens were deposited with 0.5mg/cm2 KCl salt and exposed to 5%O2þ20%H2Oþ N2

(bal.) for 500 h at 600 �C with a KCl boat placed upstream.
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in detail, thin foil samples were lifted out from representative

areas (see indication of position in Fig. 3) and TEM in-

vestigations were performed.

4.3. Detailed oxide microstructure - bulk and overlaid
weld EF101

The preliminary microstructural characterizations showed

that the outward growing oxide scaleswere Fe-rich (98 at-% Fe,

cations or more) on both the EF101 bulk and coating. The

inward-growing scale was shown to consist of a complex (Fe,

Cr, Al, Si)-oxide scale in both cases. Indications of a nitridation

zone could be observed in the region just below the inward-

growing scale to same depth for both cases. Reactive
elements could be identified on the SEM micrographs of the

cross-section with the same size and distribution both prior to

and post exposures. The detailedmicrostructural investigation

is focused on the complex inward-growing (Fe, Cr, Al, Si)-oxide

scales and the alloy just below the scale as previous research

indicate that this part may provide vital information about the

corrosion resistance of the coating/bulk specimens.

4.4. Detailed microstructural investigation of inward
growing scale (bulk)

A detailed TEM investigation of the bulk EF101 was carried out

to understand the nature of the complex inward-growing scale

formed during secondary oxide. The inward-growing oxide

https://doi.org/10.1016/j.jmrt.2023.07.073
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scale formed on the bulk EF101 was thick and undulating and

special attention was put on selecting a representative region

for FIB milling/TEM lift-out, see marked region in Fig. 3a.

Fig. 4 shows a high-angle annular dark field (HAADF) image

of the thin lamella. The top layerwas identified as the outward

growing iron oxide formed on top of the inward growing oxide

layer. The region (IeII) underneath the Fe-oxide was identified
Fig. 4 e HAADF-STEM images showing an overview of the bulk

layered oxide when exposed to 5%O2þ20%H2O þ N2 (bal.) under

is presented in (b) revealing the presence of a healing layer of ab

of Cr after the healing layer. AlN zone of 12e16 mm deep could be

of the STEM-EDX line scan.
as an inward-growing oxide. The chemical composition of the

1.5e2.5 mm thick region (I) was found to be 12 at-% Fe, 42 at-%

Cr, 35 at-%, Al and 10 at-% Si. In addition, small amounts of K

were also detected in this region. The 5 mm thick region II can

be divided into two sub-regions i.e., undulating dense and

porous regions. The elemental distribution in the inward

growing layer was of about 15e20 at-% Fe, 30e55 at-% Cr,
Kanthal® EF101 thin lamella (a) representing the multi-

KCl rich environment for 500 h; STEM-EDX line scan profile

out 1 mm (Cr þ Al ≥ 70 at-%) and 2 mm deep depletion zones

identified. The dashed arrowmarks the area and direction
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20e30 at-% Al, 5e15 at-% Si. The porous region of the inward

growing oxide was composed of grey and dark contrasts (see

Fig. 5c) corresponding to an Fe/Al-rich oxide with an average

composition of 60 at-% Fe, 3 at-% Cr, 33 at-% Al, and 4 at-% Si.

One phase (light grey) was slightly higher in Si and Cr

compared to the dark phase, see Fig. 7c. Region III was iden-

tified as an unoxidized segment of the alloy (1.5e3 mm) and the

STEM-EDX analysis showed that the region was depleted in Cr

and rich in Fe (95 at-%) with Al (3 at-%) and Si (2 at-%).

The middle region with a dark contrast underneath the

unoxidized zone was identified as a re-passivated layer and

the STEM-EDX quantification analysis indicate this dark layer

may be a corundum-type oxide scale, based on the total
Fig. 5 e HAADF-STEM micrographs (a and b) of the areas marke

image of the porous (c) and the healing layer (d) with bar graph

performed at different points.
amount of trivalent ions (Cr þ Al being higher than 67% cat-

ions). This re-passivated layer is named “healing layer” in this

paper and the average chemical composition was found to be

59e65 at-% Cr, 26e30 at-% Fe, 3e10 at-% Al and 1e2 at-% Si. A

small increase of Cl (in the range of 1 at-% Cl) was identified in

surrounding regions of the healing layer. Approximately 2 mm

of the alloy beneath the healing layer was depleted in Cr. The

region named IV with dark bands of varying lengths under-

neath the healing layer was identified as nitridation zone

consisting of Al nitrides in the range of 300e650 nm, seen in

Fig. 8a. The depth of the nitridation zone varied between 12

and 16 mm. The alloy below the nitridation zone maintained

the original composition, grain size and reactive elements.
d with red and yellow squares in Fig. 4. High magnification

s in insets representing the STEM-EDX quantification
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4.5. Detailed microstructural investigation of inward
growing scale (weld)

A detailed TEM investigation of the EF101 coating was carried

out in a similar manner to the bulk EF101. A thin foil sample

was lifted out from a representative region of the BIB cross-

section covering the inward-growing oxide scale and part of

the alloy. The focus was put on the corrosion front in the thick
Fig. 6 e HAADF-STEM images show an overview of the thin lam

the multi-layered oxide when exposed to 5%O2þ20%H2O þ N2 (

EDX line scan profile is presented in (b) revealing the presence

complex inward growing oxide scale and around 1 mm thick de

healing layer (marked in yellow) with Cr þ Al ≥ 67 at-% was also

The dashed arrow marks the area and direction of the STEM-ED
inward-growing scale in order to complement the SEM/EDX

analysis. This type of region is marked with a rectangle in

Fig. 3b. An overview of the thin lamella of the EF101 coating is

shown in the HAADF micrograph in Fig. 6. Point analysis and

line scans were carried out using STEM-EDX for quantification

and elemental distribution within the inward-growing scale.

The uppermost layer was identified as a non-uniform in-

ward-growing oxide with a thickness of approximately
ella of Kanthal® EF101 weld overlay coating (a) representing

bal.) under KCl rich environment for 500 h at 600 �C; STEM-

of 1 mm and 2 mm thick depletion zones of Cr within the

pletion zone of Cr after the healing layer. A 1 mm thick

identified. AlN zone of 10e17 mm deep could be identified.

X line scan.
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Fig. 7 e HAADF-STEMmicrographs showing the highmagnification images (a, b) of the complex inward growing oxide layer

(region-I) and a healing layer (c) developed on the Kanthal® EF101 weld overlay coating when exposed to 5%O2þ20%

H2O þ N2 (bal.) under KCl rich environment for 500 h at 600 �C. The chemical composition at local spots marked with red

arrows is presented in the insets with column bars.
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Fig. 8 e HAADF-STEM micrographs showing the AlN zones in Kanthal® EF101bulk (a) and weld overlay coating (b).

j o u r n a l o f ma t e r i a l s r e s e a r c h a nd t e c hno l o g y 2 0 2 3 ; 2 5 : 7 0 0 8e7 0 2 37018
5.5e13 mm. The inward-growing oxide scale could be divided

into two regions: a top region (I) with a grey contrast, bright

nodules, pores and dark regions and a region with dark bands

(II). High magnification HAADF micrographs illustrating the

morphology of the complex inward-growing oxide scale can

be seen in Fig. 7. The 5.5 mm thick region I was identified as an

Fe/Al-rich oxide and elemental distribution was of about

50e90 at-% Fe, 15e20 at-% Al, 8e20 at-% Cr and 5 at-% Si. In

addition, the quantification data shows that the light-grey

phase has 62 at-% Fe, 12 at-% Al, and 27 at-% Si and the dark

phase as iron-rich with 92 at-% Fe and 6 at-% Al. The size of

the bright nodules present in the top part (I) of the inward-

growing oxide scale (see Fig. 7a) varies from 100 to 400 nm

and the STEM-EDX point analysis identified them as un-

oxidized intermetallic phases of 72e88 at-% Fe, 10e18 at-%

Co and 1e9 at-% Ni. Since the EF101 does not contain Co and

no Ni, it could be assumed that those elements come from the

substrate-SVM12 during the coating manufacturing process.

Low amounts of Cl was also identified in the bottom of the

porous region (I). A Cr depleted zone of 1 mm thick was iden-

tified below the healing layer, see Fig. 6, where the Cr-

concentration varied from 2 to 8 at-%. In addition, localised

Cr-enrichment at the I/II region interface was also identified,

where the Cr concentration was around 40e65 at-%, see line

scan in Fig. 6. The bottom part of the inward-growing oxide II

region, approximately 2e7.5 mm thick, was composed of grey

and dark phases. The average chemical composition within

this zone was found to be around 70 at-% Fe, 17 at-% Cr, 8 at-%

Al and 5 at-% Si. The composition of the grey phase was of

about 67% Fe, 20 at-% Al, 8 at-% Cr, 5 at-% Si. The dark phase

constitutes less iron- 55 at-% Fe, 20 at-% Al, 10 at-% Cr and

high- 15 at-% Si.

The middle region with an undulating dark layer was

identified as a re-passivated layer (healing layer). The STEM-

EDX quantification analysis revealed the average chemical

composition of the healing layer to be 64 at-% Cr, 30 at-% Fe,

3 at-% Al and 3 at-% Si and indicate this dark layer may be a

corundum-type oxide (based on the total amount of trivalent

ions (Cr þ Al being �67 at-% cations). In contrast to the bulk

EF101, no Cl was detected in the surroundings of the healing
layer. The III region, with dark bands, underneath the healing

layer was identified as a nitridation zone with Al nitrides in

the range of 150e550 nm, see Fig. 8b. The depth of the nitri-

dation zone varied between 10 and 17 mm. The coating fol-

lowed the nitridation zonewith an original composition, grain

size and reactive elements.
5. Discussion

5.1. General observations

In order to better understand the potential of the lean FeCrAl

alloys in harsh environments, the behavior following break-

away oxidation needs to be studied in detail for long dura-

tions. It is in addition important to recognize the corrosion

protection of different types of material solutions, i.e., bulk/

coating, as one obvious way is to use thematerial as solid bulk

material/tube or as a compound tube. Another pathway is to

use the alloy composition as ametallic coating [25e28]. In this

work the material Kanthal® EF101 (lean FeCrAl alloy) was

selected, and the corrosion protection compared to the SVM12

(ferritic-martensitic stainless steel) in harsh environments.

The main objective with this investigation was to compare

the properties of the bulk material and weld overlay coating

when both have a similar chemical composition. SEM-EDX

quantification for the EF101 bulk was in good agreement

with the stated alloy composition given in Table 1 while a

dilution was observed for the weld overlay coatings close to

the coating-metal interface (a region beginning at the coating-

metal interface and ending at a distance of 35 mm from this

interface). The compositional difference for the coating

specimen may arise mainly due to the overlay welding pro-

cess where the substrate material mixes with the coating

which may influence the composition of the coating. Dilution

[29e31] is a well-known phenomenon caused by the metal-

lurgical bond between the substrate and coating. An increased

dilution is observed at the coating-metal interface and

significantly reduced effect was observed far away from the

interface and close to the surface the composition is in line
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with the bulk composition. The result is in accordance with

earlier reported studies [30,32,33] and multi-layered deposi-

tion/welds could significantly reduce the effect of dilution [30].

Nevertheless, since the dilution only affected about 35 mm of

the entire coating thickness, the influence of dilution on the

corrosion behavior is expected to be minor. The relatively low

dilution in this study may be explained by the chemical

composition of substrate and coating being similar (both Fe-

based). A higher dilution would be expected in the case of a

Ni-base/Fe-base coating/substrate system., see e.g., Ref. [34].

In addition to the small difference in composition a large

difference in grain size was observed comparing the bulk and

coating microstructure, see Fig. 1. The difference in grain size

of the bulk and coated material is influenced by the heat

treatment during the manufacturing process where the strip

for bulk material has been hot and cold worked and then

subsequently heat treated leading to a microstructure with

fine grains due to recrystallisation. For the overlay welded

coupons, the wire was melted and resolidified resulting in a

microstructure with coarse grains. Leonardo et al. [30]. and

Kucita et al. [31] have reported that dilution in the metallic

coatings not only impacts the chemical composition but also

strongly influence the microstructure and mechanical

properties.

Breakaway triggered by breakdown of the primary protec-

tion (Cr/Al-rich oxide scale) is a well-established phenomenon

at high temperature in harsh environments and was also

observed in the present work. The breakdown of the primary

protection in FeCrAl alloys at 600C in the presence of KCl has

already been reported [10,13,35e38] and attributed to either

the Cr-depletion [39,40] due to chromate formation or Cl-

induced corrosion [41,42]. In the present study, both the

EF101 bulk and coating transitioned into a secondary corro-

sion regime (i.e., corrosion after breakaway oxidation) already

after the shortest exposure time (168 h) and was in the sec-

ondary mode during all exposures from 168 to 8000 h. This is

consistent with the earlier work performed by Eklund et al.

[16] reporting a very short incubation time or rapid transition

of FeCrAl alloys from the primary to secondary corrosion

regime in the presence of KCl. Following breakaway oxidation,

i.e. secondary regime, all specimens developed a multi-

layered oxide scales consists of an outward-growing Fe-

oxide and a complex inward-growing oxide scale in all cases

(see Fig. 3) indicating diffusion-controlled growth. All mass

gain and thickness measurements in addition indicate para-

bolic growth rates, i.e. diffusion controlled growth kinetics.

Despite the presence of Cl in the scale, no signs of active

oxidation could be observed [43]. This is in linewith only small

amounts detected in the microstructure of the corrosion

products in all cases.

5.2. Influence of oxide microstructure e secondary
protection

The microstructure/composition of the outward-growing Fe-

rich oxide scale was found to be similar for the reference

material SVM12 aswell as for both EF101 bulk and coating. The

observed trend is consistent with the findings reported in

earlier studies [7,22,44], i.e. an oxidemicrostructure consisting

of an outward-growing iron oxide scale following breakaway
oxidation in different environments. This implies diffusion-

controlled kinetics (in line with the parabolic growth rate)

where the diffusivity of Fe is much higher in the inward-

growing spinel than other alloying elements i.e. Cr and Al,

resulting in an outward growing almost pure iron oxide scale

[45,46]. The current work is therefore focused on a detailed

investigation of the complex inward-growing oxide scale

developed after 500 h of exposure with less KCl as the

outward-growing scale may not explain the observed differ-

ences in oxidation kinetics/corrosion resistance. Especially,

the focus is set on the bulk/weld specimens as the trend

regarding corrosion protection in harsh environments has

been reported before for severalmaterial systems [7]. The SVM

12 alloy oxidation kinetics and microstructure do not show

any signs of a good secondary protection while this is not

investigated in detail, see Fig. 2. Several investigations have in

addition reported the microstructure of a poor secondary

protections in detail, see e.g., Refs. [47,48].

The advanced TEM analysis shows the very complex

microstructure of the inward-growing scale in detail, see Figs.

4e7. Close to the original alloy surface, possible signs of an

early formed healing layer were identified on EF101 bulk as a

separate layer with a concentration of 77 at-% cations (Al and

Cr). Below this layer the inward-growing oxide scale con-

tinues. On the other hand, the EF101 coating exhibited no in-

dications of formation of an early healing layer in the upper

part of the inward-growing scale. This may be explained by a

better supply of Cr to the surface for the bulk alloy (facilitated

by smaller alloy grains) through alloy grain boundaries (see

Fig. 1a and b). This was supported by a lower Cr concentration

for the bulk material compared to the coating in this region

below the possibly early formed healing layer in the upper

part of the inward-growing oxide. The inward-growing oxide

scale formed on both the EF101 bulk and coating was

composed of dense and porous regions with very complex

microstructure. However, the key differences were identified

as local composition indicating the protective part of the in-

ward growing-oxide as well as a depletion zone below the

healing layer and thickness of healing layer, see Table 2. It

may be noted that the weld overlay coating in addition con-

tained bright intermetallic nodules (containing elevated

amounts of Co and Ni) within the top part of the inward

growing oxide scale, see Fig. 6. However, this is not expected to

influence the corrosion resistance significantly because of the

sparsity of these phases.

One of the key features of a good secondary protection is a

dense slow growing oxide scale. Indications of such as scale

may be found in both bulk and coating systems, see Figs. 4 and

6. This layermay be referred to as a healing layer having a high

Cr-concentration along with Al. The composition of the heal-

ing layer suggests a corundum-type oxide scale for EF101 bulk

andmixed phases of spinel and corundum for the coating. The

concentration of trivalent cations (Cr þ Al) > 67 at-%) in the

healing layer exceeds the maximum theoretical value for a

spinel crystal structure ((Mþ2 þ M2
þ3)O4), which limits the

maximum concentration of divalent ions occupied in the

tetrahedral site and trivalent ions occupied in the octahedral

sites to 33.3 at-% and 67.7 at-%, respectively [49]. Identification

of this corundum type Cr/Al-rich layer after breakdown of the

primary protection has previously been reported in other

https://doi.org/10.1016/j.jmrt.2023.07.073
https://doi.org/10.1016/j.jmrt.2023.07.073


Table 2 e Keymicrostructural differences in the Kanthal® EF101 bulk and weld overlay coating after exposed in 5%O2þ20%
H2O þ N2 (bal.) under KCl-rich environment for 500 h at 600 �C.

Feature Bulk Weld overlay coating

Potassium chromate in deposit/

oxide interface

No apparent K2CrO4

Oxide porosity outward growing

scale (iron oxide)

YES YES

I Region (Cr/Al rich scale) 1e2 mm thick with a composition indicating

corundum (42 at-% Cr, 35 at-%

Al and 11 at-% Si)

No indications

Cr/Al/Si-contenteinward growing

scale

II Region-Dense: 35 at-% Cr, 25 at-% Al and

10 at-% Si

II Region-Porous (1.7e3 mm): 60% Fe, 3 at- %

Cr, 33 at-% Al, and 4 at-%.Si

III Region-unoxidized segment (1.5e3 mm):

0.5 at-% Cr, 95 at-% Fe, 2.5 at-% Al,

1.5e2 at-% Si

Fe/Al rich oxide (I) (5.5 mm thick): 50e90 at-% Fe,

15e20 at-% Al,

8e20 at-% Cr and 5 at-% Si

FeCrAlSi oxide (II) (1.7e7.5 mm thick):

70 at-% Fe, 15e20 at-% Cr, 8 at-% Al and 5 at-% Si

Healing layer (Cr/Al rich layer in

bottom of the inward- growing

scale)

Thickness: 1e1.2 mm

Composition: 60e65 at-% Cr, 25e30 at-%

Fe, 4e10 at-% Al and 1e2 at-% Si

Thickness: 300e500 nm

Composition: 60e65 at-% Cr, 30e40 at-% Fe, 3e5

at-% Al and 2e5 at-% Si

Cr-depletion zone (beneath the

healing layer)

Length: 2 mm Length: 1 mm

Presence of Cl Traces of Cl (less than 1 at.%) Traces of Cl (less than 1 at.%)

Nitridation Zone (NZ) Depth: 12e16 mm

Size: 300e650 nm

Depth: 10e17 mm

Size: 150e550 nm

Alloy Grains Small grains-11e40 mm Large grains-20e70 mm

Reactive elements 1e3 mm: within alloy grain and across the

GB

1 mm: preferentially within GB
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studies [16,35,44,50]. In a recent study by Eklund et al. [16]. a

0.5e2 mm thick highly Cr-enriched layer (exceeding the theo-

retical limit of trivalent ions) was observed on a Fe20CrAlSi

model alloy after being exposed for 48 h at 600 �C in a KCl-rich

environment. The Cr/Al-enrichment in the inward growing

oxide scale was linked to the transition from a fast growth to a

slow growth. However, a spinel crystal structure was identified

within this layer with CBED which indicates that there may be

a kinetic aspect regarding the formation of a continuous

corundum-type healing layer due to phase transformation

from a spinel phase in combination with diffusion of Cr from

the bulk below. The phase transition to form a continuous

corundum-type layer is further supported by the fact that the

Cr-rich layer grows considerably faster than a chromia scale

for which the slow growth (50e70 nm after 24 h [49]) and

(70e90 nm after 168 h [36]) has been reported for Fe10e25Cr

when exposed in a dry O2 at 600 �C. Nevertheless, the enrich-

ment of Cr/Al and/or the partial transformation from Cr-rich

spinel to Cr-rich corundum-type oxide may significantly

reduce diffusion through the scale without necessarily form-

ing a continuous healing layer. It may be noted that a highly

Cr-enriched layer at the metal oxide interface needs a supply

of Cr from the alloy in addition to the loss of Fe through out-

ward diffusion. This is consistent with the identified Cr-

depleted zones of 2 mm and 1 mm beneath the healing layer

for both EF101 bulk and coating respectively, see STEM-EDX

line scans in Figs. 4 and 6. The depletion zones of Cr/Al iden-

tified below the corrosion front in the surrounding alloy may

have been formed during the growth of healing layer and the

slow-growing inward growing oxide. Since the bulk EF101

contains smaller grains, this may support faster diffusion

along grain boundaries compared to the EF101 weld overlay

coating resulting in the observed compositional differences in
the secondary protection regime and varied length of deple-

tion zones. The ability of the alloy to transition into a protec-

tive secondarymodemay rely on the ability to provide Cr/Al to

the growing scale as well as the activity of Cr/Al [44].

Nitridation zones of varying thickness, 12e16 mm and

10e17 mm, were observed in EF101 bulk and coating, respec-

tively. The nitrides have been identified as AlN. Nitridation

zones are considered less favorable inmaterials andmay cause

brittleness and could potentially deplete the alloy matrix in Al,

which is required to form alumina [51]. The transportation of

N2/N is still not a fully understood phenomenon but reportedly

diffuse along the oxide grain boundaries [52]. The size of the

AlN observed in the EF101 bulkwas 300e650 nmwhich is larger

than the coating counterpart, varying from 150 to 350 nm

indicating a faster diffusion of N2 for the bulk material in line

with theearlier results.However, asbothmicrostructures show

signs of improved corrosion resistance after longer times the

results indicate that the formation of AlN does not limit the

secondary protection on the FeCrAl alloys in harsh environ-

ments while the nitride formation may influence the me-

chanical properties of the alloys.
6. Conclusion

� The newly developed lean FeCrAl alloy Kanthal® EF101 im-

proves the corrosion resistance inharsh environments (KCl)

at 600 �C compared to the reference SVM12 for up to 8000 h.

� The bulk alloy provides a better secondary protection, i.e.

corrosion resistance after breakaway oxidation than the

weld overlay coating.

� The microstructure has been characterized in detail using

TEM/STEM-EDXandshowsamicrostructure consistingofan

https://doi.org/10.1016/j.jmrt.2023.07.073
https://doi.org/10.1016/j.jmrt.2023.07.073


j o u r n a l o f m a t e r i a l s r e s e a r c h and t e c hno l o g y 2 0 2 3 ; 2 5 : 7 0 0 8e7 0 2 3 7021
outward growing Fe-based oxide and a complex (FeCrAlSi)

inward growing oxide for both bulk/weld specimens.

� Cr-enrichment in the inward-growing scale is important

for secondary protection as it enables the formation of a

healing layer.

� The lower oxide thickness of the bulk EF101 compared to the

coated EF101 may be connected to smaller alloy grain size

for the former, enabling faster diffusionofCrand facilitating

the formation of a more protective Cr-rich scale.

� Cr-depletion zones were identified in the bulk and weld

overlay coating.

� The results indicate that formation of Al nitrides does not

influence the secondary protection. However, further

studies are needed to understand the mechanism of for-

mation and influence on material degradation at high

temperatures.

� The observed oxidation behavior can be relevant in the

development of more efficient coatings and material pro-

cessing by considering not just the composition of the

coatings but also the microstructure.
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