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The applicability of radioactive species in high-temperature research as tracers was studied with KBr and an Nbstabilised austenitic stainless steel. KBr-induced high-temperature corrosion was addressed by using radioactive
[82Br]KBr and measuring the radioactivity of the sample surface with a high-resolution phosphor imaging device.
Neutron activation by cyclotron proved to be a very cost-eﬀective way to produce radioactive [82Br]KBr with
a high radionuclidic purity and a negligible level of unwanted side products. KBr reacts rapidly with steel,
forming potassium chromate and metal bromides, both of which are reducing the protective properties of the
surface oxide through chromium depletion and increasing porosity.

1. Introduction
The growing need for electricity and interest in replacing fossil fuels
with renewable ones have together drawn attention to a diverse pool of
potential fuels. Traditionally, biomass such as forest residues and straws
have been used due to their availability, CO2-neutrality, and governmental legislation. These fuels typically contain considerable amounts
of Ca, K, Na, Cl, and S, which are held responsible for high-temperature
corrosion and ﬂy ash melting, resulting in decreased eﬃciency and
increased operational costs through maintenance operations [1–3].
More recently, new alternatives for renewable fuels have emerged to
the side of the abovementioned nature-based fuels. These include,
among others, solid recovered fuels (SRFs), which are very heterogeneous from their chemical composition, containing Pb, Zn, and Br, for
example [4–6]. The presence of these elements generates a new kind of
high-temperature chemistry in the form of reactions occurring in the
gas phase and in the deposits forming on the heat-transfer surfaces.
Therefore, studies on the reactivity of Br-containing species such as
potassium bromide (KBr), have become more relevant in terms of industrial applications.
So far, the knowledge of potassium bromide-induced corrosion has
been scarce, mainly due to the low concentration of KBr in combusted
solid fuels. Nowadays, bromine is constantly used as brominated ﬂame
retardants (BFRs) in electronic equipment, textiles, and insulation
foams, which has increased the concentrations of bromine-containing
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species in waste combustion [7]. This has initiated studies on the corrosivity of metal [8] and alkali [9,10] bromides at temperatures relevant to waste combustion. In the case of KBr, it was found corrosive
towards various commercial heat-transfer alloys in the tested temperature range of 400–600 °C [9,10]. The severity of corrosion depended on alloy quality, prevailed temperature and atmosphere. It was
proposed that the protective chromia (Cr2O3) at the alloy surface is
destroyed through potassium chromate (K2CrO4) formation, resulting in
Cr-depletion of the surface oxide, making it more prone to further
material degradation (Eqs. 1a,b). However, the potassium chromate
was not deﬁnitely identiﬁed, in addition to which some initial reaction
stages might have left unnoticed due to the long exposure time.
Therefore, the ﬁrst goal of this study is to focus on the initiation of the
KBr-induced high-temperature corrosion and to shed more light on the
reaction mechanism.

8KBr (s ) + 2Cr2 O3 (s ) + 5O2 (g ) → 4K2 CrO4 (s ) + 4Br2 (g )

(1a)

8KBr (s ) + 2Cr2 O3 (s ) + 3O2 (g ) + 4H2 O (g ) → 4K2 CrO4 (s ) + 8HBr (g )
(1b)
Radioactive species have long been used as tracer elements in
medical studies [e.g. 11–13] or in studies addressing industrial applications under atmospheric conditions [14–16], but their utilization in
high-temperature research has been less common. So far, radioactive
species have been used to study, for example, petrochemical and reﬁnery processes (108Ag) [17], diﬀusion (26Al) [18] (63Ni) [19], or
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surface adsorption (134Cs) [20]. In industrial applications, the use of
radioactive [82Br]KBr has been focusing on studies addressing ﬂow
patterns [21], leakage localization [22], or wastewater dilution [23],
but very little information on the possibility to use [82Br]KBr to study
high-temperature phenomena such as diﬀusion or corrosion has been
published.
Until now, radioactive species have been synthesized by neutron or
gamma irradiation in nuclear reactors [e.g. 24,25], making their
availability in research laboratories diﬃcult. The production of the 82Br
is typically based on a thermal neutron-induced (n, γ) reaction, where
neutrons of a large energy spectrum originate from a nuclear reactor
core [24,26,27]. Required neutron ﬂuxes are typically high, as is the
exposure time (tens of hours), in order to obtain desired amounts (activity) of the isotope in the form of KBr. This method further relies on
allowing short-lived isotopes, which are also produced, to decay in
order to achieve the radionuclidically pure [82Br]KBr.
In order to widen the possibilities to utilize radioactive tracers in
high-temperature studies, a more cost-eﬃcient synthesis route should
be discovered. The second goal of this study is to investigate the possibility to produce radioactive [82Br] labeled KBr by neutron activation
at a cyclotron and to evaluate the applicability of [82Br]KBr in hightemperature studies.

Table 1
The nominal chemical composition of the studied alloy in wt%.
Steel

Cr

Fe

Mn

Mo

Ni

Si

Others

AISI347

17.7

68.2

2.1

–

8.5

0.4

Nb 1.5

(200 bar, 15 s) into ﬂat cylindrical pellets with an average mass of
530 mg, a standard diameter of 8 mm, and a thickness of 2 mm.
An Ortec coaxial HPGe semiconductor detector was used to assess
the radioactivity of the pellet. An acquisition time of 10 min was used
with the pellet on a distance of 10 cm from the end cup of the detector.
An additional measurement was performed a week after the activation
to verify the radionuclidic purity of the pellet. The obtained spectrum
was analyzed with the FitzPeaks Gamma Analysis software (version
4.01, 10th April 2008). The quality was checked using certiﬁed calibrated point sources of 137Cs, 60Co and an uncalibrated source of 152Eu.
The steel samples were cut from a Nb-stabilized austenitic stainless
steel superheater tube into quadratic pieces of the size (20 • 20 • 10)
mm3 (Table 1). To remove the scratches and to create a reproducible
surface roughness, the sample pieces were polished ﬁrst with water and
a Grit 280/P320-SiC paper, then with water and a Grit 500/P1000-SiC
paper and ﬁnally, cleansed in an ultrasonic bath with ethanol. Before
the exposure, the [82Br]KBr pellet was placed in the corner of the steel
surface and kept in position with a weight (Fig. 1). The exposures were
carried out in a temperature-controlled tube furnace, where the sample
was located in a quartz reactor. The furnace was heated up to 550 °C
with a heating rate of 5 °C min−1 and kept at the target temperature in
ﬂowing synthetic air (0.15 dm3 min−1) for 2, 5, 8, 12, and 24 h. After
the exposure, the furnace was shut oﬀ and let cool down to room
temperature. The reactor was purged with nitrogen both during the
heating and cooling to avoid the initiation or continuation of possible
oxygen-involving reactions.
After the predetermined exposure time (2, 5, 8, 12, and 24 h), the
[82Br]KBr pellet was removed from the steel surface, which was ﬁrst
analyzed with a high-resolution (25 μm) phosphor imaging device
(Fujiﬁlm FLA-5100 with an Eu-doped BaBrF screen). Due to the low
initial activity concentration of the salt and the comparatively long
half-life, the phosphor screen exposure time was chosen as 24 h in order
to provide suﬃcient activity resolution in the image before the image
was scanned with the FLA-5100 reader. As phosphor screen, a BASTR2025 with a size of 20 x 25 cm (Fuji Photo Film CO LTD, Japan) was
used.
The images were calibrated by spreading a small amount of [82Br]
KBr (97 mg, 747 Bq) over a piece of adhesive tape which was wrapped
into a plastic bag and placed into an exposure cassette with the phosphor screen. After an exposure of 24 h, the screen was scanned using the
FLA-5100 reader. The data were analyzed using the Tina 2.0 software
(Raytest Isotopenmessgeräte GmbH, Straubenhardt, Germany). The
number of counts was obtained by integrating over the area on the
image that corresponded to the area on the tape where the radioactive
salt had been spread. The background was subtracted from the counts.
The ratio between the activity and the number of counts as well as the
ratio between the activity and the amount of KBr could now be applied
to determine the amount of Br on the steel surface.
After each activity measurements, the sample surface was studied
using scanning electron microscopy and energy dispersive X-ray spectroscopy (SEM-EDX) with a focus on surface morphologies and chemical compositions of local structures. The microscope (SEM-LEO
Gemini 1530 with a NORAN Vantage X-ray analyzing system manufactured by Thermo Fisher Scientiﬁc) was operated in secondary and
backscattering electron modes at an accelerating voltage of 15 kV for
the EDX analyses and for imaging with an aperture size of 60 μm and a
beam current of 1 nA. SEM micrographs were recorded with 30- to
25,000-fold magniﬁcations.

2. Materials and methods
The radioactive [82Br]KBr was produced by bombarding suprapur
KBr with neutrons, obtained as a secondary product during proton irradiation of 18O-enriched water in an Advanced Cyclotron Systems Inc.
TR-19 cyclotron. Radioactive ﬂuorine, [18F]F2, is regularly produced at
the Turku PET Centre utilizing the nuclear reaction of 18O(p,n)18F. The
neutrons produced in the reaction are normally considered a nuisance
as they induce unwanted radioactivity in the surrounding constructions. The target station, where the radioactive ﬂuorine is produced, is
therefore often located inside a neutron shield containing mostly water
to absorb the neutrons. In this case, however, the neutrons were used to
produce 82Br.
The 82Br was produced by the nuclear reaction 81Br(n,g)82Br. Small
amounts of KBr (250 mg, Sigma Aldrich, ACS grade) in 1.5 ml
Eppendorf (Protein Low-bind tube) vials were placed in a paraﬃn block
inside the neutron shield about 20 cm behind the ﬂuorine target at the
cyclotron. As the reaction cross section is highest at the neutron energy
of 0.1 keV (13 b) and the neutrons from the 18O(p,n)18F reaction have
an energy distribution with a maximum around 2 MeV, a paraﬃn block
with a wall thickness of 50 mm was used to decrease the neutron energy
and thereby optimize the production of 82Br. The used wall thickness of
50 mm has been found in separate tests to suﬃciently reduce the energy
of neutrons originating from the 18O(p,n)18F reaction and thereby increase the probability for neutron capture in 81Br.
It was found that a one-hour irradiation of 18O-enriched water with
18 MeV protons at a beam current of 100 μA yielded a total activity (at
EOB) of 200 GBq of 18F and an activity concentration of 54 kBq g−1
82
Br in the KBr salt. The neutron ﬂux from the p,n reaction was in the
order of 1012 neutrons per second at this current. After the end of
bombardment, the samples were allowed to decay for about 12 h before
they were removed from the neutron shield. The production of 80Br
from the other stable isotope of bromine (79Br(n,g)80Br) was not a
problem due to the short half-life (T1/2 = 17.68 min). No gamma rays
were observed from potassium.
There are several advantages with this approach; there is no need
for separation chemistry as the radioactive bromine is perfectly mixed
with inactive potassium bromine. It seems to be perfectly free from
radioactive contaminants and no additional expensive irradiation is
needed as it is produced simultaneously as the radioactive 18F is produced for PET studies. In addition, the low activity and short half-life
(35.3 h) of 82Br make the produced [82Br]KBr comparatively safe to use.
After removal from the neutron shield, [82Br]KBr was pressed
25
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Fig. 1. A schematic of the experimental setup.

Fig. 3. The radiation intensity of a manufactured [82Br]KBr pellet, measured in
a two minutes-exposure on a phosphor screen. The redder the color, the higher
the radioactivity.

Fig. 2. Spectrum of [82Br]KBr pellet recorded with an HPGe detector a week
after the end of bombardment (EOB). The distance to the detector was 10 cm
and the acquisition time was 6372 s. The peak at 1460 keV (40K) is part of the
normal radiation background.

surface. It should also be noted that a remarkably high amount of Br
was detected on the surface of the sample exposed for 12 h. This will be
discussed in detail later in the text.
The very high sensitivity of the phosphorous ﬁlm, combined with
the location speciﬁcity of the activity distribution and with the possibility to detect radioactivity even after a 24-hour exposure, further
supports the applicability of [82Br]KBr in studies addressing the initial
stages of high-temperature phenomena such as corrosion or diﬀusion.
Taking into account the low amounts of activity required in the
corrosion tests, we propose that the method presented in this paper is a
valuable addition to the more conventional 82Br production methods,
especially as the [82Br]KBr is conveniently obtained as a "side product"
during normal 18F-production for radiotracer synthesis and subsequent
PET (positron emission tomography)-use.

3. Results and discussion
3.1. Production of [82Br]KBr
The radionuclidic purity of the produced [82Br]KBr was very high;
no traces of 42K or 80Br could be observed at any time (Fig. 2). The 40K
peak in the spectrum is from the natural radiation background. At the
beginning of every exposure of the steel in the tube furnace, the average
activity of [82Br]KBr was 18.9 kBq (in a 500 mg pellet), measured after
the exposure and calculated back to the start time of the exposure.
Before studying the exposed steel surfaces, the sensitivity and resolution of the phosphor imaging device were addressed by exposing it
to a produced [82Br]KBr pellet for two minutes (Fig. 3). Both the
radioactivity and its intensity variations are clearly visible in the image,
demonstrating the possibility to use [82Br]KBr in high-temperature
studies. After the promising result with the sole [82Br]KBr pellet, the
steel surfaces reacted with the salt were imaged after the exposures
(Fig. 4). The original location of the pellet is clearly visible, even after
the longest exposure time of 24 h. The separate bright spots best visible
at surfaces exposed for 2, 8, and 24 h originate from the thermal
cracking of the pellet, resulting in the rejection of small pieces of the
pellet. The diameters of the radioactive regions in the ﬁlms did not
increase signiﬁcantly as a function of time, indicating that the lateral
diﬀusion of [82Br]KBr along the steel surface is slow, at least in the
beginning of the reaction. This corresponds well with the total amounts
of Br on the steel surface. The amounts of Br on the steel surfaces were
calculated as 42 ng (2 h), 37 ng (5 h), 361 ng (8 h), 71 ng (12 h), and 35
(24 h), taking into account the radioactive decay. The high amount of
Br on the surface after the eight-hour exposure in 550 °C can only be
explained by material from the pellet adhering directly to the sample

3.2. [82Br]KBr -induced high-temperature corrosion
The reaction between KBr and the steel surface initiated shortly
after the introduction of air: small pores, clusters, and separate particles
formed within 120 min (Fig. 5). The steel surface without any ﬁne
structure consisted of an oxide containing iron and chromium in the
same ratio as in the bulk material. The formed oxide was most likely so
thin that the depth resolution of the scanning electron microscope was
not high enough to analyze the sole oxide, but collected information
also from the material beneath the formed oxide. However, at a slightly
lower temperature of 500 °C, a 22 nm thick oxide containing iron and
chromium formed in a 5-hour exposure [28]. It is very likely that an
oxide with a similar composition formed also in the present study. In
addition to chromium, the separate particles formed onto the steel
surface contained potassium up to 9.5 at.% with only traces of bromine.
This indicates the formation of potassium chromate (K2CrO4) according
26
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Fig. 4. The activity maps of the phosphor screens exposed to the AISI 347 steel surfaces reacted with [82Br]KBr at 550 °C for; a) 2 h, b) 5 h, c) 8 h, d) 12 h, e) 24 h.

Nb2O5 is associated with signiﬁcant stresses, leading to the plastic deformation of the steel and the oxide and ﬁnally, to the appearing of
cracks. Such cracks provide fast diﬀusion pathways for oxygen and
corrosive species to penetrate the surface oxide and to react with other
elements in the bulk material. In the case of Nb-Ti-Al alloys, the addition of chromium is reported to increase the heat resistance of the alloys
due to the formation of a protective chromium oxide and due to the
presence of NbCr2, which prevents Nb to diﬀuse towards the surface
layer, where it oxidizes [31]. Apparently, such beneﬁcial eﬀect of
chromium on uncontrolled Nb-oxidation cannot be achieved in Fe-CrNb alloys. The presence of small pores supports further the hypothesis
of gas transport through the surface oxide (Fig. 7). Interestingly, the
rims of the pores contained niobium up to 6.5 at.%, suggesting that Nb
would also play a role, one way or the other, in the pore formation. In
the case of solid chlorides, metal chlorides tend to form at the steel/
oxide interface, where the oxygen partial pressure is low enough to
keep metal chlorides stable [32]. As soon as the metal chlorides diﬀuse
towards the surface and thus, towards higher oxygen partial pressure,
they rapidly oxidize. The pores formed in the presence of KBr suggest
that a similar reaction might have occurred. However, due to the small
size of the pores, no indication of metal bromide formation was obtained.
The number of pores, clusters, and K2CrO4 particles had increased
during the ﬁve-hour exposure (Fig. 8). In addition to the increased
number of K2CrO4 particles, they appeared thicker and larger in size,
most likely through coalescing of individual particles into larger entities. Whether the coalescence can be attributed to surface diﬀusion of
K2CrO4 or to the formation of new K2CrO4 particles as a function of
time, remained elusive at this point of the research. It is also visible in
Fig. 8, that more and more clusters have formed over the pores, providing further evidence for the assumption of gas transport and diﬀusion of species through the pores. In a more detailed analysis, a structure containing 24 at.% of bromine and no potassium was detected to
penetrate the surface through a pore (Fig. 9). In addition to bromine,
iron and chromium were also identiﬁed, giving a strong indication of
metal bromide formation, either as iron bromide (FeBrx) or as chromium bromide (CrBrx). The standard enthalpies of formation for these

Fig. 5. The AISI 347 steel surface with pores and K2CrO4 particles (dark grey)
after being exposed to [82Br]KBr at 550 °C for 2 h.

to the principle presented in Equation 1. However, the presence of
pores piercing the steel surface implies that gaseous species other than
Br2 could have been involved in the reaction. The formation of K2CrO4
has been veriﬁed in the reaction between KCl and the protective
chromium oxide (Cr2O3) already after very short time [29]. Such a
rapid reaction has not been previously reported in the case with KBr,
but the immediate formation of K2CrO4 with both potassium halides
points out the active role of potassium in the initiation of the hightemperature corrosion reaction.
The separate clusters formed at the surface contained oxygen,
chromium, iron, and niobium with niobium concentrations close to 8
at.%, which substantially exceeds the bulk concentration of niobium
(Fig. 6). Similar Nb-rich nodules formed on the AISI 347 steel also in the
absence of any solid salt at 500 °C [28], suggesting that the oxidation of
niobium acts as an initial step in the local degradation of the surface
oxide, resulting in the formation of non-protective clusters. The detected niobium oxide is most likely niobium pentoxide (Nb2O5), which
forms rapidly at temperatures below 600 °C [30]. The formation of

Fig. 7. Pores piercing the surface oxide of AISI 347 steel exposed to [82Br]KBr
at 550 °C for 2 h.

Fig. 6. An oxide cluster surrounded by pores at the surface of AISI 347 steel
exposed to [82Br]KBr at 550 °C for 2 h.
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Corrosion Science 148 (2019) 24–30

J. Lehmusto et al.

Fig. 8. Iron oxide clusters (bright structures) and potassium chromate slates
(darker structures) formed at the AISI 347 steel surface in an exposure with
[82Br]KBr at 550 °C for 5 h.

Fig. 10. The AISI 347 steel surface after being exposed to [82Br]KBr at 550 °C
for 8 h.

surface beneath the pellet originated most likely from the formation of
metal bromides, which have oxidized rapidly while diﬀusing towards
the steel surface, producing cracks in the original oxide and forming a
new, yet porous oxide. Such an oxide possess very limited, if any,
protective properties, which enables accelerated bromine transport to
the steel/oxide interface as well as the increased interaction between
potassium and the steel surface. It is worth mentioning, that the nickel
content in the area exposed due to the spalling of the oxide was roughly
27 wt.%; three times the amount of nickel in the bulk steel. Very little
bromine was detected in the same area, so although the formation of
nickel bromide (NiBr2) might occur [34], the increased nickel content
resulted most likely from the selective bromination/oxidation of iron
and chromium. A similar phenomenon has been observed with Fe-Cr-Ni
alloys; the relative share of nickel just below the reacted zone increases
as iron and chromium are selectively oxidized [37].
The initial step of the degradation process would be the chromate
formation according to Eq. (1a). Whether molecular bromine or bromide anions form, is unclear. Nevertheless, the formed bromine species
reacts further with iron and chromium found in the bulk material,
forming metal bromides (Eq. 2). As these bromides oxidize, a porous
and non-protective oxide forms (Eq. 3). Similarly, potassium chromate
may react further to form non-protective chromium oxide. What happens to potassium and bromine after these reactions, needs to be studied in greater detail. Bromine could leave the reaction zone as molecular bromine, but the fate of potassium after the decomposition of
K2CrO4 is still unclear.

Fig. 9. Metal bromide particle piercing the surface oxide of the AISI 347 steel in
an exposure with [82Br]KBr at 550 °C for 5 h.

two bromides are very close to another [33], making it diﬃcult to estimate, which bromides might have been formed. In an exposure to a
gas containing bromine at a slightly higher temperature of 700 °C, FeBr3
was reported to form ﬁrst at the steel/oxide interface, followed by the
formation of FeBr2, CrBr3, and NiBr2 [34]. In the present study, although both chromium and iron were found in the clusters, the relative
amount of chromium compared with iron was much higher than in the
bulk material. CrBr3 is stable also at 550 °C [35], so the high chromium
concentration within the clusters could indicate the presence of CrBr3 in
larger quantities. The metal bromides form most likely beneath the
surface at the steel/oxide interface, where the oxygen partial pressure is
low. Then, the volatile bromides diﬀuse towards the steel surface,
where they are oxidized, forming the cluster-like structures visible in
Fig. 8.
After the eight-hour exposure, three distinct areas aﬀected by KBr
could be identiﬁed: heavily spalled area beneath the pellet; a K2CrO4rich region at the edge of the pellet, and the region further away from
the pellet with less K2CrO4 particles (Fig. 10). The K2CrO4 particles
formed furthest away were found more than three millimeters from the
pellet edge. Since the exposure was carried out under ﬂowing conditions and based on the constant distribution of the K2CrO4 particles at
the steel surface, they have formed most likely through lateral diﬀusion
of KBr rather than through gas-phase diﬀusion. The chromate formation
is known to depend on the availability of oxygen from air, which together with the solid-solid contact at the pellet edge explains the vast
number of formed K2CrO4 particles [36]. As mentioned before, the
formation of metal bromides requires low oxygen pressures, which can
be found underneath the KBr pellet. The spallation of the sample

Fe (s, in steel ) + Br2 (g ) → FeBr2 (s )

(2a)

2Cr (s, in steel ) + 3Br2 (g ) → 2CrBr3 (s )

(2b)

4FeBr2 (s ) + 3O2 (g ) → 2Fe2 O3 (s ) + 4Br2 (g )

(3a)

4CrBr3 (s ) + 3O2 (g ) → 2Cr2 O3 (s ) + 6Br2 (g )

(3b)

The whisker-like ﬁne structures growing on the clusters were already observable after the two- and ﬁve-hour exposures (Figs. 6,8). The
distinct morphology with pointy needle-like whiskers became more
pronounced during the eight-hour exposure (Fig. 11). Based on the
elemental analyses, the whiskers consisted of iron oxide. Similar
structures, identiﬁed as hematite (Fe2O3) have been reported to form in
the case of pure iron and iron-containing alloys [38–41]. Although the
hematite whisker formation was then studied in the absence of KBr, the
reaction between iron and oxygen is expected to occur in a similar
manner in the present study, despite the presence of KBr.
The general features of the sample surface exposed to KBr for 12 h
were similar to those detected after the eight-hour exposure and described above. Again, the formation of an iron-rich oxide and heavy
28
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Fig. 11. Iron oxide formed onto the AISI 347 steel surface in an exposure with
[82Br]KBr at 550 °C for 8 h.

Fig. 13. The AISI 347 steel surface after being exposed to [82Br]KBr at 550 °C
for 24 h.

ﬂowing synthetic air for 2–24 hours. After the exposure, the radioactivity of the reacted steel surface was measured by a phosphor screen
and the morphology and chemical composition of the reacted surface
were analyzed by SEM. In addition, the possibility to produce [82Br]KBr
in a novel way by neutron activation at a cyclotron was studied.
Based on the results, the production of radioactive [82Br]KBr by
neutron activation is achievable. The radionuclidic purity of the produced [82Br]KBr was very high and virtually no unwanted side reactions occurred during the process. The low activity and short half-life
(35.3 h) of 82Br make the produced [82Br]KBr comparatively safe to use
and suitable also for high-temperature studies.
The possibility to produce radioactive [82Br]KBr by neutron bombardment will deﬁnitely decrease the manufacturing costs and through
that, may open up new possibilities to use radioactive salts in research
areas, which have not previously utilized such species. The sensitivity
of the phosphorous ﬁlm and its capability to clearly detect the remaining radioactivity even after a 24-hour exposure encourages further
studies so that the method would one day be applicable for three-dimensional studies carried out by positron emission tomography (PET).
The KBr-induced high-temperature corrosion initiates through the
simultaneous formation of solid potassium chromate (K2CrO4) and
gaseous metal bromides. The chromate formation can be held responsible for depleting chromium from the surface oxide, thus converting it to an iron-rich, less protective oxide. Bromine diﬀuses towards the steel/oxide interface, where it forms gaseous metals
bromides with iron and chromium at a low oxygen partial pressure. As
these bromides diﬀuse towards higher oxygen partial pressures, they
are rapidly oxidized, creating a porous non-protective oxide ﬁlled with
pathways for accelerated gas transport and species diﬀusion. Local
surface failure is supplemented by the oxidation of niobium, which
breaks down the protective oxide. Niobium appears also to be involved
in the pore formation, but its exact role remained unsolved.

Fig. 12. The porous AISI 347 steel surface (left) under a continuous K2CrO4
layer (right) after an exposure with [82Br]KBr at 550 °C for 12 h.

spallation was observed beneath the pellet, substantial K2CrO4 formation at the edge of the pellet, and minor K2CrO4 formation up to at least
four millimeters away from the pellet. Instead of forming separate
particles in the vicinity of the KBr pellet, K2CrO4 was found as continuous layers covering the steel surface (Fig. 12). The steel under the
K2CrO4 layer was very porous and contained nickel up to 33 wt.%, almost four times the amount of nickel in the bulk material. It was this
porous structure, where the high amount of 82Br in Fig. 4d) was detected. The porosity and high nickel content of the steel beneath the
reacted surface oxide provide further support for the idea of metal
bromide formation and selective diﬀusion and oxidation of iron and
chromium.
The presence of potassium chromate and metal bromides was veriﬁed also after the 24-hour exposure. This indicates that the KBr-induced high-temperature corrosion will proceed with both potassium
and bromine having active roles in the reaction as long as KBr is
available. The continuous K2CrO4 layer spread out for over 700 μm
from the pellet edge (Fig. 13). During this longer exposure time, metal
bromides are formed in the reaction between bromine and the steel, but
whether K2CrO4 formed after 24 h originates from the reaction between
potassium and the original surface oxide or between potassium and the
formed porous chromium oxide, remained unclear.

Data availability
The raw/processed data required to reproduce these ﬁndings cannot
be shared at this time due to technical or time limitations.
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