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ABSTRACT: The aging of alkali-bromide-containing ash deposits was studied by applying premixed alkali bromide−alkali
sulfate mixtures on a laboratory-scale temperature gradient probe. The probe temperature was kept at 500 °C, while the furnace
air temperature was measured to be 800 °C, simulating a heat exchanger ash deposit temperature proﬁle. Deposits of ∼5 mm
thick were aged in the furnace for 2−8 h and subsequently rapidly cooled to room temperature. The deposit cross-sections were
analyzed and characterized using SEM/EDX. The deposits were observed to form multilayered structures, where the furnacefacing region was dense and sintered, while the steel-facing region was porous. Within the porous region, a gas phase migration
of alkali bromides toward the colder temperature was observed. The alkali bromide migration toward the colder steel
temperature observed in the experiments was quantiﬁed and compared to modeling results. The modeling results were
calculated by modifying an existing temperature-gradient-driven alkali chloride intradeposit migration model for alkali bromides.
The model is in agreement with the experimental results, validating an enrichment mechanism for alkali bromides. Because of
their relatively high saturation pressures, alkali bromide migration was observed to be signiﬁcantly faster than the earlier
reported migration of alkali chlorides. Enrichment of alkali bromides in colder temperatures in boiler deposits could lead to
signiﬁcant changes in the local composition of the deposit, possibly leading to an enhanced corrosion rate of the tube material
and/or densiﬁcation of the deposit structure.

1. INTRODUCTION
Waste-derived fuels and cheap biomass fuels have become
increasingly interesting for energy conversion applications.
Waste-derived fuels are cheap compared to pristine biomass,
and ﬁring waste is a good alternative to landﬁlling.1 Although
waste ﬁring is a lucrative alternative from the economic and
environmental point of view, there exist a number of technical
challenges associated with waste-derived fuels. Especially when
trying to attain higher electrical eﬃciency by raising the ﬁnal
steam temperature, and as a result, the superheater material
temperature, corrosion-related challenges in the boiler
increase.2
One major challenge is the heterogeneity of the wastederived fuels. Diﬀerent waste fractions have diﬀerent chemical
compositions, particle sizes, etc., and the estimation of the ash
chemistry and its eﬀects on boiler design and operation is
challenging. Waste fractions can include high amounts of alkali
metals (Na, K), heavy metals (Pb, Zn), and halides (Cl, Br), all
of which are often connected to rapid corrosion of boiler
materials.3−9 Alkali-chloride-induced high-temperature corrosion has been studied extensively, and it is recognized as one of
the prominent reasons for corrosion in biomass-ﬁred boilers.
However, the detailed corrosion mechanisms are still being
discussed.2 Heavy metals in combination with Cl have also
been studied to some extent, and several studies discussing the
corrosion eﬀects and mechanisms have been published.3,4,8−11
The existing corrosion results with alkali bromides are similar
© XXXX American Chemical Society

to those with alkali chlorides. While high-temperature
corrosion of alkali bromides has been considered in the
literature,6,7 the research on the topic is still scarce. To the best
of our knowledge, alkali bromide corrosion has not been
studied in the presence of a temperature gradient across the
ash deposit.
One of the main sources of Br in waste-derived fuels is
brominated ﬂame-retardants, which can be found, e.g., in
municipal solid waste and solid recovered fuel. Plastics treated
with brominated ﬂame-retardants can contain several mass
percent Br. Brominated biocides are another important source
of Br in waste-derived fuels.12 In addition to waste, even some
biomass fractions can include high amounts of Br. Naturally
occurring Br mainly originates from seawater; therefore, the
biomass fractions containing the most amounts of Br are some
selected marine algae and coastal peat.13
The amount of Br in the fuel is often relatively low, e.g., in
comparison to the amount of Cl. In spite of the low
concentrations in the fuel, Br has been observed in the
corrosion front of waterwall tubes in a BFB boiler ﬁring a
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the probe temperature, creating a temperature gradient over the
deposit. The temperature gradient simulates a real boiler situation
where a temperature gradient is present over the deposit, from the
ﬂue gas to the steam. A detailed description of the setup can be found
in Lindberg et al.22 and Niemi et al.23
Binary mixtures of NaBr−Na2SO4 and KBr−K2SO4 were studied in
this paper. The compositions were chosen so that the melt formed at
the ﬁrst melting temperature is ∼60 wt % of the total mass and that
the remaining solid phase is either Na2SO4 or K2SO4. The
compositions of the deposit materials are shown in Table 1, together

mixture of bark, solid recovered fuel, and wastewater sludge
from a paper mill.14 In addition, Br has been observed to
enrich in waterwall deposits. Vainikka et al.15 observed several
mass percent of Br locally in waterwall deposits, while the fuel
fed into the boiler contained only tens of mg kg−1 of Br.
Ash deposits and heat exchanger tubes experience temperature gradients during boiler operation. The temperature
diﬀerence from the ﬂue gas to the process steam/water is
several hundreds of °C. Temperature gradients are known to
aﬀect the deposition behavior.16 In addition, temperature
gradients have been shown to aﬀect corrosion of steel and the
chemistry and morphology of ash deposits. Corrosion rates of
the heat exchanger tube have been shown to increase with
higher ﬂue gas temperature even if the tube temperature is kept
constant.17,18 Temperature gradients have been shown to
induce diﬀusion within oxide layers19 and to induce
penetration of corrosive chloride species through unstable
oxide layers to the unaﬀected steel surface.20
The eﬀects of temperature gradients on ash deposit
chemistry and morphology have been studied mainly in
laboratory scale. The main observations have so far been the
formation of distinct regions within the deposit, distinguishable
by either composition or structure, and migration of species
due to temperature gradients.10,21−24 Depending on the
deposit composition, temperature gradients have been
observed to aﬀect the adhesion of deposits to the tube
material.25 The eﬀect on adhesion was concluded to be mainly
due to the formation of a melt, subsequent liquid phase
sintering, and melt movement toward the steel surface, where
it glues the deposit to the tube surface.
The temperature-gradient-induced gas phase migration of
alkali chlorides has been reported and modeled earlier.22,23 As
a result of the migration, an enrichment of alkali chlorides is
observed in the lower temperatures within the deposit. The
alkali chlorides form pure cubical structures within the deposits
and even enrich on the steel surface as pure alkali chloride
crystals. Similar results have been observed in biomass-ﬁred
boilers,26−28 and the eﬀect has been suggested to be due to the
intradeposit gas phase migration of alkali chlorides.29
Alkali chlorides and bromides are similar in their molecular
structure, melting characteristics, and chemistry. The similarities make bromides interesting from another point of view;
i.e., alkali bromides can be used to test vaporization−
condensation mechanisms observed with alkali chlorides.
Alkali bromides can be utilized to ﬁnd out whether the
phenomena, e.g., the temperature-gradient-induced alkali
chloride migration, are alkali-chloride-speciﬁc or more general
in nature. This paper focuses on studying the eﬀects of
temperature gradient on alkali bromide and alkali sulfate
mixtures. The aim of this paper is to recognize fundamental
phenomena prevailing in synthetic ash deposits, and to test the
hypothesis that alkali bromide−alkali sulfate mixtures behave
in a similar fashion as alkali chloride−alkali sulfate mixtures
when exposed to temperature gradients. In addition, the aim is
to modify and test the applicability of an existing alkali chloride
migration model for alkali bromides, to further validate the
understanding of the enrichment phenomena and its
implications for boiler applications.

Table 1. Deposit Compositions and Their Calculated and
Measured (in Parentheses) Characteristic Melting
Temperatures, as Well as Premelt Temperatures
deposit composition [wt %]
NaBr

Na2SO4

31.5

68.5

KBr
40.6

a

temperature [°C]

K2SO4

solidus

liquidus

premelt

59.4

622 (617)
670 (668)

719 (n.a.a)
845 (n.a.)

850
950

n.a.: not available.

with their calculated and measured characteristic melting temperatures. Factsage thermodynamics software30 was used to calculate the
melting behavior and vapor pressure of the volatile species. The
FTsalt database is one of the largest thermodynamic databases for
higher-order nonideal salt systems, and contains the nonideal
interaction parameters for binary (e.g., NaCl−KCl), common-ion
ternary (e.g., NaCl−KCl−ZnCl2), and reciprocal ternary salt systems
(e.g., NaCl−KCl−Na2SO4−K2SO4). However, the thermodynamic
interaction parameters for the NaBr−Na2SO4 and KBr−K2SO4
systems have not been published previously and are not included in
the FTSalt database. However, the phase equilibria of NaBr−Na2SO4
and KBr−K2SO4 have been studied experimentally by Rea,31 Palkin et
al.,32 Gromakov,33 Flood et al.,34 and Nyankovskaya.35 The two
binary systems are simple eutectic systems, similar to the
corresponding NaCl−Na2SO4 and KCl−K2SO4 systems. On the
basis of the experimental studies, the nonideal binary interaction
parameters for the liquid phase were optimized using the same liquid
phase solution model, the modiﬁed quasichemical model in the
quadruplet approximation,36 as Lindberg et al.37 used for the
multicomponent NaCl−Na2SO4−Na2CO3−KCl−K2SO4−K2CO3 system. The details of the assessed thermodynamic parameters will be
published in a separate publication. The calculated binary phase
diagrams together with experimental data are shown in Figure 1.
In addition, the melting behavior of the mixtures was studied with
DSC/TGA (diﬀerential scanning calorimetry/thermogravimetric
analysis), conducted with a TA Instruments SDT Q600 device. The
mixtures were heated above the solidus temperature and cooled down
in multiple cycles. Heating and cooling rates of 20 °C min−1 and a gas
ﬂow of 100 mL min−1 of N2 were applied. The solidus temperatures
for the mixtures were extracted from the data. The liquidus
temperatures were not extracted as the vaporization of alkali bromides
was kept at a minimum.
For the deposit preparation, the salt components were mixed,
melted together for 20 min, quenched to room temperature, ground,
and sieved to the desired size fraction (53−250 μm). The mixture
preparation was conducted to obtain homogeneous salt mixtures.
The deposits were applied on the probe. The applied deposit
thickness was approximately 5 mm, postexposure. The probe was
inserted into a furnace where it was heated up. Once the probe
reached the designated steel temperature (500 °C), cooling was
initiated, and the experiment was considered to start. The furnace
temperature was raised to the target temperature, which was set to
980 °C and measured ∼800 °C above the deposit. The deposits were
aged in the furnace for 2, 4 or 8 h, and subsequently rapidly cooled to
room temperature. The solidiﬁed deposits, together with the steel
sample rings, were cast in epoxy resin, cut for a cross-section, and

2. EXPERIMENTAL SECTION
The main experimental setup consists of a laboratory-scale air-cooled
probe, which is inserted into a tube furnace. Synthetic ash deposits are
applied on top of the probe. The furnace temperature is higher than
B
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Figure 1. Calculated phase diagrams of NaBr−Na2SO4 and KBr−K2SO4 on mass basis together with the experimental data of the systems.

Table 2. Standard Chemical Compositions of EN10216-2, 10CrMo9-10, and P235GH Steels in wt %: The Rest Is Fe
steel

C

Si

Mn

P

S

Cr

Mo

N

Cu

10CrMo9-10
P235GH

0.08−0.14
≤0.16

≤0.5
≤0.35

0.4−0.8
≤1.20

≤0.02
≤0.025

≤0.01
≤0.010

2.0−2.5

0.9−1.1

≤0.012

≤0.3

analyzed using SEM/EDX. All of the experiments were conducted in
ambient air.
The probe houses two steel sample rings, which were both covered
with the same deposit material in a given experiment, but two
diﬀerent steel materials were used. A low-alloyed 10CrMo9-10 steel
was used as the temperature control ring (Ring 1), and a P235GH
carbon steel ring was used as the temperature measurement ring
(Ring 2). The standard steel compositions are shown in Table 2. The
temperature control and measurement were conducted using
thermocouples housed within the rings. Because of the nonuniform
temperature across the probe, the measured temperature was always
slightly higher than the controlled temperature. The experimental
matrix is shown in Table 3.

temperature [°C]
Ring 2,
P235GH

deposit material

exposure time
[h]

500
500
500
500
500
500

507
505
506
523
504
506

NaBr−Na2SO4
NaBr−Na2SO4
NaBr−Na2SO4
KBr−K2SO4
KBr−K2SO4
KBr−K2SO4

2
4
8
2
4
8

≤0.70

particles do not show signs of melting during the experiment.
The deposit morphology is similar to the deposit morphologies
observed by Lindberg et al.22 and Niemi et al.23 with mixtures
of alkali chlorides and alkali sulfates.
The structure of the deposits was observed to evolve as a
function of time. The 2 h experiments showed, in general,
more alkali bromides in the uppermost region. The amount of
alkali bromides in the uppermost region decreased in 4 and 8 h
experiments (Figure 3). In general, already the 2 h experiments
displayed a dense upper layer, indicating that the densiﬁcation
occurs within a short time span.
The overall deposit structure was concluded to be similar to
that observed in the alkali chloride−alkali sulfate systems,
suggesting that the mechanisms responsible for the deposit
structure are similar. Above the ﬁrst melting temperature, the
deposit aging mechanism with binary eutectic systems has
been concluded to be mainly due to liquid phase sintering and
temperature gradient zone melting (TGZM) phenomena.23,24
The liquid phase sintering is supported by the fast sintering
and by the holes observed in the dense deposit structure. The
holes are characteristic for structures aﬀected by liquid phase
sintering occurring by the pore ﬁlling mechanism.38
TGZM39 was observed to occur in all of the experiments. A
distinctive feature for the mechanism is the sharp interphase
between the primary crystallizing phase (alkali sulfate) and the
eutectic region, mixed with alkali bromides and sulfates (see
Figures 2 and 3). The pockets containing a mixture of alkali
bromides and sulfates within the dense alkali sulfate structure
further indicate TGZM. The phenomenon is described
schematically in Figure 4. The liquid phase composition of a
binary mixture, with a eutectic melting behavior, e.g., NaBr−
Na2SO4 or KBr−K2SO4, depends on the temperature. In the
case of NaBr−Na2SO4 and KBr−K2SO4, when the temperature
of the system is between the solidus temperature and the
liquidus temperature, the system will form a two-phase system.
The two phases are the primary crystallizing phase, which in
this case is the alkali sulfate phase, and a melt phase, which has
a composition following the liquidus line of the phase diagram
according to the lever rule (see Figure 4, step 2). All of the

Table 3. Experimental Matrix Showing the Steel Ring
Temperatures during Experiments, with Distinct Deposit
Materials and Exposure Times
Ring 1,
10CrMo9-10

Cr + Cu + Mo + Ni

3. RESULTS
3.1. Above the First Melting Temperature. The SEM/
EDX results for all of the experiments show a multilayered
deposit morphology (Figure 2). The uppermost layer is dense
and enriched in alkali sulfates. The next layer consists mainly of
a mixture of alkali bromides and alkali sulfates in a ratio that is
close to the eutectic composition of a NaBr−Na2SO4 or KBr−
K2SO4 mixture, i.e., enriched in alkali bromides in comparison
to the original composition. The eutectic composition
surrounds alkali sulfate crystals (see Figure 3). Close to the
steel, there is a porous region, in which the particles display
similar structure to the original deposit particles; i.e., the
C
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Figure 2. SEM backscatter image of the overall deposit structure of the NaBr−Na2SO4 deposit after 4 h of exposure. The image shows the porous,
eutectic, and sintered regions. The light, dark gray, and black shades represent NaBr, Na2SO4, and epoxy, respectively.

tration gradient across the melt. The concentration gradient
induces diﬀusion within the melt to balance the concentration
diﬀerence. As a result, the alkali bromide migrates toward the
hotter temperature; subsequently, at the lower temperature,
the alkali sulfate crystallizes from the melt. The increased
concentration of the alkali bromide at the higher temperature
enables that more of the alkali sulfate is being incorporated
into the melt phase, resulting in a bulk movement of the melt,
and alkali bromide, toward the hotter temperature. At the top
of the deposit, the alkali bromides vaporize into the furnace
and leave behind a reﬁned alkali sulfate structure.
In addition to the movement of alkali bromides, TGZM was
observed to aﬀect also the corrosion products. In the 8 h
experiments, the upper part of the deposit cross-section and
the top of the deposit were observed to have a red hue. The
SEM/EDX results showed a presence of Fe within the upper
part of the deposit and on the outer edge (facing the furnace
air). The results from the outer edge of the 8 h experiment
with 10CrMo9-10 exposed to the Na mixture are shown in
Figure 5. In addition, some Fe was observed in the lower part

Figure 3. Evolution of the uppermost layer in the K system and in the
Na system. The light, dark gray, and black shades represent (Na/
K)Br, (Na/K)2SO4, and epoxy, respectively.

alkali bromide in that temperature region will be included in
the melt phase.
When subjected to a temperature gradient, the melt
composition diﬀers between temperatures, creating a concen-

Figure 4. Schematic image explaining the deposit morphology and chemistry evolution due to liquid phase sintering and temperature gradient zone
melting (TGZM) phenomena. Step 1 shows the initial deposit densiﬁcation by liquid phase sintering. Step 2 shows how the TGZM induces alkali
bromide migration toward the outer surface of the deposit. Step 3 shows a reﬁned alkali sulfate structure and the sharp interface between the
eutectic layer and the reﬁned alkali sulfate.
D
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Figure 5. SEM backscatter image showing the corrosion products in the upper part of the deposit in an 8 h experiment with 10CrMo9-10 steel
exposed to the NaBr−Na2SO4 mixture. The oxygen and carbon results are excluded from the data, because these elements are present in the epoxy.

of the eutectic layer in the 4 h experiments with P235GH steel
exposed to the NaBr−Na2SO4 deposit. A similar behavior has
been observed with alkali chloride and alkali sulfate
mixtures.21,40 However, the behavior has not been observed
with alkali bromide−alkali sulfate mixtures before.
The migration of corrosion products due to TGZM is more
complicated compared to the relatively simple binary mixtures
(NaBr−Na2SO4 and KBr−K2SO4). With binary mixtures, the
roles of the liquid phase and the primary crystallizing phase are
clear, and the concentration gradient within the liquid phase is
easy to concern from the phase diagram. With the inclusion of
corrosion products (e.g., FeBr2, FeBr3, CrBr3, and metal
oxides), the melting properties and, consequently, the
prediction of the TGMZ phenomenon become more
complicated. In addition, the corrosion products are prone
to oxidation with high enough O2 partial pressures, which
alters the composition and makes the system even more
complicated.
Although detailed predictions of migration of corrosion
products due to TGZM remain an unresolved issue and lie
outside of the scope of this study, the mechanism is a plausible
cause for the Fe presence at the top of the deposits exposed to
temperature gradients.
3.2. Below the First Melting Temperature. Below the
ﬁrst melting temperature, pure alkali bromide layers were
observed on the furnace-facing side of particles and on the
oxide layer. In addition, on the steel-facing side of the particles,
alkali-bromide-depleted areas were observed. An example of a
pure alkali bromide layer and an alkali-bromide-depleted area
is shown in Figure 6.
The phenomenon has been studied earlier with alkali
chlorides, and it is caused by Fickian diﬀusion that occurs
because of a temperature-gradient-induced concentration
gradient in the gas phase.22,23 Alkali bromides vaporize from
the steel-facing side of the particle, leaving behind an alkali
sulfate scaﬀold. The vaporized alkali bromides migrate toward
the colder temperature, i.e., toward the steel surface.
Subsequently, the alkali bromides condense on a colder
surface because of supersaturation in the gas phase. The colder
surface can be either the furnace-facing side of an ash particle
below the particle of origin, or the steel surface. The
vaporization−condensation mechanism results in a bulk
migration of alkali bromides toward the colder temperature,
i.e., toward the steel surface.
The alkali bromide migration layer thicknesses were
quantiﬁed as described by Lindberg et al.,22 and the results,

Figure 6. SEM backscatter image showing NaBr enrichment on the
top of a NaBr−Na2SO4 particle and NaBr depletion at the bottom of
the particle.

as a function of temperature, are shown in Figure 7. An existing
migration model for alkali chlorides23 was modiﬁed to predict
the alkali bromide migration. The species-speciﬁc values were
modiﬁed (see Table 4), and the diﬀerences in the densities of
the alkali bromides and sulfates were taken into account. The
values shown in Table 4 are utilized for partial pressure
calculations and for diﬀusion coeﬃcient estimation, according
to the kinetic theory of gases.
The model describes the Fickian diﬀusion of volatile species
due to the temperature-gradient-induced concentration gradient. The concentration gradient, and therefore the diﬀusion
ﬂux, is directly proportional to the temperature gradient across
the gas phase. The temperature gradient across the gas phase
was estimated from the bulk temperature gradient across the
porous layer, and from the estimated porosity of the deposit.
The temperature gradients across the porous layers in
individual experiments were estimated from the SEM images.
The temperature gradient (dT/dx) values were estimated to be
65−90 °C mm−1 for the KBr−K2SO4 mixtures and 70−115 °C
mm−1 for the NaBr−Na2SO4 mixtures, and they are shown in
Figure 7. In the model calculations, the bulk temperature
gradient was multiplied by a correction factor of 3.7 to account
for the steeper temperature gradient across the gas phase than
across the solid phase (for additional information, see Niemi et
al.23). In addition, the logarithm of the alkali bromide
saturation pressure is linearly proportional to the inverse
absolute temperature, ergo the logarithm of the concentration
gradient is linearly proportional to the inverse absolute
E
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Figure 7. Average measured alkali bromide layer thicknesses (dots) together with modeled results (continuous line) as a function of temperature in
individual experiments. The error bars show the maximum and minimum thickness values measured in the temperature interval (20 °C) in
question.

Table 4. Molecule-Dependent Constants for Determining the Saturation Pressures (Ai and Bi) of Alkali Bromides, Eﬀective
Molecular Diameters in the N2 Atmosphere (di,eff), Eﬀective Mass in the N2 Atmosphere (μi), and Density at Room
Temperature (ρi)30,41,42
component, i
KBr
(KBr)2
NaBr
(NaBr)2

Ai [K]
−24 298
−27 388
−24 850
−26 308

Bi [−]

di,eff [m]

16.07
18.08
16.19
17.25

3.68
4.74
3.41
4.54

×
×
×
×

−10

10
10−10
10−10
10−10

ρi [kg m−3]

μi [kg]
3.77
4.16
3.66
4.10

×
×
×
×

−26

10
10−26
10−26
10−26

2750
2750
3210
3210

close-packing structures (0.74) in one dimension when a
particle size of 150 μm is applied. The initial particle-to-particle
distance was also used as a boundary condition for the model;
i.e., the maximum alkali bromide layer thickness was limited to
50 μm. The modeled values are plotted together with the
corresponding experimental results in Figure 7.
The model values agree reasonably well with the
experimental values in lower temperatures and with short
exposure times. The deviations in the higher temperatures and
with longer exposure times are understandable as the predicted

temperature, which results in an exponential increase in the
diﬀusion ﬂux as a function of the absolute temperature.
The model estimates a decrease in the diﬀusion ﬂux as a
function of time. The eﬀective diﬀusion coeﬃcient decreases,
as the gaseous species need to travel longer within the particle
of origin as it is depleted of the alkali bromides as a function of
time. A similar decrease in the migration rate was observed also
in the experimental results. The initial particle-to-particle
distance in the model was chosen to be 50 μm, corresponding
to the experimental observations and to the solids fraction of
F
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layer thicknesses are unreasonably thick for the experimental
setup, which results in pronounced deviations with longer
experiments and in higher temperatures. In the experiment
with KBr−K2SO4 on the P235GH steel with 4 h of exposure,
where no layer data is reported for low temperatures, the lower
temperature part of the porous layer was missing. The loss of
deposit material is due to the deposit preparation in the cutting
stage. The loss of deposit material after the cutting phase of the
sample preparation was observed as a lack of deposit material
and epoxy resin. The 2 h exposure of 10CrMo9-10, and the 4
and 8 h exposures of P235GH to NaBr−Na2SO4, showed a
missing porous layer, which is why no layer growth data is
available for those experiments.
Regardless of the deviation of the modeled values from the
experimental values in the higher temperatures, the results
imply that the underlying phenomenon, i.e., the temperaturegradient-induced gas phase migration, is successfully recognized for the alkali bromides. The model results are in
reasonably good agreement with the experimental values,
which indicates that the model can be utilized for deposit aging
calculations if some limitations are considered. The limitations
include space limitations for the layer growth, lower activity for
the gaseous species due to solid or liquid solutions, and mass
balance limitations. The results of this paper conﬁrm the
hypothesis that the temperature-gradient-induced diﬀusion
mechanism observed with alkali chlorides also applies for other
volatile compounds found in ash deposits.
Compared to alkali chlorides, the alkali bromide migration
was observed to occur at a higher rate in the same temperature
range and with the same temperature gradient. The calculated
saturation pressure of alkali halides at a set temperature
increases when the size of either the cation or the anion
increases (KCl > NaCl > LiCl, NaBr > NaCl > NaF). The
saturation pressure of alkali halides increases exponentially as a
function of temperature. In a set temperature and temperature
gradient, the partial pressure gradient is steeper for the species
with the higher saturation pressure (KCl > NaCl > LiCl, NaBr
> NaCl > NaF), resulting in a higher diﬀusion ﬂux.
3.3. Corrosion. Signiﬁcant corrosion was observed in all of
the experiments. With P235GH, the corrosion layer consisted
typically of alkali bromides, iron oxide, iron bromides, and a
combination of all of the aforementioned. 10CrMo9-10
produced a similar oxide layer but included also Cr species.
Already the 2 h experiments resulted in oxide layer thicknesses
of ∼10 μm, but the oxide layer growth rate seemed to slow
down rapidly after the initial oxide layer formation.
Figure 8 shows a typical corrosion layer of P235GH from
the 4 h experiment, with the KBr−K2SO4 mixture. Just above
the steel surface, Br was observed, but little to no alkali metals
were observed, indicating a formation of metal bromides. A
similar distribution of elements was observed also with the
other experiments. With P235GH, Br was observed together
with Fe, while with 10CrMo9-10, Br was observed together
with Fe and Cr. FeBr2, FeBr3, NiBr2, and CrBr3 have been
observed to form at steel surfaces exposed to Br2 and high
temperatures.43
Above the metal bromides, a dense oxide layer was observed.
For P235GH, the oxide layer contained mainly iron oxides.
With 10CrMo9-10, the oxide layer consisted of a mixture of
iron and chromium oxides. The dense oxide layer did not
contain Br with either of the tested steels and regardless of the
exposure time.

Figure 8. Corrosion layer of P235GH steel after 4 h of exposure to
KBr−K2SO4.

On top of the dense oxide layer, pure crystals of alkali
bromides were detected for all of the experiments. The crystals
are a result of the vaporization−condensation of alkali
bromides within the deposit. The mechanism can be clearly
seen to enrich alkali bromides at the oxide layer.
In the experiment with P235GH exposed to NaBr−Na2SO4
for 4 h, in addition to the dense oxide layer, a more porous
oxide layer was observed to grow on top of and around the salt
particles near the steel surface. In addition, indications of iron
bromides were observed above the dense oxide layer, close to
salt particles (Figure 9). In the same experiment and in the 8 h
experiment with 10CrMo9-10 steel exposed to the NaBr−
Na2SO4 mixture, corrosion products were found in the upper
parts of deposits, which indicates vaporization of corrosion
products and condensation within the deposit. This occurs due
to an oxygen potential gradient from the metal surface, where
it is buﬀered by the metal−metal oxide equilibrium, to the air
in the furnace. With low oxygen potential, volatile metal halide
species (e.g., FeCl2, FeCl3, FeBr2, FeBr3) can vaporize close to
the metal−metal oxide interface and subsequently react to
metal oxides when they reach a location within the deposit
with higher oxygen potential.
Similar corrosion behavior, where the oxide layer grows
around the deposit salt particles, has been observed with
10CrMo9-10 steel exposed to KBr6 and to NaCl or KCl44 at
high temperatures in isothermal conditions. Enestam et al.44
proposed that the porous oxide layer formation in NaCl and
KCl deposits is due to the formation and subsequent
vaporization of metal halides, which then react to metal oxides
and condense on the salt particles above the steel surface. Wu
et al.6 reported analogous behavior with KBr. To the best our
knowledge this is the ﬁrst study showing similar corrosion
behavior of steel exposed to NaBr.

4. IMPLICATIONS
Deposit aging has direct eﬀects on the deposit removability
and chemistry. The results of Laxminarayan et al.25 show that
liquid phase sintering of deposits and liquid movement toward
the steel surface increase the adhesion strength of deposits to
the heat exchanger surfaces. They also note that gas phase
migration of alkali chlorides plays a role in the evolution of the
deposit adhesion strength. The results of this study show that
even alkali bromides migrate within ash deposits and can
potentially enrich on heat exchanger surfaces, aﬀecting both
corrosion and deposit adhesion strength. Already low Br
G
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Figure 9. SEM image showing the porous oxide layer of P235GH steel after 4 h of exposure to NaBr−Na2SO4.

concentrations in the fuel have been shown to result in
enrichment of Br in waterwall deposits.15
The results of Costa and Paoliello45 show that the deposit
composition in a black liquor recovery boiler can vary greatly
from the inner to the outer part of the deposit. They observed
high concentrations of K and Cl close to the steel surface,
which could be due to the enrichment of K and Cl in the melt
phase, which has migrated to the steel surface. Similar results
have been reported by Reeve et al.46 Although alkali bromides
are not commonly found in recovery boilers, the results of this
study further indicate which mechanisms are responsible for
the enrichment of alkali chlorides in cold temperatures, i.e., gas
phase migration and liquid phase sintering.
In the present work, migration of gaseous alkali bromides
toward the colder temperatures was shown to occur due to
temperature gradients. The migration rate increases as a
function of both the local temperature and the temperature
gradient. This implies that, in boiler design, in addition to the
absolute temperature of the heat exchanger material, the
temperature gradient from the ﬂue gas to the steel also aﬀects
the corrosion risk. Others have reported results, which support
this view.17,18
The temperature-gradient-induced gas phase migration
model has been shown to qualitatively work with alkali
chlorides and alkali bromides. The model relies on Fick’s ﬁrst
law of diﬀusion and on the kinetic theory of gases, which
makes it also easily applicable for other volatile species within
deposits and for other applications where temperature
gradients are present. For technically relevant detailed results,
the migration model would probably need to be used in
combination with thermodynamic modeling, as the partial
pressures of volatile species are connected to the solid and
liquid phases locally present in the deposit. In turn, the gas
phase migration aﬀects the local compositions within the
deposit, resulting in a highly dynamic system, where the phase
composition would need to be re-evaluated continuously.
The synthetic deposits used in this study diﬀer from actual
boiler deposits in a number of ways. The compositions of the
deposits used in this study are simple binary eutectics, with
relatively high alkali bromide concentration compared to boiler
environments. The boiler deposit contains many diﬀerent
components, depending on the fuel. For biomass fuels, the
main ash-forming elements are Ca, K, Si, and Mg.47 With
waste-derived fuels, the ash composition is even more
complicated, and the deposit can in addition contain, e.g.,
high amounts of Pb and Zn.8

Boiler ash deposits are often heterogeneous in nature, with
diﬀerent compositions and structures across the deposit,
mainly due to the way of the deposit formation. The deposit
formation in a boiler occurs by several diﬀerent mechanisms
that occur simultaneously, condensation, thermophoresis, eddy
impaction, and inertial impaction being the most common
deposit formation mechanisms.48 The deposit formation
mechanisms, as well as the ash composition, aﬀect the deposit
structure. Deposits vary greatly in nature between boilers and
locations within the boiler. Contrary to boiler deposits, the
deposits used in this study are homogeneous both in
composition and in structure at the beginning of the
experiments. However, the synthetic deposits were observed
to become increasingly heterogeneous because of the exposure
to temperature gradients. This indicates that even deposit
aging can contribute to the deposit structure and composition.
There are indications that deposit aging also aﬀects the local
composition and structure of ash deposits.28,29
The vaporization−condensation mechanism of volatile
species can only occur if there are volatile species present
within the deposit, and the deposit structure is porous; i.e.,
there are void spaces available for the volatile species to
condense to. Several studies have shown that boiler deposits
are indeed porous;28,49,50 however, parameters, such as the
fuel, the location in the boiler, and the temperature proﬁle,
aﬀect the porosity and the pore size. The pore size will most
likely limit the migration rate of the volatile species within the
deposits. The vaporization−condensation mechanism is
expected to occur at a slower pace in boiler deposits than in
the synthetic deposits in question. There are additional
limiting factors that are present in boiler deposits; e.g., the
volatile species might be part of a solid or liquid solution,
which results in their lower partial pressure. In addition, the
amount of the volatile species is likely to be fairly low within
the deposits, which also limits the potential for enrichment in
lower temperatures. However, alkali bromides have been
observed to enrich at lower temperatures within deposits, i.e.,
close to the steel surface.15 The enrichment is likely to be
caused by both the deposit build-up mechanisms (i.e., alkali
bromide condensation from the ﬂue gas) and the deposit aging
mechanisms (i.e., intradeposit vaporization−condensation and
liquid phase sintering).
The liquid phase sintering and TGZM both require a melt
phase present to occur. In addition, liquid phase sintering can
only occur in a porous deposit, while TGZM requires a
continuous solid phase in order to occur. Liquid phase
sintering is likely to occur in boiler deposits, but the extent of it
H
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is still unclear. The sintering tendency has been shown to be
connected to the amount of melt present.23 The amount of
melt in a boiler deposit is likely to be signiﬁcantly lower than in
the synthetic ash deposits studied in this paper, which will
result in lesser deposit densiﬁcation. In addition, boiler
deposits may contain molten phases with high viscosity, with
which the sintering eﬀects are expected to be slower. However,
in boilers the deposits have a longer time to mature.
The industrial relevance of TGZM in boiler deposits
remains unclear. TGZM could potentially alter the corrosion
rate of heat exchanger tubes. On one hand, with optimal
conditions, TGZM can induce migration of corrosive halide
species toward the fuel gas, i.e., away from the steel surface. On
the other hand, TGZM can induce migration of corrosion
products or parts of the protective oxide layer toward the
hotter temperature, resulting in an exposed steel surface and
rapid corrosion.
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