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ABSTRACT

The molten salt corrosion performance of SS-HP40 with high Cr content and carbon steel T22
with low Cr content were investigated. The corrosion behavior was obtained using three
techniques: potentiodynamic polarisation curves (PC), electrochemical noise (EN) and the
mass loss method (ML). XRD and SEM were utilized to characterize the oxide scales formed
over the metallic surfaces. Alloys were exposed to 80% mol V,05-20Na,SO, mixture at 550°C
and 650°C during 5 days. The corrosion rates of EN and ML agreed, showing to be thermally
activated. SEM images showed that both materials suffered pitting corrosion in spite of HP40
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has a great content of Cr. This result was due to high vanadium molten salt is very oxidant and
acid, favoring a major dissolution of the Cr,05 presents on HP40 and Fe,Os; formed on T22.
Secondary corrosion products at low fusion points lead an increase in fluidity, which exacer-

bates the oxidation reactions.

INTRODUCTION

Due to the reduction of high-grade fuels but especially
for economic reasons, residual fuel oil of low quality is
greatly used in boilers of power generation plants [1,2],
that is why fuel ash corrosion is well known as a form of
attack caused by molten salts at high temperatures.
Molten salts compounds melt between 500°C and 600°
C and higher causing dissolution of the protective oxide
scales of the metal alloys. This phenomenon can also be
seen in gas turbines, aircraft and chemical process sys-
tems [1,3-5], which use residual fuel oils that during
combustion produce compounds formed by sulphur,
vanadium and sodium creating sulphate and vanadate
salts [4-7], and other more complex mixtures coming
from these primary species, which are extremely corro-
sive at temperatures in the range of 600°C-1050°C
decreasing the lifetime of materials [8,9]. This type of
corrosion is called high-temperature corrosion by mol-
ten salts or hot corrosion (HC) [3,4,10]. Boilers are
essential elements of power generation plants, and HC
occurs on the fireside of the heated surfaces of super-
heaters or reheaters, whose systems are primarily con-
structed of carbon steel materials of low chromium
[1,11] and temperatures oscillate between 600°C and
650°C. This type of corrosion is also called vanadium
attack, since there is evidence that vanadium contri-
butes to the corrosion of metallic surfaces at high tem-
peratures [12-14]. Since boiler systems are mainly
made of carbon steel, corrosion is expected to be high,
which can result in forced shutdowns [1]. Sulphur can

diffuse through a porous oxide layer crossing a depleted
metal surface, producing an internal degradation such
as intergranular sulfidation, whereas the acidic oxide
V,05 can lead to fluxing mechanism of the metallic
oxides formed over the surfaces [15]. Control of high-
temperature molten salts corrosion by materials selec-
tion has been partially successful through the use of
heat-resistant iron and nickel base alloys with high
chromium content [16,17]. Cr has been the most used
element in order to improve the corrosion properties of
alloy, nevertheless, in some cases the cost of alloys with
high content of good corrosion-resistant elements such
as Cr, Al and/or Si is very high. Low alloy steels are
commonly used in many industrial plants, therefore,
they have the need to improve such materials, either
through maintenance or partial replacement. Some
methods to protect substrates from hot corrosion are
pack cementations, chromising or deposition of silicon,
aluminium and ceramic coatings among others.
Substrates such as stainless steels, medium-high carbon
steel and low alloy steels such as alloy T22 have been
used in the application of methods for modifying their
surface [1,7,16,18-20]. Alloy T22 is often required to
operate in high temperature aggressive environments in
superheaters of boilers, however due to its low corro-
sion resistance, it has been used as substrate for the
application of metallic coatings [21]. From these inves-
tigations, coatings were found to be effective in redu-
cing the overall corrosion with respect to bare T22.
Therefore the aim of this paper is to evaluate the
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aggressiveness of a mixture V,05-Na,SO,, highly
recognised as responsible for fireside corrosion of the
components of boilers of power generation plants [22],
exposing the SS-HP40 with 26 wt.% Cr and the carbon
steel T22 (CS-T22) with only 2.5 wt.% of chromium,
determining the corrosion resistance of both materials.
In this study, the traditional mass loss method and
electrochemical techniques were applied, the last ones
due to offer greater speed and sensitivity, which provide
corrosion information based on the movement of
charges at the interface between the corroding metal
and the electrolyte. On the other hand, using electro-
chemical techniques such as Electrochemical Noise
(EN), it is possible to measure instantaneous corrosion
rates with any perturbations, whereas the measure-
ments are done at open circuit potential (Eqcp) obtain-
ing information about the kinetics and mechanism for
metallic corrosion. The random current and potential
noise signals emanating from the corrosion system can
be used to determine the corrosion rate, while corrosion
mechanism can be predicted based on the interpreta-
tion of the spectral noise signals and the so-called loca-
lisation index. From the EN, the resistance noise (R,)
can also be reported and utilised in order to obtain the
corrosion rate. The ASTM G199 (2014) [23] which is a
guide for Electrochemical Noise measurements was
used as a reference, being extended for conducting EN
measurements both in the laboratory and in service
environments [24,25]. In addition this technique has
been widely used in molten salts at high temperature
[26-28]. The potentiodynamic polarisation curves
(PC), which is the other electrochemical technique
used in this research, can determine instantaneous cor-
rosion current density (corrosion rate) when potential-
current curves are analysed at the Eqcp within the so-
called Tafel region. For the above, the electrochemical
noise technique and the potentiodynamic polarisations
curves (PC) were used and compared to the mass loss
method results during 5 days. Images of the corroded
samples from the scanning electron microscopy (SEM)
helped to determine the type of corrosion suffered by
both alloys, whereas the mappings of the main elements
of the systems supported the corrosion mechanism
developed by the two studied alloys. The physical char-
acteristics of the corroded alloys together with the elec-
trochemical results provided information to
complement each other in order to analyse the corro-
sion performance of the studied materials.

Experimental procedure
Working electrodes

Specimens were made from a bar of HP40 and T22,
which was cut into small rectangular parallelepipeds
sized 10x5x2 mm, ground to 600 grit silicon carbide
paper, rinsed with distiled water and degreased with

acetone. The nominal composition of the SS-HP40 is:
0.55 C-2.0Mn-2.58i-0.04P-0.04S-26Cr-35Ni-0.5Mo-Bal
Fe [29] and for the CS-T22 (ASTM A213 grade T22):
0.09 C-0.45Mn-0.5(max)Si-0.025(max)P-0.025(max)S-
2.25Cr-1.0Mo-Bal Fe. These samples were the working
electrodes to which one 80% (wt.) Cr-20Ni wire (150 mm
long and 1.0 mm in diameter) was spot welded [30-32].
For isolating the 80Cr-20Ni wire from the molten salt,
ceramic tubes were used filling the gap between the
ceramic tube and the electrical wire with refractory
cement. The amount of corrosive mixture in each experi-
ment was 2 g/cm’, which was introduced into a 20 ml
silica crucible. Then the silica crucible was set inside an
electrical tube furnace to reach the test temperatures,
which were 550°C and 650°C. The corrosive salt was
prepared with analytical reagents at a concentration of
80 mol % V,05-20Na,SO,.

Electrochemical techniques

For EN, the electrochemical cell was a three-electrode
setup including two identical working electrodes
(WE1 and WE2) and 1 mm diameter/150 mm long
platinum wire as the reference electrode, which is a
zero-resistance electrode [33-36]. Whereby the elec-
trochemical potential and current noise were concur-
rently measured with great reliability, enabling the
direct determination of the electrochemical noise
resistance Rn [37], thus the corrosion rates over
120 hours were obtained and compared to the results
from the conventional mass loss method. This elec-
trode arrangement has been used under similar mol-
ten salt conditions [30,38,39]. For potentiodynamic
polarisation curves, the electrochemical cell was con-
stituted by the working electrode and two 1 mm dia-
meter/150 mm long platinum wires as auxiliary and
reference electrodes [30-32], which were also intro-
duced in a ceramic tube sealing the gaps with refrac-
tory cement. Once the silica crucible containing the
molten salt was set inside the electrical tube furnace
and the test temperature was reached, the electroche-
mical cell was introduced inside the crucible and the
corresponding cables of the potentiostat were con-
nected to the electrochemical cell. In order to establish
the steady state of the electrochemical system, the PC
started 50 minutes after the test temperature was
reached. Polarisation curves were accomplished
potentiodynamically polarising the specimen at
+250 mV with respect to the corrosion potential at a
scan rate of 1 mV/s, such as it has been reported
elsewhere [33,40-43]. This over-potential was used
to obtain the lineal portion of the polarisation curve
in order to apply the Tafel extrapolation method,
obtaining the Tafel slopes, the corrosion potential
E.orr and the corrosion current density I
Applying this over-potential is possible to avoid sig-
nificant modifications of the metallic surface, which



may enhance the formation of metallic oxides on the
corroding surface or produce the preferential dissolu-
tion of one element of the alloy, generating inaccuracy
results as well as potential drops due to the pass of
current through the electrical resistance of the
electrolyte.

The simultaneous electrochemical current and
potential noise and PC were carried out through an
ACM Gill 8AC, which has integrated a zero-resistance
ammeter (ZRA) coupled to a personal computer. The
electrochemical noise data were recorded with a sam-
pling frequency of 1 Hz; 1024 measurements were
obtained each three hours during 5 days of immersion.
Current and potential time series were analysed in the
time and frequency domain to determine the corro-
sion activity and mechanism. A statistical analysis was
made to the noise data for determining the resistance
noise (Rn) and the localisation index (LI) [44]. The
corrosion rates were determined from the Rn once
applying the Stern-Geary equation and the Faraday’s
Law. The spectral noise impedance plots for both
alloys were obtained using an algorithm based on the
Fast Fourier Transform (FFT) of the spectral analysis,
which was resolved in a frequency bandwidth of inter-
est between 0.5 Hz and 500 mHz. The working elec-
trode used as WEI was mounted (without descaling)
in Bakelite and metallographically polished, then the
cross-section was analysed by SEM to investigate the
morphology and distribution of reaction products. X-
ray mappings and microprobe analyses were carried
out using a Microspec WDX-3PC system connected to
a Zeiss DSM960 SEM.

Mass loss measurements

The mass-loss measurements were taken each 24 h
during 5 days under the same conditions as that of
the EN technique and were carried out according to
ASTM Standards G1 and G31 [45,46] using specimens
of duplicates of the same size as those used for EN. A
total of 10 samples were utilised (two of them each
day), which were totally packed in the corrosive salt
contained in independent 20 ml silica crucibles. Every
24 h, two samples were removed from the muffle and
the corrosion products of the samples were mechani-
cally eliminated using alternating an ultrasonic bath
during 5 cycles. After cleaning the samples in each
cycle, these were weighted using an analytical and
digital balance with a precision of 0.0001 g. The sur-
face morphology of the clean corroded samples was
obtained from SEM, whereas DXR analyses were made
for the corrosion products obtained from the cleaning
of the samples by means of a diffractometer operating
with Cu Ka radiation, whose results were interpreted
using the Powder Diffraction Data File [47]. The loss
mass obtained each day during the immersion time
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from the conventional ML method was compared to
the corrosion rates from R,,.

RESULTS AND DISCUSSION
Physical characterisation

Figure 1 presents images of corroded T22 and HP40
alloys exposed to 80 mol% V,05-20Na,SO, at 550°C
obtained from the ML after being mechanically
cleaned. From the images at 30x, it can be observed
that the alloys suffered pitting corrosion, noting a
major pitting density over the T22 surface. The cor-
roded zones in both materials are sized in the range of
5-340 pm, observing that the pits of HP40 are the
smallest ones. The anodic and cathodic areas are
clearly seen in both materials. Adherent corrosion
products are observed inside the pits in both materials,
stating that the mechanical and ultrasound cleaning
methods were not enough to eliminate all the corro-
sion products in the deepest sites of the pits. From the
images at 500x, the biggest pit showed over the T22
surface seems to be an individual pit because of its
circular shape, whereas the biggest pit of HP40, elon-
gated with an irregular shape, seems to be made with
the unification of several pits, which collapsed to form
a bigger corroded area. With respect to HP40, some
other small corroded sites seem to be also elongated
and formed from other smaller pits. Some other many
small and medium size individual pits together with
their cathodic zones around them are observed too.

Images of both materials exposed at 650°C are
shown in Figure 2. The presence of exacerbated pits
is evident in both alloys, nevertheless alloy T22 shows
bigger pits. In addition, T22 also shows several small
and individual 20-40 um diameter pits. From the
HP40 images, dark and clear areas are seen, both
presenting small and medium size 8-32 um diameter
pits. It is clear that the increment in temperature leads
to intensify the size of pits together with the pitting
density in both materials.

Cross-section images of the corroded T22 and
HP40 at 550°C and 650°C were obtained together
with X-ray mappings of the main elements composing
the corrosive systems, nevertheless due to the beha-
viour was similar at both temperatures, in this work
the X-ray mappings at 650°C are only presented, since
the corrosion mechanisms at both temperatures were
similar. Figure 3 shows a cross-section image of the
corroded T22 exposed to 80 mol% V,05-20Na,SO, at
650°C together with the mappings of Cr, Fe, O and V.
The mapping of Cr together with oxygen shows the
development of a small concentration of Cr,0j; in the
corrosion products zone together with Fe,O3, the last
one being the major phase such as it has been reported
by R. Kumar et al. [48] when exposed T22 at a molten
salt Na,S04-60% V,05 at 900°C. The low
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Figure 1. Corroded images of T22 and HP40 alloys exposed to 80 mol % V,05-20Na,SO,4 molten salt at 550°C after 5 days of

exposure.

clicap
g

Figure 2. Corroded images of T22 and HP40 alloys exposed
exposure.

concentration of Cr makes Fe vulnerable to preferen-
tial oxidation. Fluxing of the initial Fe-oxide leads to
the attack of the base metal that is slightly enriched
with Cr, creating a better defined intercalated appear-
ance in the X-ray maps. Both oxides have been dis-
solved (especially the iron oxide) due to chemical
interaction between the molten salt along the expo-
sure. The mapping of oxygen shows a high concentra-
tion, evidencing the formation of the two metallic
oxides, nevertheless the dense layer with a thickness
of = 65 pm formed on the metallic surface did not have
an effective protection on suppressing further penetra-
tion of the molten salt. From the mapping of vana-
dium, it can be observed that this element is present in
combination with the metallic oxides and oxygen, so it
is highly expected that some V-O-metal ions com-
pounds can form secondary corrosion products. The

X

clicap
ko

to 80% mol V,05-20Na,S0, molten salt at 650°C after 5 days of

presence of V over the T22 surface together with the
fact that T22 suffered pitting corrosion lead to con-
sider that the metallic oxides were enough porous in
order to permit that the corrosion species diffuse to
the metal surface. In addition and in contrast to the
mapping of oxygen, vanadium is part of the flux that
attacks pseudo-protective oxides, therefore, it is pos-
sible the diffusion of vanadium until the deepest sites
of the pits, stating that T22 presented very low corro-
sion resistance to high temperatures due to the low Cr
and Si content [4].

Figure 4 shows a cross-section image of the cor-
roded HP40 exposed to 80 mol % V,05-20Na,SO, at
650°C together with the mappings of Cr, Fe, Ni, O and
V. From the micrograph, the metal-corrosion pro-
ducts interface can be seen. The mapping of Cr
seems to be denser than that of Fe, even though
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Figure 3. Electron image of the metal-scale interface and X-ray mappings of Cr, Fe, O and V of T22 exposed to 80 mol % V,0s-

20Na,S0, at 650°C.

through the Cr layer some free of chromium areas
appear. Below the metal-scale interface, a depletion
of chromium inside the substrate is seen. Cr in both
materials is shown to be part of intercalated oxides,
typical of acidic fluxing, which prevails in vanadium
containing molten salts. The intercalated layering as
indicated in the X-ray maps for Cr is more compliant
with the initial formation of chromia for the HP40
followed by the subsequent dissolution by acid fluxing
allowing for the formation of Fe-oxides. In addition,
the iron-scale appears more homogeneous but with
lower density, observing a stripe above the metal-scale
interface with even lower concentration. Due to the
large content of nickel in HP40, the mapping shows an
important concentration of this element in the corro-
sion products layer, observing a major concentration
just below the metal-scale interface inside the sub-
strate. The intensity concentration of Ni is observed
because Fe and Cr are depleted. In addition, the map-
pings of Ni and Fe presented a decrease in

concentration over the metal surface, which is due to
their dissolution by the high vanadium flux. Observing
the mapping for vanadium, it is possible to determine
that such low concentration presented by the Ni and
Fe above the metal-scale interface is occupied by V,
which is in combination with oxygen and chromium,
this fact could allow us to elucidate the possible for-
mation of vanadyl vanadates compounds, which will
be confirmed from the DRX analyses of the corrosion
products. The presence of 26% wt. of chromium in the
alloy HP40 should increase the corrosion resistance of
this material [49], nevertheless, accordingly to the
morphological characterisation, alloy HP40 suffered
a pitting corrosion process similar to alloy T22, but
in a less intense way. Nickel in high concentration
contributes to improve the mechanical resistance,
however when iron base alloys containing chromium
and nickel are exposed to sulphate-vanadium melting
salts, a thin nickel oxide underneath the chromium
and iron oxide is formed for protecting the alloy from
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Figure 4. Electron image of the metal-scale interface and X-ray mappings of Cr, Fe, O and V of HP40 exposed to 80 mol % V,0s-

20Na,S0, at 650°C.

the diffusion of vanadium and sulphur [13,30,50]. In
the particular case of HP40 under the experimental
conditions of this work, nickel oxide layer was
unprotective.

Figure 5 shows the XRD results of the corrosion
products generated when T22 (6.a) and HP40 (6.b)
were exposed at 650°C in the molten salt. According to
the spectrum of the T22 alloy, Fe and Cr oxides were
found in the corrosion products. Other compounds
such as sodium vanadyl vanadates were obtained:
N2,0.V20,.5V,0; (p.f. 550°C), 5Na,0.V,0,.11V,0s5
(p.f. 535°C), NagV,,04; and NaV,0; [3,48,51]. The
presence of 1.1.5 and 5.1.11 vanadyl vanadates have
been reported as especially corrosive due to V** and
V> couple facilitates the oxygen transport through the
melt generating major oxidation of the metal and
exacerbating the corrosion rates [52].

The presence of Na-V-O compounds is in agree-
ment with those compounds identified in some
reported works under similar experimental conditions
[4,22,38,53]. Furthermore, vanadates are able to dis-
solve selectively some metallic oxides normally pro-
tective, exposing metallic surface for further internal
degradation. The NagV,,04; compound has been
detected when the 80 (wt. %) V,05-20Na,SO4 molten
salt is exposed to temperatures higher than 600°C [54].
The formation of pits indicates that the initially

formed Fe,O; and Cr,0; could perform as passive
films at the beginning of the exposure, but then suf-
fered an acid fluxing leading to the nucleation of pits
as reported by R. Kumar under a similar mixture of
salt at 900°C [48]. The corrosion products of HP40
were the same vanadyl vanadates with the exception of
the 5.1.11. The metallic oxides formed over the HP40
surface were the iron and chromium together with a
spinel composed of nickel and iron.

Electrochemical characterisation
Potentiodynamic Polarisation Curves

The PC of alloys T22 and HP40 at both temperatures
are presented in Figure 6. The Tafel parameters were
obtained applying the Tafel extrapolation method
through the software of the potentiostat, which is a
sophisticated instrumentation that operates on well-
established theoretical basis to provide accurate corro-
sion information. The corrosion potential of alloy T22
resulted slightly more active with temperature,
whereas the corrosion current density (ico,) wWas an
order of magnitude higher: 5.4 mA cm ™ at 550°C and
22.0 mA cm™ at 650°C. In the case of HP40 the
corrosion potential at 550°C was the noblest one
(44 mV) evidencing that HP40 exposed to the lower
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Figure 6. Potentiodynamic polarisation curves for alloys T22 and HK-40 m exposed to 80 mol% Na,S0,—20 mol% V,0s at 550 and

650°C.

temperature presented a minor degradation such as
the morphological characterisation indicated. With
temperature, HP40 had a decrease in its corrosion
potential showing to be more active to corrosion
(-8 mV). The i, for the alloy HP40 is alike at both
temperatures, thus the effect of the temperature on the

corrosion process was from the thermodynamic point
of view. The Tafel slopes are necessary because the
anodic and cathodic slopes were used to determine the
corrosion rates from the electrochemical noise data
through the resistance noise R,,, applying the Stearn-
Geary equation. The Tafel regions of the polarisation
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curves for both alloys are similar and close to 100 mV
dec™', except the anodic slope of alloy T22 exposed at
550°C, which is higher than the rest ones, hence they
are well defined, demonstrating that the electron
transfer is mostly significant during the degradation,
specially for the alloy HP40, being the charge transfer
process the rate controlling step [55,56]. For T22
exposed at 550°C, it is necessary to indicate that it is
a typical system which is not purely activation or
diffusion controlled.

Electrochemical Noise Measurements

The current and potential time series (CPts) and the
spectral analysis (EAn) for alloy T22 at 550°C and 650°
C are shown in Figure 7. To analyse the electrochemi-
cal noise pattern, the three typical forms of
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electrochemical noise generated by different types of
corrosion processes were taken into account [57]: i)
Type I (Pitting) consists of fluctuations of high ampli-
tude with a high repetition rate; ii) Type II (Mixed) is a
combination of transients of type I and oscillations of
short amplitude; iii) Type III (Uniform) is formed by
oscillations of low amplitude. It is feasible to observe
several transients and random oscillations of low
amplitude at both temperatures, evidencing a mixed
corrosion process [58,59]. The current pattern at 650°
C shows the presence of several higher amplitude
transients with respect to that at 550°C, indicating a
significant increase in current due to the breaking of
the protective film that provoked a major oxidation of
the material at a local site leading to the nucleation
and/or the formation of pits [39,60]. The presence of a
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major number and more intense transients at 650°C
reflects the presence of a major amount of pits, such as
was evidenced through the physical characterisation.

The current density at 550°C is negative and at 650°
C is positive, indicating the preferential dissolution of
one of the two identical working electrodes [58]. In
addition, the current densities have similar values at
both temperatures; hence the corrosion behaviour is
determined by the intensity of the transients, but espe-
cially by the propagation of transients. According to
the mappings analyses, it presumes that the first stage
of the corrosion process was the formation of an iron
oxide layer accompanied by a Cr,O; layer, which were
initially protective, nevertheless, the local dissolution
of such layers propitiated the nucleation of pits and
then their propagation along the metallic surface. The
exacerbation of the localised corrosion with tempera-
ture is evident accordingly to the images at 650°C
(Figure 2). With respect to the potential noise pattern
at 550°C, only white noise in a very small interval in
potential (1 mV) is seen, whereas at 650°C the interval
was of 33 mV with nobler potential values and some
positive and negative transients, thus the corrosion
activity was defined by the current pattern behaviour,
which is in accordance with the PCs that showed few
thermodynamic effects, since the corrosion potential
was alike. The positive transients indicate the attempt
of alloy T22 to passivate, whereas the negative ones
indicate the propagation of pits [61]. The spectral
analysis of alloy T22 at 550°C shows an oscillatory
behaviour at low frequencies, starting with a low
impedance and medium values at the end of the expo-
sure. The average of the first 10 values of the impe-
dance in Ohms.cm? was: 58.5, 83.6, 31.2, 32.8 and 48.1
at 4 h, 2d, 3d, 4d and 5d respectively. Such results
show the physical condition of the metallic oxides,
which until the second day showed a good protective-
ness, then during the third and fourth days the metal-
lic oxides suffered dissolution, which is confirmed by
the great amount of vanadium in mixture with Fe, Cr
and O showed through the mappings. At 650°C, the
impedance values are similar to that at 550°C, being
the impedance in both cases independent of the
frequency.

Figure 8 shows the CPts together with the SAn for
alloy HP40 exposed to 80% mol V,05-20 % mol
Na,SO, molten salt at 550°C and 650°C. One of the
features of the current time series at both temperatures
is that the corrosion current density is one order of
magnitude lower than that of the alloy T22, and the
values at 550°C are smaller than that at 650°C, eviden-
cing the major corrosion resistance of alloy HP40 with
respect to T22 and the effect of corrosion activity when
temperature increases. The current noise pattern of
alloy HP40 has many positive transients of low inten-
sity at 550°C, which is due to the pits were smaller than
that for alloy T22. At 650°C the current time series
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show repetitively negative small transients, especially
at the last two days, indicating the trend of HP40 to
passivate, nevertheless, being the transients of low
intensity, it seems to be that the recuperation of the
initially protective metallic oxide was not possible,
therefore the material cedes to the corrosion processes
presenting a pitting corrosion type [62], being in con-
gruence with the physical characterisation.

The spectral noise impedance at 550°C showed that
the amplitude impedance was decreasing in time at
low frequencies until the end of the experiment. The
spectral noise impedance was in general independent
of frequency and the magnitude of the noise impe-
dance along the bandwidth was from 1 to 7200 ohms.
cm’. The average of the first 10 values at the lowest
frequencies was 220, 22, 30 and 11 ohms.cm? at 2, 3, 4
and 5 d respectively, suggesting a deterioration of the
initially formed passive layer of Cr,0; by the effect of
the aggressiveness of the high vanadium molten salt,
so the nucleation of pits and their propagation could
be seen over the corroded sample (Figure 1). The
spectral noise at 650°C is observed between a narrow
interval of impedance, from 0.4 to 5000 ohms.cm?,
and the average of the first 10 values at the lowest
frequencies was 10.5, 23.6, 72.6 and 84.3 ohms.cm®
showing a small increase in the corrosion resistance of
the metallic oxides in time, which was not enough in
order to mitigate the formation of pits.

Localisation Index

To corroborate the behaviour of the EN signals with
respect to the type of corrosion, the localisation index
(LI) was calculated as the ratio between the current
noise standard deviation o; over the root-mean-square
current value I, [57,63], which is an indicator of
localised corrosion (LC). The analysis took into
account the different ranges of LI values, which lie
between 0 and 1 (See Figure 9) [64,65]. LI values
were calculated from every one of the time series
records obtained from the EN measurements. LI is
similar for alloy T22 at both temperatures keeping in
the localised and mixed corrosion zones. LI was
mostly lower at 550°C along the exposure time, there-
fore the effect of temperature is decisive in the exacer-
bation of the LC. With respect to LI for alloy HP40 at
550°C, at the beginning of the exposure, LI maintained
in the pitting corrosion zone, reaching the mixed
corrosion zone from 12 h to 2.5 d, after that LI
decreased until the uniform corrosion zone continu-
ing in this zone until the end of the exposure. The
images of the corroded HP40 showed the presence of
several small pits, but a uniform corrosion process
could be seen along a large area, demonstrating that
LI parameter reflects the corrosion activity developed
by the alloy HP40 when exposed to 550°C. At 650°C,
LI followed almost the same behaviour as that at 550°C
until 1.8 d, after that LI remained in the mixed
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corrosion zone until 3.5 d, after that, LI increased
significantly until reaching the pitting corrosion

zone, which is reflected over the metallic surface
where a great amount of pits is found (see Figure 2).
In conclusion and accordingly to the physical charac-
terisation, LI parameter can be considered as an indi-
cator of the prevailing corrosion mechanism of alloys
T22 and HP40 [63].

Corrosion rates from EN and WLM

Figure 10 shows the experimental corrosion rates in
time obtained from the EN and the ML methods for
alloys T22 and HP40 exposed to 80 mol% V,Os-
20Na,SO, at 550°C and 650°C. To determine the
mass loss in time the noise resistance R,, (evaluated
as the ratio of the potential noise standard deviation
over the current noise standard deviation) was calcu-
lated [63-65]. Approximately 40 R,, data during 5 days
of exposure were obtained. R, (ohms.cm?) data were
used in the Stern-Geary equation to obtain the corro-
sion current density I o, (mA.cm?), then the Faraday
Law [60,66-68] was utilised to obtain the mass loss, as



T22 -—"

650°C-EN ./
—

01 /

L]
- o_’—-/
/ 650°C-ML
L)

Corrosion rate (g/cm)
.\

0.01 T T T T T

Exposure Time (d)

550°C

T22-EN

0.1

T22-ML

Corrosion rate (g/cm?)

1E-3

2 3 4 5
Exposure Time (d)

ad

MATERIALS AT HIGH TEMPERATURES . 133

HP40

-~

m—
k!
p—"""__ 650°C-ML

650°C-EN

e
o

e s

0.01

Corrosion rate (glcmz)

1 2 3 4 5
Exposure Time (d)

650°C

>
0.1+

(glem %)
4
N
»
m
z

4

N

N

)
X

H]

Corrosion rate

T T T T T

1 2 3 4

a

Exposure Time (d)

Figure 10. Cumulative mass loss for alloys 722 and HP40 exposed to 80% mol V,05-20Na,SO, molten salt at 550 and 650°C
obtained from the electrochemical noise data and the conventional mass loss method.

described elsewhere [69,70]. To calculate the Tafel
constant B of the Stern-Geary equation, Tafel slopes
from the experimental PC were utilised (See Table 1).
The behaviour of the corrosion kinetics showed that
the corrosion rates obtained from EN are faintly
higher than those obtained from ML for both materi-
als, which may be due to a small amount of corrosion
products are still adhered to the metallic surface of the
corroded samples from the ML. In the case of alloy
T22 the behaviour of the corrosion kinetics obtained
from EN is increasing in time at both temperatures
with a tendency to be constant at the last day of
exposure, such tendency is similar to that from ML,
except that at 550°C, whose corrosion rate decreased
during the last day, showing the effect of temperature.
From EN, the corrosion rate of HP40 at 650°C resulted
slightly higher than that at 550°C keeping almost con-
stant along the experimental time. At 650°C the corro-
sion rate from both techniques is very similar, not so at
550°C. The corrosion rate from both techniques is in

Table 1. Parameters of the polarisation curves of T22 and HP40
at the test temperatures.

Temperature Icorr Ecorr Ba Bc

Material [°Cl mMAcm™@] [mV] [mVdec™'] [mVdec]
T22 550 54 -1.0 171.0 137.0
T22 650 220 -8.0 101.0 49.0
HP40 550 8.1 440 112.0 114.0
HP40 650 6.9 -8.0 138.0 117.0

the same order of magnitude, so that, it can be said
that the results are comparable in magnitude. In gen-
eral, the corrosion kinetics show that T22 degrades
more than HP40, presenting certain differences in
their behaviour. The corrosion rate of both materials
from both techniques at 650°C behaves similar, espe-
cially for T22 whose values are very close.

Discussion

The corrosion process in molten salts at high tempera-
ture usually performs through three stages [3,51]: dur-
ing the first one the materials form reaction products
and a protective metallic oxides layer on the surface
beneath the deposit, this layer is formed by the effect of
the corrosive molten salt. This layer could be com-
posed of one layer or multi-layers, which depends on
the composition of the material. The second stage is
performed when the oxide layers start to become por-
ous layer due to the chemical interaction with the
corrosive active species, then the oxide layer is no
longer protective and molten salts reach the metal
surface and the degradation of the material proceeds;
in addition the depletion of chromium can be seen.
The third stage consists in the propagation of a hot
corrosion process (for instant pitting corrosion), and a
scale far from the surface is formed with secondary
compounds constituted by some elements of the mate-
rial previously oxidised that are chemically complexed
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with some elements or compounds from the corrosive
molten salts. A fourth stage can be considered when a
material starts to have a catastrophic failure. The pro-
pagation of an intensified stage for T22 was developed
due to the increase in temperature, the high concen-
tration of vanadium in the molten salt and for the
porous and non-adherent metallic oxides of the
alloy, whose composition was mainly iron. The diffu-
sion of oxygen through the molten salt is an important
aspect taken into account when the corrosion is being
evaluated, especially for the initial hours of exposure
[48,71]. The capability of alloys in withstanding the
harsh environment of gas turbines, furnaces, boilers,
etc., depends on their metallic oxides, whose proper-
ties must include a high density (no porous), adher-
ence and high thickness [7]. The morphological
analyses from SEM and DRX together with the elec-
trochemical characterisation results and the conven-
tional mass loss method of T22 alloy, allow to assume
that this material formed two oxides, being the main
one the F,0O5; which presumably is present as a layer,
followed by the formation of Cr,O; in combination
with the Fe,O; (see the corresponding mappings),
which were non-protective such as it has been
reported by RK.S. Raman [72]. Due to the large
amount of Fe in the alloy T22, its corresponding
non-protective iron oxide was dissolved forming a
secondary compound as iron vanadate FeV,0,
accordingly to the DRX analyses of the corrosion
products. In the case of alloy HP40, a main Cr,0;
layer accompanied by an iron and nickel layer was
formed, the last two combined to form the spinel
NiFe,O, (Figure 5.b). The porosity of the initially
passive layers generated due to the dissolution by the
very oxidant vanadium species was evident, especially
at the higher temperature where the pitting corrosion
was exacerbated in both materials. The formation of
some complex sodium vanadyl vanadates such as
Na,0.V20,.5V,0s, which melts at a relatively low
temperature (550°C) is found to be the most common
salt deposit on boiler superheaters, reducing the useful
life of the components [3,56]. The fusion points of
some sodium vanadyl vanadates are lower than the
smallest temperature of this research, thus this fact
provoked an increase in fluidity of the corrosive med-
ium diminishing the viscosity of the molten salt. Such
fluidity causes that the corrosive species can diffuse
through the porous oxides and therefore reach the
metallic surface in order to oxidise the alloying ele-
ments of the material in an accelerated and loca-
lised way.

The accelerated oxidation leads to the same type of
corrosion for T22 and HP40, but in the case of alloy
T22, pitting corrosion was more intensified generating
higher corrosion rates at both temperatures. The dis-
solution of Fe,0; and Cr,0; of alloy T22 and Fe,O3,
Cr,05 and NiO of alloy HP40 was evident from their

corresponding mappings and for the type of corrosion
suffered for both materials. Clearly alloy T22 pre-
sented a major degradation due to iron is not recog-
nised as a corrosion resistant element [73] and due to
its low concentration of Cr. Nevertheless, even though
HP40 contains an important amount of Cr, this mate-
rial also suffered pitting corrosion of minor intensity,
presenting lower pitting density and lower corrosion
rates. This difference was due to Cr,O3 having a major
growth rate, which leads to a more efficient protection
and a rapid recuperation of the protective layer [74].
However, the corrosion rates of HP40 at both tem-
peratures kept almost constant along the exposure
time or with a tendency to be constant at the end of
the 120 hours, which is in agreement with that
reported by Zhang and Rapp [74,75], who suggested
that the dissolution of chromia in the molten salt
would lead to new compounds that neutralises the
ionic character of the melt, resulting in a reduction
of the corrosion rates as long as the Cr-saturated melt
would be allowed to reside on the metal surface.

The fact that the potentiodynamic polarisation
curves have a similar behaviour even though alloy
HP40 has a nobler corrosion potential at 550°C and
the alloy T22 developed a bigger corrosion current
density at 650°C, and both materials suffered pitting
corrosion despite having different alloying elements is
due to the unique corrosive characteristics of the high
vanadium molten salt, demonstrating that although an
alloy owns good corrosion-resistant elements, the
exposure in this molten salt can lead to a localised
corrosion process. Therefore, it is confirmed that a
strong acidic vanadium oxide [8,9,76] is able to pro-
duce pitting corrosion to high content chromium
alloys.

Molten salts containing the transition vanadium
species such as V** and V** are very oxidant and
have the ability to absorb oxygen [5], which is another
powerful oxidant that reduces forming oxygen ions,
which react with metal cations in order to form pro-
tective metallic oxides leading to a passivation state or
non-protective oxides [77]. Once the oxygen is
absorbed, its transportation through the molten salt
and the metallic oxide is very easy due to the high
vanadium molten salt behaves as a semiconductor
involving electron transfer, which facilities such trans-
portation [73,78,79]. The facility of oxygen to be trans-
ported along with the vanadium species to the metal
surface exerts a major rate of the oxidation reactions
leading to a major corrosion rate with respect to other
molten salts containing high sulphate compounds,
whose corrosion processes are usually due to ionic
diffusion [56,80]. By the other hand, the fact that
high vanadium molten salt is an acidic mixture
favours the major dissolution rate of any metallic
oxide, since the solubility of all the metallic oxides
increases, specially for the Cr,O3; more than that for



Fe,O; and NiO, [5,10,64], so that, the diffusion of
oxygen, vanadium or some vanadium compounds
(which can be more aggressive than vanadium) could
not be avoided [73]. The acidic dissolution rate can be
so high that even materials composed of elements
normally resistant could not be protective enough for
the alloys resulting in the degradation of the materials
at an unpredictable high corrosion rate or catastrophic
failure [51]. Zhang and Rapp et al. [75] reported that
every oxide should form an acidic solution with much
higher solubility in the presence of vanadates, which
should contribute to the more accelerated attack of
oxides by mixed sulphate-vanadate melts than a pure
sulphate melt. In addition, these new solutes added to
the original molten salt and derivate from a fluxing
process due to the dissolution of metallic oxides by the
molten salt (which has been reported by other authors
[2,79,81,82]) could control the corrosion behaviour,
whose extent may be determined by the changes in the
chemistry of the molten salt and the temperature
rather than the materials selection. Therefore, the cor-
rosion rate depends on the dissolution rate, which is
higher in more complex low-melting point salts [5]. In
the case of alloy HP40, which contains a great amount
of chromium (26 wt.%) together with 2 wt.% of silicon,
pitting corrosion was developed at both studied tem-
peratures at less intensity with respect to alloy T22,
which is mainly composed by iron (96 wt. %). Surface
modifications to improve the corrosion resistance of
low-cost alloys or alloys with no good alloying ele-
ments are an economical and attractive alternative
instead of the expensive corrosion — resistant alloys.
A low-grade steel surface modified by a suitable coat-
ing can provide good corrosion resistance similar to
that obtained with an expensive superalloy [16,79,83].

Considering the types of high-temperature corro-
sion reported by some authors [5,51], the corrosion
phenomenon observed in the present study involves
the combination and sum of certain aspects of hot
corrosion type I (TTHC) and type II (TITHC), limited
by some experimental parameters and control vari-
ables. This way, considering the above discussion, it is
possible to describe the corrosion mechanisms of T22
and HP40 as next: The temperature range for TITHC is
650-800°C (or as reported elsewhere below 750°C [4]),
being the lower test temperature of this study 550°C,
some aspects of this type of hot corrosion were
observed for both materials at the two temperatures:
i) a pitting corrosion was present due to the localised
failure of the scale, ii) new corrosion reaction products
were produced due to a fluxing dissolution and added
to the molten salt changing the chemistry of the origi-
nal salt. With respect to the TIHC, even when this type
of corrosion is mainly seen in the temperature range of
825-950°C when the condensed phase is clearly liquid
[4,5], some aspects of this type of corrosion were seen
in the corrosion process of T22 and HP40 alloys: i) the
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attack of the oxide film to deplete the chromium from
the substrate, ii) The broadening of the range of attack
at the higher temperature, due to the formation of new
solutes coming from the dissolution and fluxing of the
metal oxides, iii) the presence of secondary vanadium
compounds accelerates the corrosion rates, iv) the for-
mation of extremely aggressive liquid phases of V
formed at temperatures as low as 535°C, v) the increase
in the solubility of the oxides due to the formation of
vanadium compounds when the molten salt is a mix-
ture of V,05-Na,SO,.

Conclusions

According to the results, it can be concluded that alloy
HPA40 is slightly more resistant than the alloy T22 when
exposed to the 80% mol V,05-20Na,SO, molten salt at
550 y 650°C, suffering both alloys a localised corrosion
process. Nevertheless, it was observed that the ampli-
tude of the current transients from the noise pattern
was higher for T22, indicating that the depth and the
density of the pits were bigger, which could be demon-
strated through the images of the corroded samples.
The corrosion rates plots showed that HP40 corroded
with a smaller corrosion rate, observing that its beha-
viour was kept almost constant in time, as opposed to
alloy T22, whose corrosion rate was increasing in time.
The reason why alloy HP40 with large amount of one
of the most corrosion resistant elements (26 wt.% Cr)
suffered the same type of corrosion than alloy T22
whose content in Cr is considerably minor, is due to
high vanadium molten salt is extremely oxidant and
acidic, which results in accelerated oxidation and dis-
solution reactions, thus the passive layer breaks result-
ing in a type of pitting corrosion. Additionally, high
vanadium molten salts have the ability to absorb oxy-
gen and behave as semiconductors, which exacerbated
the degradation of both materials.
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