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Thermochemical heat storage exploits thermal solar energy to produce sustainable residential heating, obtained
by exothermal reaction between bromides and water vapour. A protocol to test the corrosion of surrounding
materials is discussed in the case of SrBr, contacting copper or steel. Corrosion depth > 1 mmy ! is found for
steel in conditions where the salt remains mostly solid, due to a reaction between SrBr, and atmospheric CO,
that produces HBr. Temperature and the dissolution of the salt (deliquescence) also play a key role.
Potentiodynamic tests, the limitations of which are discussed, corroborate the salt degradation in the case of

1. Introduction

While electrical power storage is becoming widespread through
applications like electrical vehicles, thermal energy storage still needs
some developments to be available at large scale. A targeted application
is residential space heating, which would make it possible to store low
grade heat (< 100 °C) that cannot be easily valorised for other appli-
cations (e.g. industrial waste heat and heat from thermal solar collec-
tors). In order to tend towards seasonal heat storage, technologies like
sensible heat storage, latent heat storage (using phase change materials,
PCMs) and thermochemical heat storage were developed [1]. In the
latter case, the technology can exploit the exothermal hydration of a
hygroscopic salt in wintertime, which is dehydrated again in summer-
time, by connecting the salt container to a cheap source of heat. Other
sorbents than water can be used as well. Hydrates of MgSO,4 [2], MgCl,
[3], SrBr, [4-6], CaCl, [7-9], LiBr [10], Na,S [11] and cementitious
materials [12] make it possible to reach energy densities up to several
hundreds of kWh/m? [13]. Physical sorbents and composite sorbents,
generally made of salt encapsulated in a matrix, are also promising
[14-20].

Running these systems implies designing a chemical reactor with
surfaces that support the active material and are exposed to high
moisture atmosphere, above room temperature. In an open system, the
materials are exposed to air from outside the reactor as well, which is
the case in the present paper. At a first glance, this situation is prone to
generate corrosion of the reactor.
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Since the late eighties, several papers have been dedicated to the
corrosion problem in the case of PCMs, with tests focused on the
melting process or the liquid phase [21-34], and quite often in organic
compounds [30,35,36]. In the case of thermochemical storage, Simo-
nova et al. briefly justified the encapsulation of salts in inert matrices by
several factors like their corrosiveness [37]. The descriptions in some
patents on heat storage systems contain information on the materials
used, but without any corrosion data. In a system based on the ad-
sorption of ammonia onto CaCl, or BaCl,, Coldway s.a. uses stainless
steel [38]. French Commissariat d I’Energie Atomique suggests using
stainless steel, hard chrome plating or aluminium for components in
contact with pure strontium bromide. More specifically, Solé et al.
tested a selection of metals in the presence of several salts. In the
conditions of their tests, they recommend, for instance, stainless steel in
the presence of CaCl, [39,40]. However, the testing atmosphere is
nearly saturated in water [39,40] and the salts attract molecules of
water contained in the ambient atmosphere until dissolution. This
phenomenon is sometimes referred to as deliquescence. The same au-
thor reported on the corrosiveness of Na,S hydrates for copper and
recommended the use of coatings to protect metal in the presence of
this salt [11].

Present work is dedicated to a thermochemical storage using mono-
and hexahydrate SrBr,. No recommendation for the selection of mate-
rials is given in the literature regarding SrBr,; more data is available
regarding the storage of liquid Br, [41] and the selection of materials in
contact with it [42-45], as well as in bromide solutions [46].
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Like other salts, SrBr; is prone to dissolution and a curve can be
drawn in the (temperature, partial pressure of water) plan, to delimit
the domains of “solid” strontium bromide (with hydration water), and
“dissolved” strontium bromide [47]. Accidental dissolution not only
degrades the properties of the solid salt, but is also a possible factor of
corrosion.

A reduced amount of papers deals with the corrosion at quite low
temperature of at least partially solid salts in contact with metals. A
quite similar problem was studied in the work of Badwe et al., where
brines were progressively dried, in contact with metal, used for the
storage of nuclear waste [48]. In the case of moist MgCl,, corrosion was
studied yet by bringing water using another salt [49]. Another testing
strategy is to insert samples of metals in contact with the salt in a cli-
matic chamber that is able to control moisture. Such a device is nor-
mally designed to study the atmospheric corrosion, but it is also useful
for the corrosion in a particle-containing atmosphere [50]. One of the
previously mentioned works is also based on such a system, but, again,
in liquid conditions [39].

In this paper, a similar testing procedure is proposed, for both sides
of the dissolution line. The behavior of low carbon steel and copper is
described in the presence of strontium bromide, in various conditions
that are likely to be encountered in a thermochemical reactor for space
heating application. These materials are studied because they were
candidates for a prototype developed in a wider project, SOLAUTARK,
where seasonal heating is experienced. Operational conditions include
temperatures in the 30-80 °C range and nominal partial pressure of
water of 1250 Pa, with important local differences. In operation, both
copper and steel suffered from severe corrosion, even in occasional
contact with SrBr,. Then, the paper tries to answer the following
questions:

(i) How severe is the corrosion in these conditions?
(ii) If relevant, how the operating conditions do influence the phe-
nomenon?
(iii) What is the corrosion mechanism?

2. Materials and methods

Tested materials consist of sections of St37 steel bar (diameter
~10mm, height ~10mm) and plates of copper (commercial purity)
(~10mm X 10 mm). Traces of oxidations are removed prior to ex-
periments. Exact dimensions are measured for each sample using a
Vernier scale, so as to determine the exposed surface area.

Strontium bromide hexahydrate (99%, Alfa Aesar) is manually
crushed prior to experiments and is used as a corrosive medium.

Experiments are based on mass change during corrosion test and
visual inspection of corrosion products. Coupons of the studied metals
are therefore polished on the corners, to avoid artefacts during corro-
sion tests. They were cleaned using Milli-Q® water, dried with acetone
and weighted before testing using a precision balance (accuracy:
0.1 mg).

To reproduce realistic conditions of exposure to water vapour, a
calibrated climate chamber is used (Heraeus Votsch VITRK 300°). This
equipment set up is normally used to study corrosion resistance of
materials in tropical conditions, where high temperature and water
pressure are expected. In the present work, coupons of the metals to be
tested are immersed in granular solid salt, in small open vessels. These
vessels are then introduced into the chamber at the desired conditions,
so that the chamber atmosphere can reach the interface between the
salt and the studied metal. Exposure time is 30 days. This experimental
setup is sketched on Fig. 1(a), with its main features: heating, cooling
and moisture generation.

In addition, temperature and moisture content can be controlled
using a thermo-hydrometric probe (Testo® 650) that can be introduced
from the side of the chamber. Four testing conditions are studied. At
80 °C, two moisture conditions corresponding to 35 and 24% RH were
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studied. In these conditions, the salt is respectively in the hexa- and
monohydrate state. At 65 °C, two other conditions, 95.6 and 20.1% RH
were studied. In that case the salt is respectively dissolved and mono-
hydrate. These conditions give an overview of the different possible
conditions, since two points are studied in the monohydrate form, one
in the hexahydrate form, and one in accidental conditions (dissolved
form), when excessive moisture is introduced into the reactor.

At the end of the test, the samples are removed, ultrasonically
cleaned with water and ethanol to remove stuck strontium bromide,
dried and visually inspected. Following standards, corrosion products
are removed by etching the samples in H,SO, (10 mass %) [51]. Then,
cleaning is performed again and the dried samples are weighted. Cor-
rosion rate in pm/month is then estimated, based on the density of the
materials.

Some corrosion products were analyzed prior to etching, using X-ray
diffraction (XRD) analyses. The XRD was performed with a D500 Bruker
X-ray diffractometer with Bragg-Brantano geometry, from 14 to 90°
(20), using CuKa radiation generated with a voltage of 40 KV and a
current of 40 mA. Step size was 0.02° (26) with a counting time of 1.2 s.
Identification of phases was performed with DiffracPlus software
(Bruker) using ICDD database.

To further investigate the corrosion mechanisms, potentiodynamic
tests were also performed in a 0.5 M SrBr, solution using a potentiostat
(Amel Instrument, model 2549) at room temperature and 80 °C. In
order to match operational conditions, the tests are performed in the
presence of CO, (Air Liquide). The gas was injected 30 min before the
tests and during their whole duration. The open circuit potential (OCP)
was first measured. The potential was then varied from OCP to OCP -
800 mV, then from OCP —800mV to OCP + 800 mV at a scan rate of
100 mV/min. Potentials are measured using a saturated calomel elec-
trode.

Additional investigations on the corrosion products were made
using scanning electron microscope (SEM, FEI®) equipped with EDX
(EDAX®).

3. Results
3.1. State of the salt at the testing conditions

Studied conditions are represented on Fig. 1 (b), with the theoretical
line of dissolution from Michel et al. [47] and the separation between
mono- and hexahydrate, according to Simonova et al. [37]. For the sake
of clarity, moisture content is expressed in three different ways: partial
pressure of water on the vertical axis and, directly onto the graph, re-
lative humidity (RH) as well as dew point (T4), which is the control
parameter of the climate chamber.

As expected, at (T = 65°C, Tq = 64 °C), the salt transforms into a
thick brine within a few hours. In the other conditions, it remains solid.
Nevertheless at (T = 80°C, Tq = 56.1 °C), the salt is sticky at the end
of the test. In the case of copper, the salt takes a turquoise colour in the
vicinity of the sample.

3.2. Visual inspection of the metallic samples

All the steel samples exposed to strontium bromide during 30 days
have visible spots of corrosion (Fig. 2a—d). In all cases, the observed
corrosion can be reattached to the generalised type, and is particularly
severe at (T = 80°C, Tq = 56.1 °C: Fig. 2a), where even the shape of
the cylindrical sample is significantly affected. In this case, thick and
brittle pieces of rust spontaneously detach from the substrate. In the
other cases, a brown powder is dispersed around the sample, con-
taminating the strontium bromide. After cleaning, some brightness of
the substrate is still visible, showing that these products have very little
protective effect.

For copper in dissolved salt (T = 65°C, Tq = 64°C: Fig. 2g), the
surface remains quite uniform and, despite slight tarnishing, it remains
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Fig. 1. Tests in the climate chamber device: (a) Experimental setup (b) Testing conditions (dark squares), represented with the expected phases of strontium bromide

according to [37,47].
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Fig. 3. Corrosion depth of steel and copper in the presence of SrBr, and
moisture (30 days).

quite shiny. In the solid salt, the surface looks more heterogeneous,
with some shiny areas and some areas covered by crust, suggesting a
different type of interaction with the salt. At (T = 80°C, Tq = 56.1°C:
Fig. 2e), some turquoise products are visible, while at (T = 80°C, T4
= 48.3°C: Fig. 2f), the surface suggests uneven contact with the salt.

3.3. Corrosion rates

Corrosion depths are given in Fig. 3. For all the studied conditions,
both materials undergo significant corrosion, but steel is more affected
than copper.

Surprisingly, the highest corrosion rate is not necessarily observed
when the salt is dissolved: for steel, at 65 °C, worse corrosion is even
observed in the solid state (at T = 65°C and Tq = 33°C).

Corrosion rate seems very sensitive to temperature: increasing the
temperature by 15 °C multiplies the corrosion rate by more than a factor
5 in the monohydrate state.

Another finding is the extremely high corrosion rate observed at
80 °C when the salt is in the hexahydrate form, especially for steel. Care
seems needed with simultaneous high temperature and high moisture.
Such conditions are expected at the end of the heat releasing phase of
the thermochemical reactor, when water vapour pressure is still in-
troduced onto salt that is already delivering heat. Even if 80 °C is not
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expected as an average output temperature, the reactor is prone to hot
spots.

3.4. Corrosion products

In order to obtain indications on the corrosion mechanisms in the
most severe conditions, XRD analyses of the studied coupons are given
on Fig. 4 and for pure strontium bromide, in order to exclude some
overlaps between peaks.

In the case of copper, the peaks of the metallic substrate are clearly
visible, which is consistent with the shiny appearance of the copper on
Fig. 2. No copper oxide or bromide can be identified on this figure, but
several peaks of strontium carbonate are observed. Another diffracto-
gram acquired on the turquoise salt (not presented) shows no carbo-
nate, but strontium bromide and a possible product of reaction between
copper and bromine (Cu,(OH)3Br).

In the case of steel, hematite is the main corrosion product, although
magnetite cannot be excluded. At 26-25, 36.5 and 44°, peaks of
strontium carbonate can be, again, distinguished from the peaks of the
other present possible phases. No peak from the substrate could be
found, since the analysis was performed on a surface were the corrosion
products did not detach.

In both cases, strontium bromide peaks are absent, thanks to the
cleaning of the substrate. No such strontium carbonate could be found
in strontium bromide that was not contacting the metals, suggesting a
role of the metal in its formation.

3.5. Potentiodynamic testing

Fig. 5 a gives the tension-current density relationship of steel at
room temperature in 0.5M SrBr; solution. At room temperature, the
test started at an OCP of -0.63 V vs. saturated calomel. After polarizing
the steel at OCP-0.8V, the curve followed a linear trend around OCP.

OCP corresponds to the following half reaction, according to the Fe
Pourbaix diagram:

@

Fig. 5 b gives the same data at 80 °C. The test started from the OCP,
located at —700mV. After the cathodic excursion, E.,, dropped to
—800 mV, showing that the solution makes the substrate less noble

Fe?* + 2e——Fe.

Intensity (arb. units)

SrBr,.6H,0

Tested copper

Tested steel

]

Fig. 4. X-ray diffractogram of corrosion products onto copper and steel, obtained after exposure at (T = 80°C — T4 = 56.1 °C). Pure strontium bromide dif-

fractogram is provided as well.
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Fig. 6. X-ray diffractogram of corrosion products collected at the bottom of the potentiostat cell after testing steel at 80 °C.

than at room temperature. The solution became more and more opaque
due to the formation of brownish products. After the complete cycle,
the potential is brought back from the upper potential to OCP. It is
noteworthy that after the second reversal, in the anodic excursion, E,,
comes back to —700mV (not shown on the figure). During the ex-
periment, the pH increased from ~ 3.7 (measured at room temperature,
after bubbling CO,) to ~5.6, compatible with some hydrogen reduc-
tion. At 80 °C: it is hard to identify a linear domain on the cathodic side.

The corrosion products (~220 mg) were filtrated and analyzed by
XRD: they mostly consist of strontium carbonate, mixed with strontium
bromide hexahydrate (Fig. 6). The latter may be due by some eva-
poration of the solution during filtration. In contrast with Fig. 4, iron
oxides are present in small amounts and they can be hardly identified.

Fig. 7 shows micrographs of corrosion products stuck onto the steel
surface, after bringing back the electrode to OCP, rinsing and drying.
Some of them - a minority — have a characteristic annular shape
(Fig. 7a). They are associated with the presence of oxygen and iron and
probably correspond to iron oxides or hydroxides. Other precipitates,
especially those with a needle shape, massively contain strontium, but
the mapping suggests the quasi absence of bromine. The fact that
strontium and bromine may be separated is further supported by
Fig. 7b, where the EDX spectrum taken on a precipitate (“A” on the
figure) shows no bromine, but well developed strontium peak. This

finding is consistent with the presence of SrCO; evidenced by XRD. The
remaining of the surface (“B”, for instance) mostly consists of iron, that
was etched by the test.

Fig. 8 gives the tension-current density relationship of copper at
room temperature and 80 °C in 0.5 M SrBr, solution. Both curves show a
similar shape, with a steeper slope on the anodic side, typical of copper.
OCP is nearly equal, but currents are higher at 80 °C, suggesting higher
kinetics.

Again, it is hard to identify straight lines, here in the cathodic side.
In contrast with steel, no degradation product could be filtrated in the
flask. Again, the pH increased during the experiment, until ~6. It is
believed that copper oxidizes in Cu®>* on the anodic side.

Fig. 9 shows the superficial state of copper after bringing back the
electrode to OCP. Brittle precipitates are unevenly stuck onto the metal
that is locally naked. Additional EDX analysis shows that strontium and
bromine appear simultaneously, suggesting the absence of reaction
with CO,.

4. Discussion

The unexpected presence of carbon in the corrosion products during
the tests in the climate chamber can be explained firstly, by the carbon
contained in the metal itself, secondly, by the carbon dioxide contained
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Fig. 7. SEM micrographs and EDX analyses of corroded steel after the polarization test at 80 °C: (a) view showing several types of precipitates, some of them with

annular shape.

in the air.

The first explanation cannot be completely excluded in the case of
steel, but it does not apply to copper, that is normally poor in carbon.

Regarding the second explanation, no exact data is known for the
internal atmosphere of the climate chamber, but the concentration of
CO,, is not likely to be much inferior to 400 ppm, which is the average
concentration in the air. Besides, the formation of carbonates in the
presence of salts at atmospheric pressure has been demonstrated in
several cases yet: CO, can react into carbonates either with the metallic
substrates or with the cation of the corrosive salt [50,52]. To further
sustain this second assumption, the following chemical reaction can be
invoked:

280

SrBr. 6H,0(s) + CO,(g)(—)SrCOs(s) + 5H,0(g) + 2HBr(aq. ,conc. )
(2)

Around equilibrium, this degradation of the salt is made possible
with sufficiently high partial pressure of CO5 (in fact, other carbon
containing species from the air may play a role), and sufficiently low
pressure of water, that is well known in present problem, thanks to the
continuous measurement during the tests. The reaction leads to hy-
drobromic acid in solution of unknown concentration. As a first ap-
proximation, data for concentrated HBr will be used. It is likely that the
produced water partially acts as a solvent for the acid before being
evaporated (indeed, the conditions are such that water is not expected
to spontaneously condensate) and that the presence of this solution
explains the sticky character of the salt after the test. To verify the
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feasibility of reaction (2), the Gibbs free energy of the reaction AG; is
calculated:

pgas

AG: = ) 0;(AH};—TAS};) + RT ) vgesln

i gas standard

3

where v; is the stoechiometric coefficient of specie i, AH{; is the standard
enthalpy of formation of i at 1atm and 25°C), AS; is the standard
entropy of formation and pg,s is the partial pressure for each gas in-
volved in the reaction. R is the gas constant. Variations of enthalpy and
entropy due to the temperature are neglected, since present system
works at relatively low temperature. AG; can now be estimated.

Based on data from Table 1, at a dew point of 56.1 °C, it is shown
that reaction (2) is feasible above 35 °C.

These considerations lead to the schematic view of Fig. 10. CO, first
contacts SrBr,.6H,0, close to the metallic surface. It produces

Table 1
Data used to verify the feasibility of the reaction (2) at T4 = 56.1 °C.

hydrobromic acid and some water that is progressively pumped by the
climate chamber, but that forms a small cell of aqueous solution of HBr
first. Strontium carbonate is precipitated. This cell is also likely to di-
rectly absorb some additional bromine from the salt. Highly corrosive,
it may explain the high corrosion rates that were observed. In the case
of steel, it also leads to the observed iron oxides.

Such a mechanism is expected in real life system, where water
pressure is also kept constant by mean of a control loop.

At (T =65°C—Tq = 64°C), the liquid phase totally covers the
metallic surface and makes complex the access of air to the surface. This
is consistent with the relatively low corrosion rate observed in these
conditions and the more even surface of copper.

The potentiodynamic tests only partially reflect these findings. The
clear presence of SrCO5 after these tests with steel strongly supports the
role of CO; in the proposed corrosion mechanism. Nevertheless, this
accelerated test suffers from several differences with real life condi-
tions.

The aqueous medium is agitated, due to the continuous injection of
CO,. In contrast, the mechanism suggested by Fig. 10 does not allow
evacuating the corrosion products, among them the corrosion products
that are very thick, and the hydrobromic acid that is concentrated in a
small volume. In the potentiodynamic test, the increase in pH indicates
that other factors than HBr production play a role and the acid is di-
luted.

Also from the thermodynamic point of view, the potentiodynamic
test suffers from a lack of representativeness. Several values in Eq. (3)
should be modified, because: CO, is injected at 1 atm; H,O is expected
to be only in liquid form; the salt is in the aqueous state and there is no
equilibrium with solid salt.

Moreover, even if the aim had been solely to study the corrosion by
CO,, the purely aqueous bromide solution, potentiodynamic tests and
tension-current density relationship would not have been sufficient to
fully identify corrosion mechanisms or to calculate corrosion rates. The
presence of different solid coproducts in one case and the non-linear-
ities observed on “Tafel plots” mainly in the second case are observed.
This suggests that more than two single oxydo-reduction reactions are
needed to describe the corrosion process. The basic assumptions of

SrBr,.6H,0O CO, SrCOs3 H,0 HBr
State Solid Gas Solid Gas Aqueous, concentrated
v -1 -1 1 5 2
AH?(J.mol‘l) —2 531 002 —393 500 —1 220 100 —241 800 —120 918
AS?(JA mol~1 K1) 175.0 213.8 97.1 188.8 80.7
Reference [56] [571 [57]1 [571 [58]
Peas (P2) - 40.52 - 16 800 -
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Fig. 10. Schematic representation of the proposed corrosion mechanism at (T = 80°C — T4 = 56.1 °C).

Tafel model are thus not met. These findings corroborate a recent de-
bate on the wrong use of Tafel plots to predict corrosion rates in the
presence of CO, [53-55]. Impedance spectroscopy measurements might
help to better understand the present corrosion mechanism.

From the electrochemical point of view, the nature of the corrosion
products gives useful indications on the testing conditions in the cli-
mate chamber. No copper oxide or hydroxide is collected in the case of
copper, while (non protective) hematite is collected in the case of steel.
Based on Pourbaix diagrams, this indicates acidic and strongly oxi-
dizing conditions. These conditions are not properly met by the po-
tentiodynamic test.

5. Conclusion

The proposed testing protocol to assess materials used in thermo-
chemical heat storage reactor reveals significant risks of corrosion.
Copper and St37 steel are both severely corroded in contact with
SrBr,.6H,0, especially when the moisture conditions are close to the
dissolution of the salt. The fact that the salt remains in a solid or quasi-
solid state does not prevent this corrosion phenomenon, with an ex-
trapolated corrosion rate up to above 1 mm per year for steel.

Corrosion rate is strongly dependent on the testing temperature and
the partial pressure of water in the testing chamber. However, results
show that controlling these parameters is not sufficient to mitigate the
problem and that other materials should be proposed.

The particularly high corrosion rate observed at 80 °C, right under
the salt dissolution may be explained by the reaction of SrBr,.6H,O
with atmospheric CO,, which is supported by the presence of SrCO3 in
the corrosion products, leading to corrosive HBr.

Potentiodynamic tests were made in the presence of CO,, but they
revealed strong divergence with real corrosion conditions. In the case of
steel, they succeeded to reproduce the formation of SrCO3;. Comparing
the corrosion products of both tests suggests that real conditions are
acidic and strongly oxidizing.

Solutions should be given to mitigate this corrosion problem. A
combination of the following strategies is considered for further work:

(i) Changing the material in contact with the salt.
(ii) Encapsulating the salt in an inert matrix, so as to reduce the risk of
contact of the salt with metallic surface.
(iii) Designing the thermochemical reactor from the beginning, so as to
reduce the occurrence of corrosive conditions (moisture, heat and
contact between the salt and a metal).
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