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High-temperature corrosion of stainless steels AISI 316 and AISI 304 in a molten «solar
salt> used as a heat transfer fluid in concentrating solar power (60 wt.% NaNO, and
40 wt.% KNO,) was investigated at the temperature of 550°C. It was shown that the
corrosion rate is influenced by the composition of stainless steel and the presence of
impurities NaCl in the solar salt. With an increase in the content of sodium chloride
impurity in the solar salt, the corrosion rate of both stainless steels increases. The corrosion
resistance to the destruction of stainless steels AISI 316 and AISI 304 is provided by the
formation of (Cr,Fe),0, oxide film on the surface of the samples. Thus AISI 304 stainless
steel with chromium content of ca. 20% shows higher corrosion resistance in the solar salt
than AISI 316 stainless steel with lower chromium content (ca. 18%). It is known that
AISI 304 stainless steel additionally contains molybdenum and a higher content of nickel.
The presence of these transition metals in the composition of stainless steel also affects the
formation of a protective oxide film that prevents further corrosion damage of steel samples.
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Introduction

The search for «green» resources for the
production of electrical energy is one of the main
tasks of up-to-date science. An important advance
in solving this problem was achieved by the
development of concentrating solar plants (CSP)
which are based on the conversion of sunlight into
electricity [1]. CSPs use mirrors to concentrate the
energy from the sun to drive traditional steam turbines
or engines that create electricity [2]. The thermal
energy concentrated in a CSP can be stored and
further used to produce electricity when it is needed,
at any hour of the day or night. Over 1,800 megawatts
of electricity are generated in the United States and
other countries at the CSPs [3]. In general, CSP
manufacturing processes are divided into three
groups: parabolic trough lines, dish concentrators
and power tower technologies [4]. It should be noted
that a very important technological issue in the
creation of CSPs is a correct selection of the optimal
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composition of heat transfer fluid and structural
materials that would not be corroded in a high-
temperature corrosive medium [5,6].

Commonly, cheap and affordable metals and
alloys with relatively high corrosion resistance are
used as construction materials for CSPs, among them
Ni alloys and stainless steels appear to be the most
promising. High-temperature nickel based alloys can
appreciably increase stress-strain properties and
improve corrosion resistance at elevated temperatures;
however, a high cost of nickel based alloys, which
are nearly four times more expensive than iron based
steels [2], impedes their wide application in CSPs.
Thus, the use of stainless steels seem to be a logical
choice, since they form a protective adherent Cr,0,
film on the surface at high temperatures [1,2] to
reliably prevent corrosion damage.

The mostly used heat transfer fluid is composed
of 60 wt.% NaNO, and 40 wt.% KNO, [7]; it is
called «solar salt». This mixture melts at 223°C, is
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thermally stable up to about 600°C and offers a
favorable combination of high density, low vapor
pressure, moderate specific heat, low chemical
reactivity and low cost [8]. Molten nitrate mixture
also satisfies other important requirements for solar
plants: high thermal conductivity, diffusivity and a
low heat loss coefficient [9]. However, the
commercial product of the solar salt often contains
impurities of NaCl up to 5 wt.%. Sodium chloride
as an impurity in the solar salt can significantly
increase the rate of corrosion of CSP structural
materials. This influence can be especially strong at
high temperatures [10]. Evidently, successful
development and fail-proof maintenance of CSPs
are not possible without the data on the corrosion
stability of construction materials in the solar salt,
including in the presence of contaminants.

A few works dealing with the influence of
chloride ions on the rate of corrosion in molten salts
do not cover the cheapest and often used construction
materials and do not give a comparative
characterization of the corrosive behavior of these
materials in the presence and absence of chloride
ions [11—13]. Also, the previous studies do not cover
the operation temperature conditions typical of CSPs
and the real amounts of impurities in commercial
solar salts. Therefore, the purpose of this work was
to investigate the corrosive behavior of two kinds of
stainless steel, AISI 304 and AISI 316, in a solar salt
containing sodium chloride impurity at a temperature
of 550°C, which corresponds to the conditions of
real solar salt operation in CSPs.

Materials and methods

Preparation of solar salt and characterization of
Stainless steel

The solar salt was prepared by mixing of two
components, NaNO, and KNO,, in the ratio of
60 wt.% and 40 wt.%, respectively. The NaCl
impurity was directly added to the prepared solar
salt; its content in the mixture was 2 or 5 wt.%.

Two kinds of stainless steel, AISI 304 and AISI
316, were chosen for the investigation, their chemical
compositions are given in Table 1. Steel samples used
in corrosion tests had dimensions of 50x20x5 mm.
Before tests, all samples were polished with 600 grit
black silicon carbide abrasive papers and washed with
distilled water and acetone.

Electrochemical experiments

In order to determine the main corrosion
characteristics of AISI 304 and AISI 316 stainless
steels in the solar salt, open circuit potential (OCP)
and linear polarization resistance (LPR) were
measured.

OCP and LPR measurements were carried out
using a common three-electrode cell and the
potentiostat Metrohm Autolab PGSTATI128N
(Netherlands) controlled by a personal computer with
Autolab NOVA software. The samples of AISI 304
and AISI 316 stainless steels were the working
electrodes, platinum wire (& 0.5 mm) was the
reference electrode and the whole graphite crucible
served as the counter electrode.

The OCP was recorded using a platinum wire
as a reference electrode. The LPR was measured
from initial potential —0.1 V to final potential 0.1 V
with the scan rate of 1 mV s™!. The cell construction
and equipment for voltammetric studies are presented
in Fig. 1.

The temperature in all experiments was 550°C.
Temperature controller was Clasic Clare 4.0
(co. Clasic, Cz.) calibrated using the thermocouple
Pt—PtRh 10.

steel sample
working
electrode

solar salt

[ crucible
counter

electrode

Pt][-wire
pseudo-reference
electrode

Fig. 1. Construction of electrochemical cell for OCP and LPR
measurements

SEM study
Scanning electron microscopy (SEM)
(JEOL7600F, Japan, Co lamp) in combination with

Table 1
Chemical compositions of the stainless steel samples
Stainless Content, wt.%
steel C Si Mn Cr Mo Ni Fe
AISI 304 0.08 1.00 2.00 |17.50+20.00 - 8.00+10.15 the rest
AISI 316 0.08 1.00 2.00 ]16.00+18.00 2.50 10.00+14.00 the rest
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electron dispersive spectroscopy (EDS) (Oxford
Instruments Ltd., UK) were used for the observation
of surface and cross-sectional morphology and
compositions. Electron gun voltage was 15 kV to
ensure sufficient extraction energy and quantify
chemical composition; Co standard was used before
measurement. The samples for microstructural
observation were prepared via standard
metallographic methods such as grinding and
mechanical polishing. No additional etching was
used.

Results and discussion

High-temperature corrosion behavior of
stainless steels AISI 304 and AISI 316 in the solar
salt was estimated by measuring open-circuit potential
and determining linear polarization resistance of the
corroding samples.

The dependence of open circuit potential on
exposure time is shown in Fig. 2 at different
concentration of NaCl admixture in the melted solar
salt.
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Fig. 2. Dependences of OCP on time at different sodium
chloride content in the solar salt at 550°C:
(1), (2) and (3) — AISI 304; (4), (5) and (6) — AISI 316;
(1) and (4) — 0 wt.% NacCl; (2) and (5) — 2 wt.% NaCl;
(3) and (6) — 5 wt.% NaCl

As can be seen, the OCP abruptly changes
during first few seconds after immersion of the sample
in the solar salt and then reaches an approximately
constant value demonstrating moderate oscillations.
It should be noted that OCP depends not only on
the type of stainless steel but also on NaCl
concentration. AISI 316 stainless steel exhibits more
negative OCP values than AISI 304, other conditions
being equal. This may indicate a lesser resistance of
AISI 316 to high-temperature corrosion in the solar

salt. With an increase in the sodium chloride content
in the solar salt the OCP values shift to the more
negative region for both steels which can be associated
with a decrease in corrosion resistance at increasing
Cl™ ions content.

The quantitative characteristics of high-
temperature corrosion of AISI 304 and AISI 316
stainless steels in the solar salt were estimated by
LPR measurements. Tafel plots for AISI 304 and
AISI 316 samples in the solar salt without and with
NaCl admixtures are shown in Fig. 3. The presented
data indicate that there are linear regions in the
polarization dependences plotted in E vs. log i
coordinates; the linearity is distorted only in the initial
segments of the polarization dependences near to
the OCP.
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Fig. 3. Tafel plots for AISI 304 and AISI 316 samples in the
solar salt without and with NaCl admixtures at 550°C:
(1), (2) and (3) — AISI 304; (4), (5) and (6) — AISI 316;
(1) and (4) — 0 wt.% NaCl; (2) and (5) — 2 wt.% NacCl,;
(3) and (6) — 5 wt.% NaCl

The linearity of the sections in E vs. Igi plots
testifies that they obey Tafel equation:
n=a+b-lgi, (1)
where n is the overvoltage (n=(E—E,), E is the
current electrode potential; E,, is the equilibrium
electrode potential); a and b are the Tafel constants.

It should be observed that the values in Tafel
equation are positive and negative for the anodic
and cathodic processes, respectively. For the sake of
simplicity, we show further only the absolute values
disregarding the differences in the positiveness or
negativeness of quantities.

Since the values of equilibrium electrode
potential are not strictly known both for the cathodic
electrode reaction and for the anodic one, Eq. (1)
can be rewritten in the following form:
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E=(at+E,)t+b-lgi=const+b-lgi.

This expression justifies the legitimacy of the

(2)

R

pol

(OAE

oi ji—o,dE/dt—w ’

treatment of experimental results in E vs. Ig i
coordinates (but not in n vs. Igi).

The values of Tafel slopes, b, and b,, for the
anodic and cathodic reaction, respectively, were
determined from the obtained data (Table 2).

The corrosion current density, i, is related
to the polarization resistance, R, (in Ohm cm™),
by the Stern—Geary coefficient, B, as follows [14]:

b, b,

T 2303-(b, +b,) (3)
B 1 bb
“" "R, R, 2303(b,+b)" (4)

where i, and B are given in A cm™2 and V,
respectively; b, and b, are the anodic and cathodic
Tafel slopes (in V dec™).

The polarization resistance (R,,) was
determined as the slope of the potential (E) vs.
current density (i) dependences at i=0:

where AE=E—E_. and E_,, is the OCP.

Finally, the corrosion rate, CR (in mm year™!),
was calculated using the Faraday equation in the
form:

CR=kl%LEW, (6)

where k is a conversion factor (3.27-10°
mm-g-A~'.cm year™'), i, is the corrosion current
density in mA cm™2 (calculated from the
measurements of R,,), d is the density and EW is
the equivalent weight.

All calculated parameters characterizing the
corrosion behavior of AISI 304 and AISI 316 stainless
steels in the solar salt without and with NaCl
admixtures are summarized in Table 2.

As can be seen from Table 2, corrosion
characteristics depend on both the nature of stainless
steel and NaCl content in the solar salt. At the same
time, the values of Tafel slopes (both cathodic and

Table 2

Calculated parameters characterizing the corrosion behavior of AISI 304 and AISI 316 stainless steels in the solar

salt without and with NaCl admixtures

Sample | Content of Corrosion parameters
material | NaCl, wt.% | Ecoyr, V |ba, V dec '[be, V dec 'ficom, pA cm 4Ry, Q cm?|CR, mm year '
0 —0.008 | 0.122 0.093 27.51 55.296 0.345
AISI 304 2 -0.010| 0.133 0.100 33.59 47.342 0.420
5 —0.014 | 0.138 0.103 40.73 44.232 0.506
0 —0.019| 0.115 0.097 35.83 46.792 0.429
AISI 316 2 —0.021] 0.128 0.106 40.55 44.337 0.499
5 —0.022 | 0.138 0.111 47.75 40.689 0.586

$S316_1
MAG: 5000 x HV:20,0kV  WD: 12,9 mm

$S316_1
Date: 4.6.2018 13:58:13
Image size: 2600 x 1950
Mag: 5000,00146 x

HV: 20,0 kV

Fig. 4. SEM image from cross-section and element map of AISI 316 sample after immersion in the solar salt without NaCl
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Date: 6.6.2018 9:34:23
Image size: 1919 x 1422
Mag: 5000 x

HV: 20,0 kV
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Fig. 5. SEM images from cross-section samples of AISI 304 (a — solar salt (ss) +2 wt.%, b — sst+5 wt.%) and AISI 316
(c — ss+2 wt.%, d — ss+5 wt.%) after corrosion process with detailed elemental analysis
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Fig. 6. Element maps for stainless steels AISI 304 (a) and AISI 316 (b) with corrosion products after immersion in the solar salt
with the addition of 5% NaCl
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anodic ones) do not differ substantially for AISI 304
and AISI 316 stainless steels at various NaCl content
in the electrolyte indicating that the mechanism of
electrochemical reaction remains unaltered.

Stainless steel AISI 316 exhibits lower
polarization resistances and hence higher corrosion
currents and corrosion rates than AISI 304 at a
constant concentration of sodium chloride impurity.
Thus, the corrosion resistance of AISI 304 stainless
steel in the solar salt is better.

As concerns the effect of NaCl content, the
corrosion process appreciably accelerates when the
concentration of the impurity increases. For instance,
the corrosion rates of AISI 304 and AISI 316 stainless
steels are respectively 1.47 and 1.37 times higher at
the concentration of NaCl impurity of 5% than in
the «pure» solar salt.

Since the stainless steels under study are
multicomponent alloys and the addition of NaCl
may selectively affect the corrosion rates of their
individual constituents, cross-section analysis was
carried out and elements maps were obtained for
the steels samples exposed to corrosive attack in the
solar salt (Figs. 4,5,6).

Fig. 4 and 5 demonstrate that the hot-spot
corrosion occurs in the solar salt without the
admixture of NaCl, whereas the intercrystalline
corrosion is observed in the medium containing
sodium chloride impurity.

Fig. 5 clearly shows the zone of transition from
the base steel material to corrosion products. In
addition to cross-section SEM images, this transition
is also indicated by a change in the composition of
samples: the oxygen content significantly increases
and a slight decrease in the chromium and iron
content is observed in zones with corrosion products,
indicating the formation of oxide films containing
these metals in oxides form.

The element maps also confirm the presence
of a large amount of oxygen in the surface layer with
corrosion products. It should be noted that the
element maps allow establishing a noticeable
difference in the composition of the surface layer of
two stainless steels AISI 316 and AISI 304. It is
noticeable that there is a difference in the chromium
content in the surface layer of two stainless steels
under consideration: chromium concentration in
corrosion products layer is appreciably higher for
AISI 304 than for AISI 316 (Fig. 5). Also, Fig. 5
shows that much deeper degradation can be seen for
AISI 316 sample that accompanied by the exfoliation
of iron oxide layers from the metal surface.

Thus the difference in corrosion rates of AISI
316 and AISI 304 can be explained by the fact that

these two stainless steels have different compositions.

Obviously, the different chromium content in
the steel2 s composition causes the difference in the
corrosion resistance of metal samples in the solar
salt. AISI 304 stainless steel with chromium content
of ca. 20% exhibits a higher corrosion resistance in
the solar salt than AISI 316 stainless steel with lower
chromium content (ca. 18%). AISI 304 stainless steel
additionally contains molybdenum and a higher
content of nickel. The presence of these transition
metals in the composition of stainless steel ensures
the formation of a protective oxide film that prevents
further corrosion damage of steel samples.

At high-temperature corrosion of steels AISI
316 and AISI 304, a layer of (Cr,Fe),0, oxides is
formed on the surface of the samples. As a result,
the content of chromium decreases and the formation
of Fe,O; layer is observed, outer layer of corrosion
products being represented mainly by NaFeO,. The
effect of sodium chloride impurity on the corrosion
rate of stainless steel can be explained by the
formation of iron chloride below the oxide layer.
Due to the relatively high volatility of iron chloride,
a permanent exfoliation of the oxide layer occurs.
Obviously, this is the reason for the increase in
corrosion rate in the presence of sodium chloride
impurity in the solar salt.

Conclusions

The rate of high-temperature corrosion of
stainless steel in the solar salt depends on the nature
of stainless steel and the amount of sodium chloride
impurity. It is shown that stainless steel AISI 304
with higher chromium content is characterized by a
higher corrosion resistance than AISI 316. Corrosion
resistance in this case is due to the formation of a
stable (Cr,Fe) ,0; oxide film.
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KOPO3IMHU OIIIP HEPXKABIIOYHMX CTAJIEM AISI 304
I AISI 316 Y «COHAYHINI COJII», 11O
BUKOPUCTOBYETHCS Y COHIYHUX
EJIJEKTPOCTAHIIIAX: BIUIVMB JOMIIIOK NaCl

A. Kimux, B. Ilpoyenxo, B. Ilasaix, M. boua

Jlocaidacerno ocobausocmi eucokomemnepamypHoi Kopo3sii
Hepacasirouux cmaneu AISI 304 i AISI 316 y po3naaeneniti cymiwi,
W0 MA€E HA38Y <COHAYHA» Cib | GUKOPUCMOBYEMbCA HA 2€NI0OKOH-
yewmpyiowux esexkmpocmanuisax (60 mac.% NaNO; ma 40 mac. %
KNO;), npu memnepamypi 550°C. I[lokazano, wo Ha weuokicme
KOpo3ii 6nauarome sk CKAG0 HEpICasito4oi cmani, max i Has6HicMb
domiwox NaCl y «conauniii conir». Jlosedeno, wo 3i 30inbuleHHAM
KOHUyeHmpayii 0oOMiWKu X10pudy HAmpir y «COHSYHIl coai» cnoc-
mepieaemvcsi NpUWBUOUEeHHs KOpO3ii 0 0b6ox mapok cmani. Ko-
positinutl onip Hepicagitouux cmaneii AISI 304 i AISI 316 06ymos-
nenuit gopmysanuam (Cr,Fe),0; okcudHoi naieku Ha noeepxHi
3paskis. Takum uunom, Hepxcasitoua cmanv AISI 304 3 emicmom
xpomy 6ausvko 20% nokasye Ginbii GUCOKY KOPO3IliHY CMILIKICMb 6
«COHAYHIL coni», Hixc Hepucasitoua cmans AISI 316 3 emicmom
xpomy Oauzvko 18%. Hepacasitoua cmane AISI 304 xapaxmepu-
3yemubest Oinbll BUCOKUM 8MICIOM HiKeato | 000amKo6o micmums
Moni60en. [Ipucymuicme yux nepexionux memanie 6 ckaaodi Hepica-
6it040I cmani makodc mModce 3abe3neuysamu YmeopeHHs 3aXUCHOI
OKCUOHOI naiéku, wjo 3anobieae no0aNbUOMY KOPO3IIHOMY DYUHY-
BAHHIO CMANEBUX 3DA3KIG.

Kimouosi ciioBa: «coHstyHa cinb», noMimku NaCl, kopoais,
HepKaBiloua CTajib, 3aXMCHA OKCHIHA TUTiBKa, TeJIOKOHLEHTPYIOUi
€JIeKTPOCTAHIIi.
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High-temperature corrosion of stainless steels AISI 316 and
AISI 304 in a molten «solar salt> used as a heat transfer fluid in
concentrating solar power (60 wt.% NaNO; and 40 wt.% KNO;)
was investigated at the temperature of 550°C. It was shown that the
corrosion rate is influenced by the composition of stainless steel and
the presence of impurities NaCl in the solar salt. With an increase
in the content of sodium chloride impurity in the solar salt, the
corrosion rate of both stainless steels increases. The corrosion
resistance to the destruction of stainless steels AISI 316 and AISI
304 is provided by the formation of (Cr,Fe),0; oxide film on the
surface of the samples. Thus AISI 304 stainless steel with chromium
content of ca. 20% shows higher corrosion resistance in the solar salt
than AISI 316 stainless steel with lower chromium content (ca. 18%).
It is known that AISI 304 stainless steel additionally contains
molybdenum and a higher content of nickel. The presence of these
transition metals in the composition of stainless steel also affects the
Jformation of a protective oxide film that prevents further corrosion
damage of steel samples.

Keywords: solar salt; NaCl impurity; corrosion; stainless
steel; protective oxide film; concentrating solar power.
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