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Abstract

Interactions between stainless steel 316L and eutectic LioCO; + KoCOs + Na,COs at 450 °C were
investigated for thermal energy storage. Scanning Electron Microscopy (SEM), Electron Back-Scatter
Diffraction (EBSD), Scanning Kelvin Probe Force Microscopy (SKPFM), X-ray Photoelectron
Spectroscopy (XPS), neutron diffraction pattern, material loss, micro-hardness, polarization and
impedance measurements were used to compare the alloy's response in unrolled (0%) condition versus
20% and 30% cold-rolled conditions. Cold-rolling increased the number of grains, grain boundaries and
density of dislocations. Initially, faster corrosion accompanied by more areas of localized attack was
confirmed by Volta potential measurements. However, recovery and the formation of a surface film
were found to decelerate corrosion for longer times. Cold-rolling-induced dislocations were found to
facilitate carbon diffusion and subsequently carburize the material leading to increased corrosion
resistance. Consequently, the overall long-time corrosion rate was not noticeably affected by cold-

rolling.

Keywords
Stainless steel; Molten salt; Electrochemical calculation; Diffraction pattern; High temperature

corrosion; Carburization



1. Introduction

Stainless Steel alloys are commercially well-known as affordable construction materials for high-
temperature applications as they typically maintain high strength and corrosion (oxidation) resistance
at elevated temperatures [1-3]. Hence, stainless steel alloys are currently being considered as structural
materials for application in Concentrated Solar Power (CSP) and Thermal Energy Storage (TES)
systems [4, 5]. These advanced energy-generation and energy-storage systems use Phase Change
Materials (PCMs), typically eutectic compositions of molten salts, to act as both energy-transfer and
energy-storage media [6-10]. The operating temperature of the system is usually close to (or just above)
the melting point of the PCM. The utilized structural materials need to withstand challenging operation
conditions of high temperature, molten salt (PCM) corrosion and thermal cycling around the melting
point of the salt. The combination of high-temperature creep, thermal-fatigue and molten-salt corrosion
lead to severe material degradation during operation, significantly affecting the expected lifetime of a
component in service and the economies of the system [11]. It is therefore technologically important to
understand and predict the degradation mechanisms of structural materials under typical operational
conditions.

It is a common practice to improve the material properties of the already well-established materials
(e.g. SS316, SS304, or Inconel 690, etc.) by additional processing (e.g. cold-rolling, laser peening, shot
peening, etc.) [12, 13]. This is considered a more cost-effective approach than development of new
alloys, which would then require costly standardization and industrial acceptance. Cold-rolling is a
simple and effective process that can be performed on ductile alloys in order to increase their yield and
tensile strength [14]. Cold-rolling dramatically increases the number of crystal lattice defects
(dislocations, shear bands, as well as low- and high- angle grain boundaries) which provide significant
work-hardening and an associated increase in the strength of the material. However, it has been shown
that the presence of crystal lattice defects can negatively affect the material behavior in service [15-20].
For instance, a number of recent studies have shown that cold-rolling decreases the material resistance
to Stress Corrosion Cracking (SCC) [21, 22], which is of utmost importance in CSP and nuclear
reactors. This is thought to occur because of the aforementioned crystal lattice defects introduced to the
microstructure during the cold-rolling process providing a preferential pathway for atomic/molecular

3



diffusion [23]. The introduction of both macroscopic and microscopic stresses into the surface of the
material during plastic deformation could further exacerbate the material susceptibility to SCC [23, 24].
It has been further shown that, by using the Scanning Kelvin Probe Force Microscopy (SKPFM)
technique, a correlation exists between the electrochemical behavior of Inconel 601 alloy and the
density of lattice defects [20]. Similarly, Raabe [25] has shown that the high densities of lattice defects
can alter the electro-chemical potential around defects and thus change the electrical resistivity of the
material, which will subsequently affect its corrosion behavior.

This study investigates the effect of cold-rolling on the corrosion behavior of SS316L stainless
steel alloy in the eutectic mixture of Li,CO3; + K,CO3z + Na,COs (molten salt) at 450 °C. This is a
promising PCM for CSP applications in moderate temperature (<500 °C) TES systems because of its
high thermal stability (up to around 1000 °C under CO. atmosphere and 600 °C in air) and latent heat
capacity (276 kJ.kg?) [8, 26-28]. The SS316L alloy was tested in three cold-rolled conditions: unrolled
(0%), 20%, 30% cold-rolled. First, the impact of cold-rolling on the microstructure was examined using
microscopy and diffraction techniques. Second, the corrosion behaviors of unrolled (0%) and cold-
rolled (20%, 30%) samples were evaluated using static corrosion, electrochemical and Volta potential
measurements. Further analysis was performed using hardness measurement and X-ray spectroscopy
techniques. A correlation between the amount of cold-rolling, microstructure and corrosion behavior

was then established based on the experimental data.

2. Experimental

2.1. Material and samples

Testing was conducted on a set of SS316L plates, all cut from a single heat (610344-3A) obtained
from American Stainless Corporation. The chemical composition is given in Table 1. SS316L alloy is
austenitic (y-austenite, FCC) at room temperature, although a small amount of &-ferrite (BCC) is
present, allowing for easier hot machinability by providing resistance to cracking at elevated
temperatures. Based on the Schaeffler diagram, performed neutron diffraction (described below) and
microstructural examination it was confirmed that there is about 5% of &-ferrite present in the
microstructure of the used SS316L alloy.
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Two hot-rolled, annealed and pickled per ASME SA-240 316L plates, each 127 (x) x 355.6 (z) x
25.4 (y) mm (Fig. 1), were unidirectionally cold-rolled to levels of 20% and 30% thickness reduction.
A third plate of the same material and dimensions did not undergo deformation, and is referred to as the
0% (unrolled) condition. The final thicknesses (t) of the prepared SS316L plates are presented in Table
2 alongside the obtained mechanical properties (yield strength, ultimate tensile strength and total

elongation). Mechanical testing was done at the University of California, Davis (USA).

Table 1 Chemical composition of SS316L plates (wt.%) obtained from material certification by American

Stainless Corporation.

Fe C Cr Ni Mo Mn Cu Si Co P S
Bal 0.019 16.46 10.07 2.04 1.59 0.39 0.35 0.32 0.033 0.011

Table 2 Mechanical properties of the studied SS316L plates.

Ultimate tensile

Thickness reduction  Plate thickness ()  Yield strength renath Total elongation
streng
% mm MPa, %
[%] [mm] [MPa] (MPa] (%]
0% ‘ 25.4 347 602 54
20% ‘ 20.32 723 863 34

30% ‘ 17.78 821 957 31

Samples for microstructural investigation and molten salt testing were extracted from each plate
using wire Electric Discharge Machining (EDM) so that only half of the plate was used for the
experimental work as shown in Fig. 1; symmetry along the plate mid-plane (y/2) was checked. Plate-
like samples of different dimensions were prepared for static corrosion and electrochemistry as shown
in Fig. 1. In addition, a cylinder with a diameter of 5 mm and length of y/2 was extracted from each

plate using EDM for neutron diffraction measurements.

Where necessary (noted in the following sections), samples were mechanically wet ground and
polished down to 0.04 um with colloidal silica (using standard EBSD procedure [29]), washed with

ethanol and dried with compressed air.

2.2. Microstructure



The effect of cold-rolling on the microstructure of SS316L alloy was studied using Electron Back-
Scatter Diffraction (EBSD) and High-Resolution Neutron Diffraction (HRND). EBSD provides high
spatial resolution information about the microstructure by sampling hundreds of grains in a single 300
x 300 um? map while the HRND provides bulk-information averaging thousands of grains within the

volume of the sample (cylinder: 5 mm in diameter, y/2 mm in length, Fig. 1).

2.2.1. Electron Back-Scatter Diffraction (EBSD)

Multiple (up to 12) EBSD orientation maps were collected on every cold-rolled sample condition
(as-polished) in order to obtain statistically significant grain statistics to determine bulk (microstructure-
averaged) characteristics. A Zeiss® UltraPlus™ scanning electron microscope (SEM) equipped with an
Oxford Instruments® AZtec™ EBSD system and a Nordlys-S™ EBSD detector was used for collecting
EBSD orientation maps. The following SEM and EBSD detector settings were used during EBSD data
acquisition: 70° sample tilt; 20 keV accelerating voltage; 150 — 300 magnification (multiple EBSD
maps were collected); 14 - 15 mm working distance; 60 pm aperture size; 0.14 um EBSD step size; and

4 x 4 data binning.

(y) 25.4 mm

RD (2)

(x) 127 mm
Fig. 1 Schematic drawing of unrolled (0%) plate and the samples for electrochemistry, static corrosion and
neutron diffraction measurements. All corrosion samples are 2 mm in thickness, after EDM cutting. ND =

Normal Direction; TD = Transverse Direction; and RD = Rolling Direction.

EBSD orientation maps were analyzed using Matlab [30] features in the MTEX toolbox [31, 32].
First, post-processing (filtering) of the raw EBSD orientation data was performed. During this process,

all measurement points with the Mean Angular Deviation (MAD) above 0.8 degrees or Band Contrast



(BC) below 0.1 were discarded from subsequent data analysis. In the EBSD analysis, a number of
standard microstructural characteristics were calculated: (i) Kernel Average Misorientation (KAM), (ii)
density of Geometrically Necessary Dislocations (penp) [33], (iii) number of grains [32], and (iv) grain

boundary length per unit area.

2.2.2. High-Resolution Neutron Diffraction (HRND)

Full diffraction patterns of the as-received unrolled (0%) and cold-rolled (20%, 30%) SS316L
alloys were collected using the ECHIDNA High-Resolution Neutron Diffractometer (HRND) [34].
Samples (5 mm in dimeter and y/2 in height, see Fig. 1) were fully submerged in the neutron beam and
continuously rotated during 12 h diffraction pattern acquisition. The resolution of experimental set-up
of the instrument was determined using the measurement of standard NIST LaBg powder. In order to
determine the microstrain ((£)) caused by the presence of dislocations, full diffraction peak broadening
(microstrain) analysis was conducted using the GSAS-II software package [35]. Total dislocation
density (pr) was then estimated from the measured microstrain ((£*)) using the dislocation density model
[36]:

k(e?)
PT = FZZ (1)

where, F is the dislocation interaction factor, k is a constant and b is the magnitude of Burger’s vector.
For SS316L alloy with FCC crystal lattice and Burger’s vector along (110) direction, b = 2.5423 A, k
=16.1, and F = 1. F equals 1 is the simplest assumption, which assumes that the interaction between

dislocations is negligible.

2.2.3. Volta potential measurements

Scanning Kelvin Probe Force Microscopy (SKPFM) was used for the mapping of Volta potential
values of grain and in-grain crystals on the polished surfaces of selected samples. 100 um? rectangular
areas (20 x 5 um) on the surfaces of an unrolled (0%) and a 30% cold-rolled sample were scanned at a
constant rate of 0.4 Hz.

A commercial Atomic Force Microscope (AFM), MFP-3D from Asylum Research, was used for

concurrent topography and Volta potential measurement (two-pass technique) from the samples



surfaces at room temperature (= 22 °C). A single conductive Pt coated probe (NSG03 from NT-MDT)
having a nominal resonant frequency of 47-150 kHz was used. In the absence of any z-offset, the probe
tip retraced 30 nm above the substrate during the second pass. The Kelvin voltage was maintained with

an integral gain of 4 V, no proportional gain, and an AC-voltage of 3 V applied to the tip.

2.3.Corrosion resistance

2.3.1. Static corrosion measurements

A mixture of eutectic (wt.%) 32.1 Li,CO3 + 34.5 K,CO3 + 33.4 NaxCO3 (melting point = 397 °C;
density = 0.77 g.cm; thermal conductivity (at 405 °C) = 0.6 W.(mK)™) [27, 37] was used in the present
study. Test temperature was 450 °C, which is close to the salt melting point. This is a suitable operation
temperature for TES systems, which can take advantage of latent heat released during the phase change
of the salt and is near the temperature of many conventional steam turbines [8, 20, 27, 38, 39]. Five
double side-polished SS316L samples of each condition (0%, 20%, and 30% cold-rolled) were
immersed in the molten salt. Thicknesses of the samples were recorded (average of 8 - 10 measurements
per sample) using a Mitutoyo digital micrometer with the resolution and measurement accuracy of + 1
pm. The samples were then submerged in the molten salt, in alumina crucibles, in a preheated furnace
at 450 °C open to air and removed after 1000 h. Samples were cooled in air and then submerged in hot
water for 10 - 15 minutes for the salt residues to be removed. All samples were found to be covered
with a tenacious layer of black corrosion products on all sides.

One sample from each sample set was used for the identification of corrosion products on the
sample surface using SEM imaging and Energy Dispersive Spectroscopy (EDS) analysis. These
samples were cross-sectioned, mounted in a conductive resin and then polished.

The other four samples from each sample set were cross-sectioned and mounted into a transparent
resin exposing the cross-section and polished. To measure the thickness of the metal left after molten
salt exposure, excluding corrosion product residues on the surface, an optical microscope model Leica
DMIi8M was utilized. The micrometer and optical microscope were checked against each other to ensure

they both showed the same number when measuring thickness.



To reveal the microstructure and carbide precipitates, mirror-like (as-polished) metallographic
samples were also etched in 10 ml glycerin + 6 ml HCI + 3 ml HNOg solution [40], before and after

molten salt exposure.

2.3.2.  Micro-hardness measurements

A micro-Vickers hardness tester, model Matsuzawa MXT70 with 20 s dwell time and 1000 g load,
was used to measure micro-hardness values on the samples’ cross-sections, before and after exposure
to the molten salt. Ten measurement points per sample were recorded with the spacing of >5 times of
the indentation diameter between adjacent points, to avoid work hardening. Measurements were done
on a straight line in the middle of the samples’ thicknesses, which had been ground and polished several
millimeters away from the initial surface. Therefore, the micro-hardness data points reflect the hardness

values of the bulk material.

2.3.3. Electrochemical measurements

A three-electrode cell, containing the molten carbonate salt mixture (in alumina crucibles) open to
the air, was used to conduct electrochemical measurements in a cylindrical furnace preheated to 450 °C
using a VMP3-based BioLogic potentiostat controlled by EC-Lab® software. Double-side polished test
samples (0%, 20% and 30% cold-rolled, Fig. 1) were subjected to Open Circuit Potential (OCP),
Electrochemical Impedance Spectroscopy (EIS) and Linear Polarization Resistance (LPR)
measurements. Two platinum sheets (30 x 5 x 1 mm) were used during the experiment — the first
platinum sheet was used as a pseudo reference electrode [41, 42] and the second one as a counter
electrode. Equilibration of potential (OCP) was carried out for 30 minutes immediately after immersion
into the molten salt followed by EIS and LPR. EIS measurements were obtained in the frequency range
between 200 kHz and 100 mHz with the amplitude of + 10 mV. LPR was carried out at the potential
scan rate of 10 mV/min and potential range of £ 25 mV with respect to OCP. LPR plots were then
analyzed using the polarization resistance (RP) fit tool of EC-Lab® software to calculate Ry, corrosion

current density (icor) and corrosion potential (Ecor) Values within £ 10 mV from the corrosion potential.

2.3.4. X-ray Photoelectron Spectroscopy (XPS)



X-ray Photoelectron Spectroscopy (XPS) was conducted using monochromatic Al k-alpha
radiation on an Axis Supra (Kratos Analytical Ltd) instrument running at a power of 225 Watts. The
instrument work function was calibrated to give a Binding Energy (BE) of 83.96 eV for the 4f 7/2 core
level of gold, and the spectrometer dispersion was adjusted to give a BE of 932.62 eV for the 2p 3/2
core level of copper. The pass energy was set to 160 eV for survey spectra and 20 eV for high resolution
spectra, and all measurements were acquired in a hybrid lens mode which covers an analysis area of
210000 um? (700 x 300 um). Spectra were charge corrected to the main line of the carbon 1s core level
spectrum set to 284.8 eV.

3. Results

3.1. Effect of cold-rolling on the microstructure of SS316L
Fig. 2 shows the comparison of EBSD orientation maps, in inverse pole figure (IPF) coloring (a-c)
and KAM (d-f), of 0%, 20% and 30% cold-rolled samples, respectively. 8-ferrite is shown in white in

order to better visualize its presence in the form of long stringers.

o -ferrite

i 100um I oy

Fig. 2 (a-c) EBSD orientation maps (inverse pole figure color), and (d-f) corresponding KAM analysis maps for

samples with 0%, 20% and 30% of cold-rolling (left to right, respectively).
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Fig. 3 shows the number of grains per unit area and grain boundary length per unit area as a function
of the amount of cold-rolling. These characteristics were calculated from multiple (up to 12) EBSD
orientation maps obtained at different locations across the microstructure. It is apparent that the number
of detected grains per unit area dramatically increases from about 20k in unrolled (0%) sample to about
720k in 30% cold-rolled sample, respectively. Note that the misorientation angle of 5° (MTEX toolbox
[31, 32]) was used in the EBSD analysis to detect grain boundaries. Impact of cold-rolling on the
microstructure is even more apparent from the measurement of grain boundary length, which increases
from about 0.35 m/mm? in unrolled (0%) sample to 2.3 m/mm?in 30% cold-rolled sample, respectively.
This significant increase is due to the formation of High-Angle Grain Boundaries (HAGBSs) during the
cold-rolling process because of the accumulation of dislocations and occurrence of deformation
twinning. HAGBs have been previously shown to be more susceptible to SCC [43], hence their presence

will significantly alter the corrosion behavior of the SS316L alloy.

a b
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Fig. 3 (a) Mean measured number of grains per unit area, and (b) mean measured grain boundary length per unit

area as a function of the amount of cold-rolling for samples with 0%, 20% and 30% of cold-rolling.

Fig. 2 (d-f) shows the KAM maps, which is related to the distribution of Geometrically-Necessary
Dislocations (GNDs) across the microstructure. It is clear that GNDs are unevenly distributed in the
microstructure forming a network of high and low-angle grain boundaries.

Fig. 4 shows the mean (bulk) KAM and density of GNDs (penp) Values obtained by averaging
results from multiple EBSD maps thus averaging hundreds of grains (small black symbols show mean

KAM and mean density of GNDs (penp) obtained by analysis of individual EBSD maps). It is clear
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from Fig. 4, and the extracted data summarized in Table 3, that peno increases with the amount of cold-
rolling leading to the observed increase in strength and reduction in elongation (see Table 2). Fig. 4b
compares the total” dislocation density (ot = penp + pssp) obtained by the analysis of HRND patterns
using GSAS-II (see section 2.2.2) and the penp estimated from the EBSD measurements [33]. It is also
clear from Fig. 4b that Statistically-Stored Dislocations (SSDs) represent a significantly higher portion
of the present dislocations. Hence, hardening of the studied alloy is largely controlled by the presence

of SSDs; also see hardness measurement in Fig. 10.

a
0.5 ) 1E+16 b)
- ZE KAM (EBSD) Q- GND (EBSD)
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Fig. 4 (a) Mean KAM (calculated by EBSD), and (b) mean dislocation density of GNDs (estimated from EBSD
orientation maps) together with mean total (SSDs+GNDs) dislocation density (p7) estimated from peak

broadening in HRND pattern.

Table 3 Mean Kernel Angular Misorientation (KAM), and density of GNDs (penp) obtained by the analysis
(MTEX) of multiple EBSD maps, and total dislocation density (p7) obtained by the peak-profile (microstrain)

analysis (GSAS-II) of HRND patterns.

KAM (EBSD)  ponp (EBSD) pr (HRND)
Sample [deg.] [L/m?] [1/m?]
0% 0.14 (£0.03)  3.5E10 (+5E09) 5E13 (+2E13)
20% 0.35(0.03)  6.4E10 (+5E09)  258EL5 (+2E14)
30% 038 (£0.04)  B8.2E10 (+8E09)  248ELS (+2E14)

* Total dislocation density is the sum of GNDs and Statistically-Stored Dislocations (SSDs). Material hardening
is controlled by the both types of dislocations.
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3.2. Effect of cold-rolling on the corrosion behavior of SS316L

3.2.1. Volta potential analysis

Fig. 5 shows Volta potential analysis of as-polished mirror-like surfaces of 0% and 30% cold-rolled
samples; conducted on fresh samples prior to exposure to elevated temperatures or the molten salt. Note

that the measured Volta potential values here are used to compare individual samples’ surfaces [20].

0% Cold-rolled '—an P-Wkd'm1 lled
~ .- ~Fit Peak 1 -+=:-Fit Pea
: T e e -~ -FitPeak 2
2000 - --+=FitPeak3s | - Fit Peak 3

 Cumulative Fit Peak

Number of counts
>
2
(=]

500

200 250 300 350
Volta Potential (mV)

Fig. 5 SKPFM map analyses of 0% and 30% cold-rolled specimens with associated histogram analyses of Volta

potential data plus simulated multimodal normal distribution (Gaussian) plots corresponding to each histogram.

For the analytical interpretation of Volta potential values, histogram plots with multimodal
Gaussian (normal) distributions of the corresponding spectra were extracted from the SKPFM images.

Eqg. 2 represents the normal distribution (Gaussian) function used to fit the curves with multiple peaks:

A 2(x—p)?
Y =DYo '_“/2 p[ w2 ] 2

with, w = 20 3
where, y is the counts number, yo and A are constant values, x is the Volta potential value, p refers to
the mean value parameter, o is the standard deviation and w is approximately 0.849 that is the width of

the peak at half height. To find the quantity of multimodal distribution peaks, which indicates the
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number of surface constituents (events probability) [44, 45], the first derivatives of the histograms were

calculated together with their inflection points, see Table 4.

The number of multimodal distribution peaks, corresponding mean values (p) and standard
deviations (o), are generally used to quantitatively evaluate the data acquired [45]. As Fig. 5 indicates,
surface heterogeneity resembles a penta-modal distribution for the 30% cold-rolled sample compared
to a tri-modal for the unrolled (0%) sample. Note that the shift in the position of the two histograms in
Fig. 5 does not point to a significant discrepancy between the two metal samples; since the surface
driving force for corrosion attack is indicated only by the difference between the measured Volta

potential values, not the absolute values [45].

Table 4 Multimodal normal distribution (Gaussian) parameters extracted from the histograms in Fig. 5.

Number of  Mean value (1)  Standard deviation (¢)  Driving force (ApP=Hi-};)

Sample
modals [mV] [mV] [mV]

M= 224 o1= 6 35
0% 3 M2 =238 02=6 21
Mz =259 03=18 14
59

H1= 270 o1= 2
46
34

M2 = 283 o2= 8
33
26

30% 5 Mz =296 03=5
25
21

Ha = 304 04 = 20
13
13

Us = 329 05 = 9
8

The five peaks detected for the 30% cold-rolled sample, compared with three peaks for the unrolled
(0%) sample, indicate a different surface. This shows that the surface of the unrolled (0%) sample is

more homogenous compared to the 30% cold-rolled sample with at least five different potential
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spans/peaks (different constituents) which are proposed to be texture, the deformed lattice, void defects,
dislocations and twinning areas (or a combination of them) at the surface. This is consistent with
previous HRND and EBSD observations and confirms the increased surface heterogeneity of the sample

with an increase in cold-rolling and subsequent microstructural heterogeneities.

The existence of a greater number of different constituents on the surface of the 30% cold-rolled
sample could then lead to the formation of micro-anodic sites (galvanic cells) on the metal surface.
Therefore, the cold-rolled sample(s) would be far more at risk of localized attack compared to the
unrolled sample. A maximum driving force of 35 mV for the unrolled (0%) sample (Table 4) is to be

compared with 59 mV for the 30% cold-rolled sample with a more heterogenized structure.

3.2.2. Electrochemical analysis

To examine the electrochemical interaction of the material with the molten salt, polished mirror-
like coupons were used. OCP plots of the test samples, measured for 30 min immediately after
immersion in the molten salt, are shown in Fig. 6a. All samples gain nobler potential values over time,
which suggest the development of a passive layer on the samples’ surfaces. The unrolled (0%) sample
stabilizes at potential values around -310 mV after 30 min in the molten salt; compared to -447 and -
457 mV for the 20% and 30% cold-rolled samples, respectively. Ecor Values in LPR plots shown in Fig.
6b reflect OCP values in Fig. 6a with Table 5 summarizing the extracted data values, employing the RP
fit tool of the EC-Lab® software. Results confirm the increased susceptibility to corrosion for cold-
rolled samples.

Polarization resistance (Ry) is defined as the slope of potential vs. current density curve, Fig. 6¢, at

the free corrosion potential according to Faraday’s law [23, 46]:

Rp = CEcons ()
where, E is the corrosion potential and i is the corrosion current density. Extracted data from the LPR
curves of the samples in the molten salt, Table 5, reflect the highest R, value measured for the unrolled
(0%) sample. Accordingly, Rp drops by around 47% and 61% when cold-rolled to 20% and 30%

reduction in the thickness, respectively.
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Fig. 6 (a) Open Circuit Potential (OCP), (b) E vs. log i curves, and (c) polarization resistance (E vs. i) curves

with R, fit applied for the studied SS316L samples in molten eutectic Li;CO3 + K;CO3 + Na,COs at 450 °C.

The simultaneous drop of Re with the reduction of Ecor indicates a faster corrosion (oxidation of
metal) due to plastic deformation. This is clear from i values in Table 5 and the corresponding

corrosion rate (CR) values, estimated according to [46, 47]:

CR =K. EW.iC"T" (5)
where, K = 3.272 um.g.uA.cmLyrt, EW is equivalent weight (= 25.5 for SS316 [46]) and p is density
(= 7.87 for iron) in g.cm®,

Table 5 Data extracted from the curves in Fig. 6 and static corrosion data in Fig. 9.

£ . R CR CR
Icorr
Sample cor 5 - [um/year] [um/year]
[mVvs.Pt] [pAcm?] [Q.cmf] Eq.5 Static test
0% -333 16 1645 170 176
20% -461 30 873 318 185
30% -450 41 644 435 196

For further analysis, EIS was measured immediately after OCP. Plots shown in Fig. 7a confirm the
development of a double layer capacitive loop in the impedance spectra which accounts for a charge
transfer reaction at the steel/melt interface [48]. Considering the OCP data, this confirms the formation
of a passive layer on the surface of the metal samples in the molten carbonate salt. The difference
between the diameters of semicircles implies a greater charge transfer (polarization) resistance at the
surface of the unrolled (0%) sample compared to the 20% and 30% cold-rolled samples [44]. This is

also obvious in Bode-phase plots in Fig. 7b and is in good agreement with LPR results. It is noteworthy
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that the jump/drop seen in the Nyquist plot of 0% sample in Fig. 7a is probably due to a noise from the

electrical grid.
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Fig. 7 (a) Nyquist and (b) Bode-phase curves measured using EIS tests of the studied samples in molten eutectic

Li,CO3; + K,CO3 + Na,CO3 at 450 °C.

3.2.3. Static corrosion

To investigate the salt impact on SS316L over longer times, one sample of each set was examined
by SEM-EDS analysis after 1000 h exposure to the molten eutectic carbonate salt at 450 °C. SEM-EDS
results for a 30% cold-rolled sample are shown in Fig. 8. Clearly seen is the presence of a Fe-depleted
and oxidized (O-rich) layer close to the metal surface. The penetration depth of this de-alloyed oxide
zone is between 1.5 and 3.3 um. Grain boundary de-alloying and oxidation is observed towards the bulk
material. A tenacious and continuous layer of iron-chromium oxide (Fe-Cr-O) is also detectable on the

sample surface with a thickness of around 1.9 pm.

The rest of the post-immersion samples (four from each set) were examined under a light
microscope (5% magnification) to measure thickness reduction after 1000 h exposure to the molten
eutectic carbonate salt. At least 6 measurements per sample were taken and average values recorded.
The average thickness of each sample, average thickness of each set (mean values) and deviation from
standard values (o) are shown in Fig. 9. The unrolled (0%) sample set show an average of 176 um/year
reduction in metal thickness. There is a 5% and 11% increase of this reduction value for 20% cold-

rolled set (185 pm/year) and 30% set (196 pum/year), respectively (Table 5). It is evident that the slight
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increase in corrosion rate corresponds to the previous trend observed via LPR and reduction of Rp values

with the related increase in the amount of cold-rolling.

SS316L

SV DOUNCRTY De-alloyed layer

De-alloyed layer

Fig. 8 Cross-section SEM image and its corresponding EDS map analysis of a 30% cold-rolled sample after

1000 h exposure to the molten eutectic carbonate salt at 450 °C.

One sample from each set was selected for micro-hardness measurement. Fig. 10 compares micro-
hardness for each set of samples before and after 1000 h exposure to the molten salt at 450 °C. A
negligible reduction from the initial state is seen for the unrolled (0%) set. However, both the 20% and
30% cold-rolled sets get noticeably harder. This was not expected since the samples should have been
stress-relieved and the microstructure recovered after being exposed to the hot temperature for such a

long time.
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Fig. 9 Thickness reduction after 1000 h exposure to the molten eutectic carbonate salt at 450 °C; dash lines show
average values and ¢ is deviation from the mean value.
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Fig. 10 Hardness profiles of the samples in as-received condition (left) and after 1000 h exposure to the molten

eutectic carbonate salt at 450 °C (right); dash lines show average values and ¢ is deviation from the mean value.

To determine why the observed increase in micro-hardness occurred, samples were etched in a 10
ml glycerin + 6 ml HCI + 3 ml HNOs solution (as discussed in section 2.3.1) and the microstructure
was observed under light microscope and SEM. Fig. 11 compares and contrasts the microstructure of a
20% cold-rolled sample, before and after exposure. Furthermore, SEM images of a 30% cold-rolled
sample prior to exposure, tilted 70° for better observation, is shown in Fig. 12. Microstructure before
exposure consists of d-ferrite in an austenitic texture with protruded nodular chromium carbides [40,
49-51] mostly distributed along grain boundaries (GBs) and slip planes. However, the carbide nodules

have disappeared after 1000 h exposure to the molten salt at 450 °C, Fig. 11d.

EDS point analyses of spectrums in Fig. 11c and d are provided in Table 6. A significant increase
in the carbon content of the alloy is seen after exposure. This indicates carburization has occurred

because of exposure to the molten eutectic carbonate salt for 1000 h at 450 °C.
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Fig. 11 (a, ¢) Optical and SEM images of an as-received 20% cold-rolled sample, (b, d) optical and SEM images

of a 20% cold-rolled sample after 1000 h exposure to the molten eutectic carbonate salt at 450 °C.

Carbon concentration was also measured by XPS for a post-corrosion 30% cold-rolled sample; as-
polished cross-section of the same sample that was used for bulk micro-hardness measurement. A 5
keV Ar* ion source was used for sample cleaning and depth profiling. Fig. 13 shows carbon
concentration for 9 measurements with high resolution C spectra for the last two surveys, i.e. surveys 8
and 9. Results confirm the material consists of around 6 at.% (or 1 wt.%) C in the composition (average
of surveys 4 to 9). This is around 50 times higher than its initial concentration of about 0.02 wt.%, see
Table 1. The inset in Fig. 13 shows the peak position of carbon to be around 283 eV which is a
characteristic of carbidic C. This confirms that C is in solid-solution on the interstitial sites of the y-

austenitic matrix [52].
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Table 6 EDS point analyses (chemical composition in wt.%) of grain boundaries and nodular carbides in Fig. 11
(c and d) for 20% cold-rolled samples before and after exposure to the molten salt.

Element Fe C Cr Ni Others

Point 1 (GB before exposure) 59.3 126 177 5.4 Bal.
Point 2 (nodular carbide) 575 176 143 8.2 Bal.

Point 3 (GB after exposure) 453 349 115 538 Bal.

= = ‘Ne_&_&l_ar'__:_.-‘-

Fig. 12 SEM micrographs of an as-received 30% cold-rolled sample (70° titled) showing protruded nodular

carbide precipitates along grain boundaries.
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Fig. 13 Depth profile measurement of carbon by XPS with high resolution C spectra for a 30% cold-rolled

sample after 1000 h exposure to the molten carbonate salt at 450 °C.
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4. Discussion

The dramatic increase in the number of grains and length of HAGBSs per unit area (Fig. 3) due to
cold-rolling is accompanied with a significant increase in the density of dislocations (GNDs, SSDs) as
shown in Fig. 4b. According to Raabe [25], increased lattice defects such as HAGBs and dislocations
is associated with an increase in the internal energy of the material. The presence of dislocations on the
surface of a cold-rolled material leads to potential alteration in their vicinity. Consequently, the
thermodynamic stability of the material reduces according to Gibbs free energy theorem [25, 53, 54].
This is evident from Volta potential measurements in Fig. 5 suggesting the development of micro-
galvanic cells on the sample surface because of the heterogeneous distribution of dislocations across
the microstructure, see Fig. 2 and Table 4.

The distribution of stored energy has already been reported to significantly affect the material
behavior in service [25]. The Re drop shown in Table 5 results from the increased charge transfer rate
of the material in cold-rolled condition because of the higher amounts of internal energy stored in the
material. This causes an increase in the driving force for localized attack and subsequently faster
corrosion rates due to plastic deformation which destabilizes the cold-rolled material in the first few
hours of exposure.

Corrosion mechanisms of steel alloys (and nickel alloys) in molten carbonate salts have been
discussed in detail [4, 20]. Considering the ionic nature of liquid salts, their interaction with metals is
electrochemical and therefore metal oxidation reflects the partial anodic reaction [55, 56]:

M — M™+ne” (6)

2M"+ n0%* —2MO,, (7)
where, M is the transition metal such as Fe, Cr and Ni. Reduction of oxygen as the partial cathodic
reaction follows [55]:

Ox+ne—R (8)
where, n points to the number of electrons, and Ox and R refer to oxidant and reductant, respectively.
Previous studies maintain that, in molten salts, corrosion depends on the solubility of the formed metal

oxides on the material surface [4, 5, 57]. Liquid N.COj3 carbonates- where N stands for alkali metals
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such as Li, Na or K- can dissociate to their basic and acidic components; N.O and CO,, respectively
[58]. Then, according to Eg. 9, the high oxygen reduction rate (which results from the very high
solubility of oxygen in the liquid salt) causes the basic component to dissociate into the melt [55, 58]:
N, O 2N*+ 0% (9)
Finally, the reduction of highly reactive oxide ions (O%) on the metal surface oxidizes the metal
[55, 59]. Production of CO,, on the other hand, can carburize the austenitic steel according to the

reactions [11, 60]:

M+CO,—MO+CO (10)
2M+CO,—2MO+C (11)
M+CO—MO+C (12)

Despite of the formation of an oxide layer on the metal surface (as shown in Fig. 8), which has
been already reported to cease the above reactions [60], the observed hardening of the cold-rolled
material after 1000 h exposure (see Fig. 10) is a clear evidence of the substrate metal not being
effectively protected by the oxide layer formed on its exposed surface. This could be because of carbon
diffusion through this layer to the bulk material. Carburization here is facilitated by the presence of the
introduced lattice defects such as dislocations, void defects and grain boundaries because of plastic
deformation.

This could also be referred to as interstitial hardening of the steel by low temperature carburization
which has been previously reported by Niu et al. [61] when SS316L is exposed to a CO-CO- gas mixture
at 470 °C. The term low temperature here could be defined as a temperature which is low enough to
kinetically suppress carbide precipitation, but still high enough to enable interstitial carbon diffusion
into the bulk material [52, 61, 62]. As well as hardening, Cao et al. [52, 62, 63] reported a general
increased resistance to corrosion because of the super-saturation of austenite with up to 12 at.% carbon
as long as it stays in solid solution. The absence of lattice defects, on the other hand, prevented the
unrolled (0%) sample from bulk-material carburization.

The corrosion rate estimated for the unrolled (0%) sample calculated with electrochemistry theory

concurs with that from the gravimetric method (Table 5). The difference between corrosion rates
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reported from electrochemical measurement and static corrosion data for the cold-rolled samples,
however, could be an indication of ongoing recovery due to the exposure of the material to high
temperature for a long time [20, 25]. During the first few hours of exposure, the corrosion rate is higher
due to the presence of a large number of dislocations and material instability as discussed above. As an
accelerated test, it is also expected that electrochemical measurements will show different corrosion
rates compared to gravimetric methods (especially at long exposure times), since potential sweeps affect
corrosion layers formed on the material surface [7, 64]. Therefore, the corrosion rate is relatively high
(318 and 435 pm/year) for cold-rolled samples during the first few hours as measured by
electrochemistry (Table 5). Then, metal stabilization due to recovery and the subsequent establishment
of an oxide layer on the surface (as shown in Fig. 8) could lead to reduced corrosion rates (185 and 196
pm/year) at longer times for cold-rolled samples (Table 5). Carburization could be another reason for
the reduced corrosion rate of cold-rolled samples after longer exposure times, as discussed above. Fast
corrosion at the first few hours of exposure for the cold-rolled samples could therefore account for the

slight increase in the corrosion rate after 1000 h.

Conclusion

Electrochemical, microstructural, hardness, Kelvin probe force and neutron diffraction
investigations were utilized to investigate the impact of plastic deformation (cold-rolling) on the
interaction of SS316L with molten eutectic Li.CO3; + K,CO3 + Na;COs at 450 °C for thermal energy
storage applications.

High-Resolution Neutron Diffraction in conjunction with Electron Back-Scatter Diffraction
showed a dramatic increase in the number of grains, grain boundaries and density of dislocations
because of imparted plastic deformation during the cold-rolling process. The presence of these crystal
lattice defects causes reduction in the thermodynamic stability of the alloy, which leads to the formation
of micro-galvanic cells on the sample surface as shown by Volta potential measurements.

Increased driving force for localized corrosion attack, due to the development of micro-galvanic
cells, was observed according to reduction in the polarization resistance of the alloy in contact with the

molten carbonate salt at 450 °C leading to accelerated corrosion because of cold-rolling during the first
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few hours of exposure. However, material stabilization (probably due to recovery) and development of
an oxide layer on the surface were found to decelerate corrosion at longer times of exposure (up to 1000
h). Cold-rolling was also found to facilitate carburization and subsequent material hardening because
of carbon diffusion from the molten carbonate salt through the introduced lattice defects at long
exposure times (1000 h). XPS analysis confirmed a carbon concentration of about 1 wt.% in cold-rolled
samples. Solid solution of carbon in austenite contributed to further resistance against corrosion. No

evidence of bulk material carburization was found on the unrolled samples.
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