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EXECUTIVE SUMMARY

The desire to increase the peak operational temperature of Concentrated Solar Power
(CSP) plants to lower the levelized cost of CSP-derived electricity [1-4], has led to
consideration of an earth-abundant, low-cost, thermally-stable, molten MgCl2-KCI-NaCl
(40-40-20 mole%) salt for high-temperature thermal energy storage and heat transfer [5-
7]. The reliable, long-term containment of such a molten salt is challenging, however, due
to the corrosion of cost-effective, high-temperature structural metal alloys in this salt
(particularly if this salt is contaminated with oxygen-bearing species) [8,9]. This project
has been focused on: i) development of equipment for evaluating corrosion kinetics in
molten chlorides under well-controlled thermal, fluid dynamic, and atmospheric conditions
at CSP-relevant temperatures, ii) use of such equipment to evaluate the influence of
forced convection on corrosion kinetics (to determine the role of liquid phase diffusion on
such corrosion), and iii) identifying a corrosion-mitigation strategy that can be industrially
applied to achieve a projected annual corrosion <30 um at CSP-relevant temperatures.

The overall goals of this project have been: i) to understand the rate-limiting step(s)
and associated kinetic laws governing corrosion in molten chlorides at 750°C, ii) to
determine key operational parameters affecting the corrosion kinetics in molten salts, and
iii) to demonstrate the tailoring of such parameters to appreciably reduce such corrosion.

Key accomplishments of this project include:

» The design and construction of a rotating-disk corrosion testing apparatus capable of
evaluating corrosion kinetics in molten chlorides under well-controlled thermal,
atmospheric, and fluid dynamic (forced-convective) conditions

- The rotating-disk corrosion testing apparatus has been operated at 750°C in a dry
flowing Ar atmosphere with an oxygen partial pressure <104 atm at rotation rates
from 50 rpm to 1000 rpm in a molten MgCl2-KCI-NaCl (40-40-20 mole%) salt.

« Evaluation of the influence of molten salt flow on the corrosion of a Ni-based alloy

- The mass change per area, and the surface Cr-Al depletion zone thickness, of
Haynes 214 (a Ni-Cr-Al-Fe-based alloy) specimens were not found to increase as
the specimen rotation rate increased in a MgCl2-KCI-NaCl liquid bath at 750°C at a
low oxygen partial pressure (<1014 atm). Although appreciable scatter was observed
in this data, these results were inconsistent with liquid-phase diffusion as a rate-
limiting step for H214 corrosion in molten MgCl2-KCI-NaCl under these conditions.

 ldentification of oxidation-resistant molten chlorides and demonstration of such
chloride stability in ambient (water-vapor-bearing) air at 750°C, along with a corrosion
mitigation strategy for containing such liquids

- Thermodynamic calculations indicated that non-MgClz-bearing molten salts
containing CaClz, SrClz, BaClz, NaCl, and/or KCI| should be appreciably more
oxidation resistant than MgCl2-bearing liquids. These calculations were validated by
demonstrating the oxidation resistance of a CaClz-NaCl (53-47 mole%) eutectic salt
in ambient (water-vapor-bearing) air at 750°C (from X-ray diffraction and mass
change analyses). NiO-bearing Ni was resistant to corrosion in this salt in air at
750°C, with a slow parabolic weight gain corresponding to a projected annual Ni
recession of 14 um. These strategies may be extended to lower-melting, air-stable
chlorides (e.g., CaCl2-NaCl-BaClz-KCl salts) and to Al2Os- or Cr20s-forming alloys.
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BACKGROUND

Concentrated solar power (CSP) technology with thermal energy storage (TES) has
the potential to facilitate large-scale penetration of renewable solar energy into the
electricity grid [1-3], with an associated appreciable reduction in man-made greenhouse
gas emissions. Indeed, one of the main competitive attributes of CSP plants is that heat
from sunlight can be readily transferred to, and retained in, thermal energy storage (TES)
media, such as molten salts, to allow for rapidly dispatchable power and/or continuous
power [4]. Molten nitrate salts, such as a non-eutectic salt mixture comprised of 60 wt%
sodium nitrate and 40 wt% potassium nitrate (known as “solar salt”), have commonly been
used for heat transfer and TES media in CSP installations [10]. However, such nitrate
salts are limited in use to temperatures <600°C owing to thermal decomposition into
nitrites [10,11]. The drive to raise the inlet temperatures of CSP turbines, for enhanced
thermal-to-electrical conversion efficiency [4], has led to consideration of relatively low-
cost, earth-abundant molten chloride salts (e.g., MgCl2-KCl-based compositions) as
candidates for heat transfer fluids and TES media for next generation CSP plants [5-7].
Unfortunately, such MgClz-bearing liquids are prone to reaction and contamination with
oxygen-bearing species upon high-temperature exposure to ambient air, with associated
undesired changes in the composition and properties of the liquid, as well as in enhanced
corrosion of metal alloys used to contain such liquids [8,9]. There is a need to identify and
understand the corrosion mechanisms of materials exposed to such earth-abundant
molten chloride salts at >750°C under well-controlled thermal, atmospheric, and fluid
dynamic conditions, as well as to develop effective strategies for inhibiting such corrosion.

PROJECT OBJECTIVES

€ Overall Objectives:

e To understand the rate-limiting step(s) and associated kinetic laws governing the
high-temperature corrosion of metal alloys and ceramic composites in molten salts

e To determine key operational parameters affecting the corrosion kinetics in molten
salts

e To demonstrate the tailoring of such parameters to appreciably reduce such
corrosion

€ Expected Outcomes:

e One or more practical strategies for appreciably reducing corrosion in molten
chlorides
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MILESTONE TABLE

TASK NO. TASK DESCRIPTION DATE
Task 1 Develop Corrosion Testing Equipment and Protocols
Demonstrate the capability of measuring corrosion kinetics in 03
M1 molten salts at CSP-relevant temperatures under well-controlled
thermal, atmospheric, and fluid dynamic conditions (M9)
Determine Kinetic Mechanisms Controlling Molten Chloride
Task 2 .
Corrosion
Identify the rate laws and associated mechanism(s) (rate-limiting
M2 step(s)) for the corrosion of metallic and ceramic composite | Q4
specimens in molten chloride salts at CSP-relevant temperatures | (M13)
over a range of atmospheric conditions
Task 3 Minimize Corrosion Kinetics
Determine the atmospheric, chemical, and fluid dynamic
M3 conditions required to achieve projected annual corrosion of <30 | Q6
um/year for metal alloys and ceramic composites in molten | (M18)
chloride salts at CSP-relevant temperatures
Task 4 Identify Most Acceptable Corrosion Mitigation Conditions
Identify atmospheric, chemical, and fluid dynamic conditions
M4 most acceptable to the CSP industry for achieving projected | Q6
annual corrosion rates <30 um/year for metal alloys and ceramic | (M18)
composites in molten chloride salts at targeted temperatures
EOPG Successful Completion of all Milestones (I\/IQ168)
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PROJECT RESULTS AND DISCUSSION

Task 1.0: Develop Corrosion Testing Equipment and Protocols

Milestone 1: Demonstrate the capability of measuring corrosion kinetics in molten salts
at CSP-relevant temperatures under well-controlled thermal, atmospheric,
and fluid dynamic conditions

Subtask 1.1: Rotating-Disk Corrosion Tests
Subtask status: Successfully accomplished.

A rotating-disk corrosion testing apparatus was designed so as to enable exposure of
solid materials to molten chlorides at 750°C under controlled fluid dynamic, chemical, and
atmospheric (low or high oxygen partial pressure) conditions. A schematic illustration of
the overall system design is shown in Figure 1.1-1. A photograph of the system is shown
in Figure 1.1-2. The rotating-disk corrosion testing apparatus consisted of:

i) a vertical clamshell tube furnace with a 4-foot-long heated zone
i) a rotating-disk assembly (motor, coupling, tachometer, specimen fixturing)

iii) a sealed vertical tube assembly (silica tube, endcap, flanges, crucible, crucible
support, bellows, jack) and

iv) a rigid steel frame (bolted to the lab floor) supporting the rotating-disk assembly and
the vertical tube assembly.

A controlled atmosphere was achieved within the vertical tube assembly by use of ISO
compression vacuum flanges (endcaps) at the top and bottom of the furnace tube. The
top endcap contained a gas-tight, solid-shaft, ferromagnetic fluid, rotary feedthrough
(Figure 1.1-3). The vertical tube consisted of a 4.33 inch/11.0 cm outer diameter (4.13
inch/10.5 cm inner diameter) transparent silica tube, to allow for viewing of the alignment
and position of the rotating specimen, and of the position of the salt-bearing crucible, prior
to closing the clamshell furnace and raising the temperature of the furnace. A low-oxygen-
partial-pressure, dry Ar atmosphere within the vertical tube assembly was achieved by
passing high-purity Ar from a tank through an oxygen-gettering system (i.e., a system
utilizing heated titanium as an oxygen getter) and a drierite/ascarite column (to remove
water vapor) prior to entry into the vertical tube through a port in the upper endcap (Figure
1.1-3). The oxygen partial pressure of the gas atmosphere within the vertical tube system
was monitored with an oxygen sensor.

The rotation rate of the sample was controlled over the range of 50-1000 rpm using a
variable frequency drive (VFD) connected to an electric motor. The rotation rate was
monitored by use of an optical tachometer. The temperature profile of the furnace was
measured with a reference thermocouple. The molten salt-bearing crucible, the sample,
and a reference thermocouple were positioned within the uniform temperature zone of
this vertical tube furnace system during any given corrosion experiment. The signal
outputs of the reference thermocouple, oxygen sensor, and tachometer were
continuously logged during the course of each experiment.

Photographs of the motor, the magnetic coupling device, the rotating rod, and the
endcap at the top of the rotating-disk corrosion testing apparatus are shown in Figure
1.1-3. The variable frequency drive (VFD) controlled electric motor is shown as
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Figure 1.1-2. Photographs of the rotating-disk apparatus revealing components:
A = motor, B = steel support frame, C = clamshell vertical (electrically-heated) tube
furnace, D = furnace controller, E = compressible bellows, and F = scissor lift jack
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Figure 1.1-3. Photographs of the top assembly of the rotating-disk corrosion apparatus
revealing components: A = motor, B = magnetic coupling disks, C = optical tachometer,
D = thermocouple port, E = ferromagnetic fluid feedthrough, F = gas inlet port, and G =
ISO compression endcap sealed to the silica (glass) tube

component A. This motor was coupled to the rotating rod via a magnetic device
(component B) consisting of two rare-earth-magnet-based disks separated by a gap of 5
mm. This type of coupling allowed for the transfer of torque from the motor to the spinning
rod without transferring vibrations from the motor to the rod. The motor could be unbolted
and slid horizontally along the support frame, so as to be placed in a position that would
not obstruct the introduction of the rotating rod and sample assembly through the endcap
and into silica furnace tube. The motor could then be slid back into position to allow for
coupling with the rod during the corrosion test. The rotating rod was connected to the top
endcap of the reaction tube (component G) through a gas-tight ferromagnetic fluid
feedthrough (component E). The rod rotation was monitored continuously by use of the
optical tachometer (component C). A k-type thermocouple was provided through an O-
ring-sealed feedthrough port (component D). The desired gas (either oxygen-gettered Ar
for a low oxygen partial pressure, or synthetic air for a high oxygen partial pressure) was
supplied through the gas inlet port (component F) shown in the top endcap.

A photograph obtained near the mid-height position of the rotating-disk corrosion
testing apparatus is shown in Figure 1.1-4. The transparent silica (glass) tube
(component A) is shown inside the open clamshell furnace (component E). The rotating
rod (component B) possessed a threaded bottom to connect to the sample holder (not
shown here - see Figure 1.1-5). The salt-bearing crucible (component C) was supported
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Figure 1.1-4. Photograph obtained at
the mid-height location of the rotating
disk apparatus revealing compo-
nents: A = transparent SiO2 (glass)
furnace tube, B = rotating rod with a
threaded bottom, C = crucible for
containing the molten salt, D =
ceramic support bricks, E = open
vertical clamshell tube furnace

by ceramic refractory bricks (component D). At the start (or end) of a test, the crucible
was raised (or lowered) using a jack (Figures 1.1-1, 1.1-2, 1.1-7) so as to immerse (or
remove) the bottom face of the rotating sample into (or out of) the molten salt. Schematic
illustrations of the sample holder assembly are shown in Figure 1.1-5. A dove-tail groove
was machined into each disk-shaped sample. Prior to a corrosion experiment, the sample
would be slid into the bottom of a cylindrical sample holder with a mating dove-tail
extension. The top of the cylindrical sample holder was connected to the rod with a
threaded set screw. The outer sleeve was screwed around the rod. The bottom of the
outer sleeve surrounded the outside of the sample (shown most clearly in Figure 1.1-5c¢)
so as to prevent the sample from sliding off the dove-tail extension of the cylindrical
sample holder upon rotation during a corrosion test. Photographs of a disk-shaped
stainless steel (SS) sample with a dove-tail groove, a SS sample holder with a dove-tail
extension, and a SS sleeve are shown in Figure 1.1-6.

For molten salt corrosion tests conducted in CaClz-NaCl-based molten salts at high-
oxygen-partial-pressure atmospheres (synthetic air) at 750°C, the sleeve and sample
holder should be comprised of oxidation-resistant materials, such as pre-oxidized nickel
(for NiO-saturated CaClz-NaCl-based melts), alumina or pre-oxidized alumina-forming
alloys (for Al2Os-saturated CaCl.-NaCl-based melts), or pre-oxidized chromia-forming
alloys (for Cr203-saturated CaClz-NaCl-based melts). For molten salt corrosion tests
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Figure 1.1-5. lllustrations of the sample holder assembly for the rotating-disk apparatus:
a) overall illustration, b), ¢) higher magnification views of the sample, sample holder, and

outer sleeve (dimensions in units of mm)

conducted in low-oxygen-partial pressure
atmospheres (oxygen-gettered argon), the sleeve
and sample holder may be comprised of graphite.
Although graphite is less erosion resistant than
metal alloys or ceramics, tests at Purdue have
shown that specimens with dovetail grooves can
be removed from graphite sample holders (with
mating dovetail extensions) with negligible mass
change due to graphite deposition onto the
specimens.

A photograph of the bottom of the rotating-disk
corrosion apparatus is shown in Figure 1.1-7. To
allow for the vertical motion of the molten salt-
bearing crucible at the start and end of an
experiment, while keeping the furnace tube
sealed (particularly for low-oxygen-partial-
pressure tests), flexible bellows (component C)
were connected to an endcap at the bottom of the

Figure 1.1-6. Photograph of a 316
SS outer sleeve (left), a 316 SS

sample holder (with dovetall
extension, middle), and a 316 SS
sample (with dovetail groove, right)
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silica furnace tube and to an endcap
(component D) at the bottom of the
bellows. Ceramic refractory bricks
(supporting the salt-bearing crucible)
were located inside the bellows and the
silica furnace tube. A scissor jack
(component F) located under the
bottom endcap could be raised, so as to
compress the bellows and raise the
ceramic refractory bricks (and the salt-
bearing crucible) without moving the
silica furnace tube.
=, P The stationary silica furnace tube
&/ E was supported by the steel frame
~ F (component B). The bottom endcap
contained a gas outlet port (component
E). The oxygen content of the gas
exiting this outlet was monitored with an
” oxygen sensor (see Figure 1.1-8). A
‘ . photograph of the atmosphere control
-~ system, located adjacent to the
, _// D) i rotating-disk corrosion testing
Figure 1.1-7. Photograph of the bottom @pparatus, is shown in Figure 1.1-8.
assembly of the rotating-disk apparatus, ©Once the specimen and salt-bearing
revealing the components: A = ceramic crucible were sealed within the silica
support bricks, B = furnace tube support furnace tube at the start of a low-
frame, C = compressible bellows, D = ISO  OXygen-partial-pressure  experiment,

compression endcap, E = gas outlet port, and  the air inside the sealed tube was
F = scissor jack evacuated using a vacuum pump

(component F) followed by backfilling
with Ar. After conducting such evacuation and backfilling several times, a steady-state Ar
flow was passed into (through the gas inlet port in the endcap at the top of the tube) and
out of (through the gas outlet port in the bottom endcap) the tube. During such steady-
state flow, the Ar entering into the furnace tube was scrubbed of oxygen using the oxygen-
gettering (heated Ti) system (component D) and was scrubbed of water vapor using a
drierite/ascarite column. The oxygen partial pressure of the Ar exiting the furnace tube
was monitored with an oxygen sensor (also in component D). Once a desired low oxygen
partial pressure was achieved, the rotation of the specimen commenced and the furnace
was heated to 750°C to start the corrosion test. The data logging system (for the oxygen
sensor, reference thermocouple, and tachometer) and variable frequency drive (for the
electric motor) are also shown (component C) in Figure 1.1-8.

Initial testing in this system revealed that the temperature at the top endcap exceeded
the allowable range for operation of the ferromagnetic fluid feedthrough (i.e., <80°C). The
rotating-disk apparatus was then modified in order to be able to maintain lower
temperatures, both at the top and the bottom of the silica tube. A segmented insulative
structure was designed and built to minimize heat flow upwards while supporting the
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Figure 1.1-8. Photograph of the
atmosphere control system adjacent to
the rotating-disk corrosion testing
apparatus, revealing the components:
A = motor, B = vertical tube furnace, C
= data logging system and variable
- frequency drive (VFD) system, D =
oxygen-gettering system and oxygen
sensor, E = Ar gas tank, and F =

- <~ thermal
: insulation

Figure 1.1-9. Photographs of the modified (thermally-insulated) top assembly
of the rotating-disk apparatus: a) before and b) after installation in the furnace
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rotating rod via a bottom bushing and allowing for introduction of a reference

thermocouple (Figures 1.1-9a and b). The gas flow into the tube was also modified, as

shown in Figure 1.1-10, to allow for active cooling of the rotating rod. After these

modifications, the temperature at the ferromagnetic fluid feedthrough during operation of

the furnace at 750°C was reduced to 30°C (i.e., well within the allowable range of
operation for this ferromagnetic fluid).

It was also discovered that the bottom flanges, endcaps, and flexible bellows were

prone to excessive corrosion from vapor gas species generated during purification of the

molten MgCl2-NaClI-KCl salt in this system. Indeed, atmosphere control was lost due to a

0

—— -

!

W.

|
|

(il

“

Figure 1.1-10. Photograph of the Figure 1.1-11. Excessive corrosion of the
modified top assembly, with the blue bottom stainless steel bellows, after exposure
arrow depicting redirection of inlet gas for 12 h to Ar gas passed over non-purified
flow for active cooling MgCl2-KClI-bearing salt at 750°C

Figure 1.1-12. Corrosion of the Al bottom flange after exposure for 2 h to Ar that had
been passed over non-purified MgClz-KCl-bearing salt for 2 h at 750°C
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To avoid such excessive corrosion, a separate dedicated ceramic tube furnace was
then used for molten chloride salt purification (via thermal treatment in a low-oxygen, low-

— T

Figure 1.1-13. Photographs of the modified bottom assembly of the rotating-disk testing
apparatus: a) bottom endcap with a silica inner tube fixed in place with RTV (silicone
rubber adhesive), b) assembly with the liner in place, and c) with the thermal insulation

Figure 1.1-14. Photographs of the inspected bottom bellows after exposure to Ar gas
passed over MgClz-KCl-bearing salt at 750°C for 6 h
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water Ar atmosphere). An inner glass liner and thermal insulation were also added to the

corrosion experiment (Figure 1.1-13). The bottom bellows, after use in a 6 h experiment

with MgCl2-KCI-NaCl salt at 750°C for 6 h, is shown in Figure 1.1-14. With these
modifications, appreciable corrosion of the lower bellows was avoided.

Preliminary testing at relatively high rotation rates (e.g., 1000 rpm) revealed the need
for enhanced support of the upper endcap and furnace tube to avoid lateral movement of
the endcap/tube assembly (and excessive wobbling of the rotating rod/specimen
assembly). A two-part supporting aluminum plate was designed and fabricated, as shown
in Figure 1.1-15a. This plate, which contains a central hole lined with four pieces of high-
density rubber, was clamped around the upper endcap, as shown in Figure 1.1-15b. This

Figure 1.1-15. Modified top assembly of the rotating-disk corrosion testing apparatus to
avoid lateral motion of the upper endcap and furnace tube during rotation at high rates

design allowed for thermal expansion of the reaction tube assembly in the vertical
direction, while avoiding lateral motion of the endcap and furnace tube (and rotating rod).
The sample holder design was also modified to minimize wobbling of the rotating-disk
at high rotation rates. The threaded rod initially used for connection to the rotating rod
was replaced by a dove tail extension, as shown in Figure 1.1-16a. The sample sleeve,
sample holder, and sample, were then vertically fixed by use of a pin and aligned for
rotation with three sets of Ni screws (Figure 1.1-16b). This arrangement resulted in a
reduction of the wobble of the specimen to <0.2 mm. A stainless-steel cover plate was
also added to both prevent debris from falling into the test crucible from above, and to
constrain the vertical migration of the pin sleeve. Finally, an alumina bushing insert was
placed between the rotating rod and the steel bushing to minimize wear of the steel
bushing and to avoid seizing of the rotating rod (due to friction welding) with the steel
bushing (Figure 1.1-17). As a rough commissioning test and in line with Milestone 1 for
the overall rotating-disk corrosion apparatus, a stainless-steel specimen was immersed
with rotation (100 rpm) in chloride liquid at 750°C in a low-oxygen (pO2 = 1014 atm) Ar
environment, removed from the melt, cooled to room temperature, and successfully
removed from the sample holder via dissolution of the adhering solidified salt in water.
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Rotating rod

Cover plate

Set screw —i Upper pin

e

Pin sleeve

J 2 Set screws

Sample sleeve |

Sample holder

.-t-o s Sample

Figure 1.1-16. a) Schematic illustration and b) photograph of the modified specimen
holder assembly used to minimize wobbling of the rotating specimen at high rotation rates

Figure 1.1-17. Photograph of the alumina
bushing insert placed between the rotating
rod (not shown) and the steel bushing (to
minimize wear of the steel bushing and to
avoid friction welding of the rotating rod to
the steel bushing

Subtask 1.2: Thermogravimetric Corrosion Tests

Due to the delays caused by the 3-month lab shutdown because of COVID19, and the
budgetary restrictions imposed by such shutdown, this task was stopped.
Task 2: Determine Kinetic Mechanisms Controlling Molten Chloride Corrosion

Milestone 2: Identify the rate laws and associated mechanism(s) (rate-limiting step(s))
for the corrosion of metallic and ceramic composite specimens in molten
chloride salts at CSP-relevant temperatures over a range of atmospheric
conditions

Subtask 2.1: Corrosion at Low Oxygen Partial Pressures
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Rotating Disk Fluid Dynamics for Laminar Flow in a Semi-Infinite Liquid Bath

For a corrosion process controlled by mass transport (of dissolved species) through a
molten salt, the corrosion kinetics can be described by the Noyes-Nernst equation [12]:

) D
Jpi = % (C; — Cp) (1)

where jp,i is the flux of the rate-controlling solute species i in the molten salt, D is the
diffusion coefficient of solute species i in the molten salt, 3" is the thickness of the
concentration boundary layer in the molten salt, Ci is the concentration of the solute
species i at the solid/liquid interface (the saturation concentration of solute species i in
the molten salt) and Cy is the concentration of the solute species i in the bulk molten salt.
The concentration boundary layer thickness, §*, developed at the bottom face of a rotating
cylinder is described by the Levich-Cochran equation [13,14]:

1 1
. _ D\3 (v\2
5 =161(2) (2) @)
where & (cm) is the concentration boundary layer thickness in the molten salt, D (cm?/s)
is the diffusion coefficient of solute species i in the molten salt, v (cm?/s) is the kinematic
viscosity of the molten salt, and o (rad/s) is the angular velocity of the rotating specimen.
Use of the Levich-Cochran equation requires laminar fluid flow (i.e., a Reynolds number,

Re, below 2x10° for flow with a rotating disk) and a bath of semi-infinite size. The
Reynolds number is defined as:

Re = — 3)

(4

where r is the disk radius (0.5 cm). The following physical properties for the ternary salt
composition MgClz-KCI-NaCl (40-40-20 mol%) were used to estimate the Re number and
the concentration boundary layer thickness in the molten salt:

e a diffusion coefficient (D) for Cr®* in the ternary MgCl2-KCI-NaCl at 750°C of 2.94x10°
cm?/s (determined by Dr. Jinsuo Zhang of Virginia Tech, currently unpublished).

e a dynamic viscosity of 2.4 cP (0.024 g/cm-s) at 750°C [15]
e a density of 1.578 g/cm? at 750°C [15]

Division of the dynamic viscosity by the density yielded a kinematic viscosity value of 1.5
¢St (0.015 cm?/s) for the molten salt at 750°C. For rotation rates ranging from 50-1000
rpm (5.2-105 rad/s), the Re number values ranged from 87-1750 (well below the Re =
2x10° threshold for a transition to turbulent flow). For a diffusion coefficient value of
2.94x10°° cm?/s, the values of the concentration boundary layer thickness calculated from
equation (2) for rotation rates of 50-1000 rpm ranged from 0.011 cm to 0.0024 cm (110-
24 um). These &" values were 250-1150 times smaller than the internal radius of the Al203
crucible (2.75 cm) and 410-1880 times smaller than the depth of the molten salt below
the bottom face of the H214 specimens in the crucible (approximately 4.5 cm); that is, the
molten MgCl>-KCI-NaCl salt bath was effectively semi-infinite in size (2-3 orders of
magnitude larger than the concentration boundary layer thickness).

Hence, the conditions of the rotating-disk corrosion experiments were consistent with
laminar flow in a semi-infinite liquid bath which, in turn, allowed for evaluation of the role
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of liquid-phase diffusion on the kinetics of corrosion via comparison of experimental data

with predictions from equations (1) and (2); that is, if liquid phase diffusion is the rate-

limiting step for corrosion of a rotating specimen, then the corrosion rate should increase

with an increase in the square root of the specimen rotation rate (i.e., the change in mass

per area should be proportional to the diffusion flux which should proportional to the
square root of the specimen rotation rate; Am/A o jo,i a. ®'/?).

Forced-Convective (Rotating Disk) Corrosion of H214

The rotating-disk apparatus was used to evaluate the corrosion behavior of Haynes
214 (H214, an Al20s-forming Ni-based alloy comprised of 16 wt%/17 at% Cr, 4.5 wt%/9.1
at% Al, 3 wt%/2.9 at% Fe, <2 wt%/1.9 at% Co) in molten MgCl2-KCI-NaCl (40-40-20
mol%) salt at 750°C at low oxygen partial pressures (pO2 < 1014 atm) and at rotation rates
of 50 rpm, 100 rpm, 287 rpm, 433 rpm, 687 rpm, and 1000 rpm. These corrosion tests
were conducted with molten MgCl2-KCI-NaCl salt held in Al2Os3 crucibles (internal dia. =
5.5 cm) and with the H214 samples held in place using fixturing comprised of Al2Os.

The MgCl2 (Tm = 714°C), KCI (Tm = 771°C), and NaCl (Tm = 801°C) constituents (all
>99.0 wt% purity with respect to inorganic contaminants) were individually pre-melted at
750°C, 800°C, and 850°C, respectively, for 1 h in graphite crucibles under a flowing (1
L/min) oxygen-gettered (pO2 <10 atm) dry Ar atmosphere within a controlled-
atmosphere tube furnace. These salt constituents were then stored in an Ar-atmosphere
glovebox with oxygen and water vapor partial pressures maintained at < 1 ppm. Just prior
to a given corrosion test, the individual salt constituents were mixed in appropriate ratios
in the glovebox using a mortar and pestle. A MgCl2-KCI-NaCl batch size of 200 g was
placed in an Al203 crucible (>99.6 wt% purity, 5.2 cm internal diameter x 9.4 cm internal
height) within the glovebox. The MgCl2-KCI-NaCl-bearing crucible was quickly transferred
into a controlled-atmosphere tube furnace, that was then evacuated and backfilled with
oxygen-gettered Ar (using 3 evacuation/backfilling cycles). The MgClz-KCI-NaCl salt was
heated to 750°C and held at this temperature for 1 h in the flowing oxygen-gettered, dry
Ar to allow for additional equilibration with this low-oxygen, dry atmosphere. After cooling
in flowing oxygen-gettered Ar to room temperature, the solidified-salt-bearing crucible
was stored in the Ar atmosphere glovebox for the impending corrosion test.

Cylindrical H214 specimens of 1 cm diameter possessing a dovetail groove on one
face were cut from a H214 plate via electrodischarge machining. The flat faces (non-
grooved) faces of these specimens were polished to a 15 um surface finish using a series
of SiC-bearing polished pads. The polished specimens were cleaned by sonication for 10
min in de-ionized water, then for 10 min in ethanol, and finally for 10 min in acetone,
followed by vacuum drying (10 to 30 mTorr) at room temperature for 15 min. The starting
weight of a given H214 specimen was measured using an electronic microbalance just
prior to a corrosion test. The H214 specimens were held in place during the corrosion
tests using Al20s3 fixturing. A schematic illustration of the fixturing used to support the
H214 specimens during corrosion tests, and photographs of the fixturing components and
the assembled fixturing holding the sample, are provided in Figure 2.1-1.

After positioning the MgCl2-KCI-NaCl salt-bearing crucible on a supporting ceramic
pedestal within the vertical tube furnace system, and after placing the H214 specimen
within the alumina fixturing, the furnace system was closed, evacuated (to 10 to 30
mTorr), and backfilled with oxygen-gettered Ar (using three evacuation and backfilling
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cycles). The bottom face of the H214 specimen was positioned above the solid MgCle-
KCI-NaCl salt in the alumina crucible, so that this bottom face would become immersed

a) 316 SS rod
316 SS Pin Jet nut

Macor fixture

Set screws

Al,O3 external
sleeve

Dove-tailed Al>O3
sample holder

Al,Os crucible

Specimen

SiO; Furnace Tube

Firebrick pedestal

by

Macor ©
fixture
Al,Os
external
sleeve

H214
pecimens

Dove-tailédvAlzoﬂ ; : / }
sample holder i 4 F s

Figure 2.1-1. a) Schematic illustration of the fixturing used to support H214 specimens
for corrosion tests, and photographs of: b) the disassembled fixturing components used
to hold the specimens during the rotating-disk corrosion tests, c¢) the assembled fixturing
for holding the specimens and 2 separate polished H214 specimens, and d) the
assembled fixturing holding a H214 specimen

"
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upon complete melting of this MgCl2-KCI-NaCl salt (i.e., due to the volume expansion
upon MgCl2-KCI-NaCl salt melting at about 420°C). After confirming that the oxygen
partial pressure of the oxygen-gettered Ar flowing through the furnace system was <1014
atm (using a downstream oxygen sensor), the furnace was heated at 10°C/min to 750°C
and then held at this temperature for 1 h (to ensure thermal equilibrium of the specimen
with the molten salt bath) prior to starting the specimen rotation. After the desired rotation
rate (50£2 rpm, 100£2 rpm, 433£2 rpm, 687+2 rpm or 1000+2 rpm, as measured by an
optical tachometer) was achieved (within a few sec), the salt-bearing crucible was raised
another 2.0 cm (to further submerge the bottom face of the sample in the molten salt).
After 1 h of rotation, the salt-bearing crucible was lowered (so as to remove the specimen
from the molten MgCl2-KCI-NaCl salt), the specimen rotation was stopped, and system
was cooled at 10°C/min.

The global extent of corrosion of a given sample was determined from the change in
specimen mass per exposed surface area. After a corrosion test, the solidified adherent
salt was dissolved from the specimen by immersion for 24 h with ultrasonication in de-
ionized water at room temperature. The specimen was then immersed with
ultrasonication for 10 min in ethanol, and finally for 10 min in acetone, followed by vacuum
drying (at 10 to 30 mTorr) at room temperature for 15 min. The weight of each specimen
after such salt dissolution was then obtained.

A plot of the mass change per area, Am/A, versus the specimen rotation rate, o, for
molten-salt-exposed H214 specimens is shown in Figure 2.1-2. A plot of the mass

Rotation Rate (rpm)

0 200 400 600 800 1000
O . T T T T

Am/A (mg/cm?)
N

Figure 2.1-2. Plot of the mass change per area, Am/A, vs. specimen rotation rate for
H214 specimens exposed to molten MgCl2-KCI-NaCl salt at 750°C for 1 h (after
dissolution of adhering, solidified molten salt from the specimens via exposure to water)
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Figure 2.1-3. Plot of the mass change per area, Am/A, vs. the square root of the specimen
rotation rate for H214 specimens exposed to molten MgClz-KCI-NaCl salt at 750°C for 1
h (after dissolution of adhering, solidified molten salt from the specimens via exposure to
water)

change per area, Am/A, versus the square root of the specimen rotation rate, o', for
molten-salt-exposed H214 specimens is shown in Figure 2.1-3. Two separate
experiments were conducted at each rotation rate (12 total experiments; the two data
points at 433 rpm overlapped). Over the span of rotation rates examined (50-1000 rpm),
an increase in the specimen rotation rate (or in the square root of the specimen rotation
rate) did not result in an apparent increase in the specimen mass change per area.
Appreciable scatter was observed in this data, however, which may have been a result of
the incomplete and varied coverage of the specimen surfaces with oxide product (Al20s3-
MgO-bearing) layers, as discussed below. Given such scatter in the data, and the
absence of an apparent trend in the mass change/area with specimen rotation rate, liquid
phase diffusion could not be confirmed to be a rate-limiting step for the corrosion of H214
in molten MgCl2-KCI-NaCl at 750°C at low oxygen partial pressures.

After removal of the adherent solidified salt via dissolution in water, scanning electron
microscopy was used to characterize the H214 surfaces that had been exposed to the
molten MgClz2-KCI-NaCl salt at 750°C. Backscattered electron (BSE) images of such
specimen surfaces that had been exposed to the molten salt at rotation rates of 50-1000
rom are shown in Figure 2.1-4. These surfaces contained oxide products (= lower
average atomic number dark regions) that partially coated the H214 alloy surface
(exposed H214 = higher average atomic number bright regions). Elemental maps
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Figure 2.1-4. Top-down backscattered electron (BSE) images of the surfaces of H21
specimens exposed to molten MgClz2-KCI-NaCl salt at 750°C for 1 h (after dissolution of
adhering, solidified molten salt from the specimens via exposure to water) at rotation rates
of: a) 50 rpm, b) 100 rpm, ¢) 237 rpm, d) 433 rpm, €) 687 rpm, and f) 1000 rpm (all images
obtained at the same magnification)

obtained by energy dispersive X-ray (EDX) analyses of such specimen surfaces exposed
at 100 rpm, 433 rpm, and 1000 rpm to the molten salt are provided in Figures 2.1-5, 2.1-
6, and 2.1-7, respectively. The dark, discontinuous phases seen in the BSE images of
these surfaces were found to be Al-O and/or Mg-O rich relative to the brighter, exposed
metallic (Ni-Fe-Cr-bearing) phase.

SEM analyses were also conducted on cross-sections of H214 specimens after
exposure to the MgCl2-KCI-NaCl salt at 750°C. BSE images and elemental maps of
polished specimen cross-sections of H214 specimens exposed to the MgClz2-KCI-NaCl
salt at 750°C at 100 rpm, 433 rpm, and 1000 rpm are provided in Figures 2.1-8, 2.1-9,
and 2.1-10, respectively. The BSE images revealed thin, relatively bright (relatively high
average atomic number) regions (depletion zones) adjacent to the external specimen
surfaces that contained reduced concentrations of Cr and Al relative to the bulk alloy.

Thermodynamic analyses were then conducted to evaluate reactions that could have
led to surface oxide formation and the depletion zones within the H214 alloy. The
oxidation of Cr and Al in the H214 alloy may have occurred by the following reactions:

2{Cr} + 3/2 O2(g) = Cr203(s) (4)
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Figure 2.1-5. Top-down backscattered electron (BSE) image (top), and associated
elemental maps (below) for Ni, O, Fe, Al, Cr, and Mg, obtained from the surface of a
H214 specimen exposed to molten MgClz2-KCI-NaCl salt at 750°C for 1 h at 100 rpm
(after dissolution of adhering, solidified molten salt from the specimens via exposure to
water)
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Figure 2.1-6. Top-down backscattered electron (BSE) image (top), and associated
elemental maps (below) for Ni, O, Fe, Al, Cr, and Mg, obtained from the surface of a H214
specimen exposed to molten MgCl2-KCI-NaCl salt at 750°C for 1 h at 433 rpm (after
dissolution of adhering, solidified molten salt from the specimens via exposure to water)
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100 um

Figure 2.1-7. Top-down backscattered electron (BSE) image (top), and associated
elemental maps (below) for Ni, O, Fe, Al, Cr, and Mg, obtained from the surface of a
H214 specimen exposed to molten MgCl2-KCI-NaCl salt at 750°C for 1 h at 1000 rpm
(after dissolution of adhering, solidified molten salt from the specimens via exposure to
water)
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Cr

Figure 2.1-8. BSE image of
a polished cross-section
(upper leftimage) of aH214
exposed to molten MgClz-
KCI-NaCl salt at 750°C for
1 h at 100 rpm with
associated elemental maps
for Ni, Cr, Fe, and Al

__________________

Figure 2.1-9. BSE image of
a polished cross-section
(upper leftimage) of aH214
exposed to molten MgClz-
KCI-NaCl salt at 750°C for
1 h at 433 rpm with
associated elemental maps
for Ni, Cr, Fe, and Al
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Fe

10 um ,
Figure 2.1-10. BSE image of a polished cross-section (left image) of a H214 exposed to

molten MgClz2-KCI-NaCl salt at 750°C for 1 h at 1000 rpm with associated elemental
maps for Ni, Fe, Al, and Cr

2{Al} + 3/2 O2(g) = Al203(s) (5)

where {Cr} and {Al} refer to chromium and aluminum dissolved in a Ni-based alloy,
respectively. In order for any of these reactions to be thermodynamically favored at
750°C, the alloy must be exposed to a sufficiently high oxygen partial pressure and must
possess a sufficiently high activity of a given element at this temperature. The critical
oxygen partial pressures (pO2 values) for the pure elements, and the critical activities of
these elements in the alloy at an oxygen partial pressure of 1014 atm (used in this work),
required for these oxidation reactions to be thermodynamically favored are shown in
Table 2.1-1. As can be seen, the critical activities of Cr and Al in the alloy required for
oxidation at a pO2 of 10-*atm at 750°C were both very low; that is, the oxidation of these
elements in the alloy was thermodynamically favored.

Table 2.1-1. Thermodynamic calculations for: a) the critical oxygen partial pressures
needed to oxidize pure Cr and Al at 750°C and b) the critical activities of Cr and Al
dissolved in an alloy at an oxygen partial pressure of 101 atm at 750°C [16]

Critical pOz2 for Critical am for oxidation of
Reaction oxidation of pure element M in an alloy at
metal at 750°C pO2 = 1014 atm, 750°C
2Cr + 3/2 O2(g) = Cr203(s) 2.3x1030 atm 1.9x1012 (1.9x10 ppm)
2Al + 3/202(g) = Al203(s) 8.3x107 atm 8.7x107%5 (8.7x10°%° ppm)
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The reaction of these oxides (NiO, FeO, Cr203, Al203) with MgClz in the molten MgClz-
KCI-NaCl salt to yield MgO via the following displacement reactions may then be
considered:
3{MgCl2} + Cr203(s) = 2{CrCls} + 3MgO(s) (6)

3{MgCl2} + Al203(s) = 2{AICl3} + 3MgO(s) @)

where {MgClz}, {CrCls}, and {AICIs} refer to magnesium chloride, chromium chloride, and
aluminum chloride dissolved in a MgCl2-KCI-NaCl-based melt. Values of the equilibrium
reaction constant, K, for these reactions at 750°C or 727°C are shown in Table 2.1-2
(note: the standard Gibbs free energy of formation of AlCIs liquid could only be found at
up to 727°C). Assuming unit activities for the oxide phases in these reactions (i.e.,
assuming that the oxides are present in their pure stoichiometric solid oxide reference
states), then the activity ratios of the chlorides may be determined, as shown in Table
2.1-2. As can be seen from this table, for a given activity of MgClz in the MgCl2-KCI-NaCl-

Table 2.1-2. Values for the equilibrium reaction constant, and for the equilibrium chloride
activity ratio (assuming that the oxides are present in their pure stoichiometric reference
states), for reactions (6) and (7) [16,17]

Equilibrium _— .
Constant, K y
5 23 -
3{MgCl2} + Cr20s(s) = 2{CrCls} + 3MgO(s) (:f%é%gc) (aCrCIS)(a{?i?hgggézc: ) 0.037
3{MgCl2} + Al203(s) = 2{AICls} + 3MgO(s) (at 727°C) Ofogl(c)li)g (atM7@,2CI720C)

based melt, the equilibrium activities of FeClz and CrCls in such a melt are much higher
than for AICIs. While activity data for MgClz in the MgCl2-KCI-NaCl (40-40-20 mol%) liquid
at 750°C could not be found for this report, activity data for MgClz in MgCl2-KCl liquids at
725°C and 800°C have been published [18,19]. Since the MgCl2:KClI ratio in the MgClz-
KCI-NaCl salts used in the experiments above was 1:1, activity data for an equimolar
MgCl2-KClI binary liquid was obtained. The values of MgCl:2 activity for a MgCl2-KCl liquid
with 50 mol% MgClz have been reported to be:

amgcz(Xmgerz = 0.50, 725°C) = 0.155 [reference 18]
amgcz(Xmgerz = 0.50, 800°C) = 0.149 [reference 19]

Inserting a value of amgciz = 0.15 into the ratios in Table 2.1-2 yields the following
estimated values for the equilibrium activities of AICls and CrCls in the MgCl2-KCI-NaCl
liquid:

aaciz = 1.5x10°7 (0.15 ppm)

acrciz = 4.1x10# (410 ppm)

These calculations indicated that Al2Os should stop dissolving (via reaction (7)) in the
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MgCl2-KCI-NaCl liquid at 750°C after minimal initial dissolution (until the AICIs activity in

the melt reaches 0.15 ppm), whereas Cr203 can exhibit more dissolution (via reaction (6))

upon equilibration and contribute more appreciably to the formation of MgO under

equilibrium conditions. This thermodynamic analyses was consistent with the retention of

Al203 particles at the specimen surfaces (Figures 2.1-5, 2.1-6, and 2.1-7), and the
depletion of Cr from the alloy (Figures 2.1-8, 2.1-9, and 2.1-10).

BSE images of polished cross-sections of molten-salt-exposed H214 specimens, of
the type shown in Figures 2.1-8, 2.1-9, and 2.1-10, were used to evaluate the average
thicknesses of the depletion zones generated within these specimens. A plot of the
average depletion zone thickness versus the H214 specimen rotation rate, o, is shown in
Figure 2.1-11. A plot of the average depletion zone thickness versus the square root of
the specimen rotation rate, %2, is shown in Figure 2.1-12. Over the range of rotation
rates examined (50 rpm to 1000 rpm), an increase in the specimen rotation rate (or in the
square root of the specimen rotation rate) did not result in an apparent increase in the
depletion zone thickness. However, appreciable scatter was also observed in this kinetic
data. Hence, as discussed above for the mass change measurements, the depletion zone
thickness measurements could not be used to confirm that liquid phase diffusion was a
rate-limiting step for the corrosion of H214 in molten MgCl2-KCI-NaCl at 750°C and at low
oxygen partial pressures.
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Figure 2.1-11. Plot of the depletion zone thickness vs. the specimen rotation rate for
H214 specimens exposed to molten MgCl2-KCI-NaCl salt at 750°C for 1 h
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Figure 2.1-12. Plot of the depletion zone thickness vs. the square root of the specimen
rotation rate for H214 specimens exposed to molten MgCl>-KCI-NaCl at 750°C for 1 h

Subtask 2.2: Corrosion at High Oxygen Partial Pressures

Due to the delays caused by the 3-month COVID19 lab shutdown, and the associated
budget restrictions imposed by this shutdown, work on this task was stopped. After the
lab reopened, the effort in Task 2.0 was focused on completing Subtask 2.1 (evaluating
corrosion in molten MgCl2-KCI-NaCl salts under forced-convective conditions at low
oxygen partial pressures).

Task 3.0: Minimize Corrosion Kinetics

Milestone 3: Determine the atmospheric, chemical, and fluid dynamic conditions
required to achieve projected annual corrosion of <30 uym/year for metal
alloys and ceramic composites in molten chloride salts at CSP-relevant
temperatures

Subtask 3.1: Tailoring Corrosion Conditions at Low Oxygen Partial Pressures

Due to the delays caused by the 3-month COVID19 lab shutdown, and the associated
budget restrictions imposed by this shutdown, work on this task was stopped. After the
lab reopened, the effort in Task 3 was focused on identifying molten salt and specimen
surface conditions that would minimize corrosion at high oxygen partial pressures for
Subtask 3.2 (in parallel with the rotating-disk corrosion experiments for Subtask 2.1).
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Subtask 3.2: Tailoring Corrosion Conditions at High Oxygen Partial Pressures

While use of the rotating-disk corrosion test apparatus was committed towards
experiments with H214 specimens in molten MgCl2-KCI-NaCl (40-40-20 mole%) salt,
parallel work was conducted to:

e identify and demonstrate alternate earth-abundant molten chlorides that are more
resistant to oxidation in air than molten MgClz-KCI-NaCl salts, and

e identify and demonstrate a strategy for containment of such air-stable molten chlorides
Thermodynamic Analyses

The following reactions may be considered to evaluate the relative resistances of
MgCl2, CaClz, SrClz, BaClz, NaCl, and KCI to reaction with oxygen-bearing and water-
vapor-bearing atmospheres at 750°C:

MgClz + ¥202(g) <> MgO + Cl2(g) (8a)
AG°xn(8a) [750°C] = -44.3 kd/mole

MgClz + H20(g) <« MgO + 2HCI(g) (8b)
AG°n(8b) [750°C] = -54.7 kJ/mole

CaClz + ¥202(g) <> CaO + Cl2(g) (9a)
AG°xn(9a) [750°C] = +143.1 kJ/mole

CaClz + H20(g) «» CaO + 2HCI(qg) (9b)
AG°xn(9b) [750°C] = +132.7 kd/mole

SrClz2 + %202(g) «> SrO + Cl2(g) (10a)
AG°xn(10a) [750°C] = +180.3 kd/mole

SrCl2 + H20(g) < SrO + 2HCI(g) (10b)
AG°n(10b) [750°C] = +169.8 kJ/mole

BaClz + %202(g) <> BaO + Cl2(g) (11a)
AG°xn(11a) [750°C] = +240.2 kJ/mole

BaClz + H20(g) < BaO + 2HCI(g) (11b)
AG°xn(11b) [750°C] = +229.8 kJ/mole

2NaCl + ¥202(g) < Na20 + Cl2(g) (12a)
AG°xn(12a) [750°C] = +356.0 kJ/mole

2NaCl + H20(g) «> Na20 + 2HCI(g) (12b)
AG°xn(12b) [750°C] = +345.6 kJ/mole

2KCl + 1202(g) <> K20 + Cla(g) (13a)
AG°xn(13a) [750°C] = +457.6 kd/mole

2KCI + H20(g) <> K20 + 2HCI(g) (13b)

AG°xn(13b) [750°C] = +447.2 kd/mole
The values of the standard Gibbs free energy change for these reactions [16,17] at 750°C,
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AG°nn [750°C], are also shown above. These AG°n values indicate that the oxidation of
CaClz, SrClz, BaClz, NaCl, and KCI can be much less favored than for MgCl2 oxidation.

Consider, as comparative examples, the oxidation of MgCl2 dissolved in a eutectic
MgCl2-KCI melt (322 mol% MgClz; Teut = 433+9°C [6,16,17,20-23]) and the oxidation of
CaCl: dissolved in a eutectic CaClz2-NaCl melt (52+2 mol% CaClz; Teut = 500£8°C [24-
28]). Using activity data [19] reported for MgCl2 in a MgCl2(32 mol%)-KCI melt, and
assuming a unit activity for MgO(s) and that chlorine, oxygen, and water vapor behave as
ideal gases, the equilibrium partial pressure ratios, p[Cl2]/(p[O2])*? and (p[HCI])%/p[H20],
for the oxidation of MgClz in this melt by reactions (8a) and (8b) at 750°C were found to
be 3.0 and 10.2, respectively. Consequently, the oxidation of MgCl2 in this MgCl2-KClI
liquid via reaction with oxygen in dry air (oxygen partial pressure, p[O2] = 0.21 atm), or
via reaction with water vapor at a partial pressure of 2.3x103 atm (corresponding to the
p[H20] of the ambient lab air in this work), will be favored unless the effective equilibrium
chlorine partial pressure, p[Cl2], or effective hydrochloric acid vapor partial pressure,
p[HCI], exceed 1.4 atm or 0.15 atm, respectively.

Using activity data for CaClz in a CaCl2(53 mol%)-NaCl melt [19], with a unit activity
for CaO(s) and assuming ideal gas behavior for chlorine, oxygen, and water vapor,
equilibrium partial pressure ratios, p[Cl2]/(p[O2])¥? and (p[HCI])?/p[H20], for the oxidation
of CaClz in this melt by reactions (9a) and (9b) at 750°C in this melt at 750°C were found
to be 2.3x10% and 8.0x10®, respectively. Consequently, the oxidation of CaClz in this
CacClz-NacCl liquid via reaction with oxygen in dry synthetic air, or via reaction with water
vapor at a partial pressure of 2.3x10-2 atm, will not be thermodynamically favored once
the local effective chlorine partial pressure or water vapor partial pressure exceeds
1.1x10® atm (11 ppb) or 1.4x10° atm (14 ppm), respectively.

Similar calculations using thermodynamic data [16,19] for eutectic SrCl2-NaCl (52
mol% SrCl2, 48 mol% NaCl; Teu = 565°C [29]) and BaClz-NaCl liquids (40 mol% BaClz,
60 mol% NacCl; Teut = 651°C [30]) yield even smaller values for the equilibrium chlorine
partial pressures or water vapor partial pressures required to avoid SrCl> and BaCl
oxidation in such liquids in dry air, or in water vapor at a partial pressure of 2.3x10-2 atm,
respectively, at 750°C. Hence, the oxidation of CaClz, SrCl2, and BaClz present in eutectic
CaClz-NacCl, SrCl2-NaCl, and BaClz-NaCl liquids, respectively, by reaction with oxygen in
dry air, or with water vapor at a partial pressure of 2.3x10-2 atm, at 750°C are much less
strongly favored than the oxidation of MgCl2 dissolved in the eutectic MgCl2-KClI liquid
under similar conditions.

In order to utilize such air-stable molten chlorides for high-temperature heat transfer
and thermal energy storage for CSP plants, corrosion-resistant pipes and tanks are
required for the containment of such molten salts. Consider the following reactions of NiO,
Cr203, and Al203 with chlorine and hydrochloric acid vapor:

NiO + Cl2(g) «» NiCl2 + ¥202(g) (14a)
AG°xn(14a) [750°C] = -5.7 kd/mole
NiO + 2HCI(g) < NiCl2 + H20(g) (14b)
AG°xn(14b) [750°C] = +4.7 kd/mole
1/3Cr203 + Cl2(g) « 2/3CrCls + 202(Qg) (15a)

AG°nn(15a) [750°C] = +72.3 kd/mole
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1/3Cr203 + 2HCI(g) < 2/3CrCls + H20(g) (15b)
AG°xn(15b) [750°C] = +82.8 kJ/mole

1/3Al203 + Cl2(g) <> 2/3AICI3 + ¥202(Q) (16a)
AG°xn(16a) [750°C] = +115.5 kd/mole

1/3Al203 + 2HCI(g) « 2/3AICIs + H20(Qg) (16b)

AG°mn(16b) [750°C] = 125.9 kd/mole

The calculated equilibrium partial pressure ratios, p[Cl2]/(p[O2])¥? and (p[HCI])?/p[H20],
associated with the oxidation of CaClz in a molten CaClz(53 mol%)-NacCl salt by reactions
(9a) and (9b) at 750°C were found to be 2.3x10% and 8.0x108, respectively. For these
p[Cl2]/(p[O2])¥? and (p[HCI])?/p[H20] values, pure solid NiO, Cr20s, and Al203 can
undergo reaction with this CaCl2-NacCl liquid only if the activities of the chloride products
dissolved in the melt are sufficiently low. The critical activities of NiClz, CrClz, and AIClIs
associated with the equilibrium of reaction (9a) with reactions (14a), (15a), or (16a),
respectively, for molten CaCl2(53 mol%)-NaCl salt at 750°C were found to be 4.6x10°,
1.0x10Y, or 5.1x102%, respectively [16,17]. The same extremely low critical activity
values of NiClz, CrCls, and AlCls were associated with the equilibrium of reaction (9b) with
reactions (14b), (15b), or (16b), respectively, with this CaCl2-NaCl salt at 750°C. Hence,
after very small amounts of chloride product formation and dissolution, these oxides
should become thermodynamically stable with the eutectic CaCl.-NaCl melt in dry air, or
in water vapor at a partial pressure of 2.3x10 atm, at 750°C. Consequently, external
NiO, Cr203, or Al203 scales formed upon oxidation of solid metal or alloy pipes and tanks,
or such oxides present in ceramic-lined pipes and tanks, should become resistant to
reaction with CaCl2-NaCl melts saturated with dry air, or saturated with such a water
vapor-bearing atmosphere, after minimal interaction with such liquids.

Demonstration of CaClo-NaCl Oxidation Resistance in Ambient Air

In light of the thermodynamic analyses above, the relative resistances of MgClz,
dissolved in a MgCl2(32 mol%)-KClI liquid, and of CaClz, dissolved in a CaCl2(53 mol%)-
NacCl liquid, towards high-temperature oxidation have been examined by exposing these
molten salts to ambient lab air (with a water vapor partial pressure of 2.3x10-® atm), and
to dry Ar, at 750°C. Room-temperature X-ray diffraction (XRD) patterns obtained from
these salts before and after such exposures are provided in Figure 3.2-1. After only
2.5 h of exposure of the MgCl2-KCI salt to ambient air at 750°C, the presence of
appreciable MgO was detected within this solidified salt (Figure 3.2-1b) along with
residual KCIl and K2MgCla (this latter compound was the predominant phase detected in
the solidified MgCl2>-KCI salt prepared prior to such high-temperature ambient air
exposure, Figure 3.2-1a) [31]. On the other hand, only diffraction peaks for CaClz and
NaCl (i.e., not for CaO) were detected in the solidified CaClz-NaCl salt before and after
exposure for 50 h to ambient air at 750°C (Figures 3.2-1c and d) [31].

Weight change measurements were also used to evaluate the relative oxidation
resistances of the molten MgCl2-KCI and CaClz-NaCl salts. Complete oxidation of the
MgClz in a MgCl2(32 mol%)-KClI liquid via reaction (8a) or (8b) should result in a 21.7%
weight loss, whereas complete oxidation of the CaClz in a CaCl2(53 mol%)-NacCl liquid
via reaction (9a) or (9b) should result in a 33.7% weight loss. Exposure of the molten
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Figure 3.2-1. Relative stabilities of molten MgCl2-KCl and CaClz-NaCl salts in air and Ar
at 750°C. Room temperature X-ray diffraction patterns obtained from: a) a MgCl2(32
mol%)-KCl salt after exposure to dry, high-purity Ar for 50 h at 750°C, b) the MgClz(32
mol%)-KCl salt after exposure to ambient air (water vapor partial pressure of 2.3x10-3 atm)
for 2.5 h at 750°C, c) a CaClz(53 mol%)-NaCl salt after exposure to dry, high-purity Ar for
50 h at 750°C, d) the CaCl2(53 mol%)-NaCl salt after exposure to ambient air (water vapor
partial pressure of 2.3x10-2 atm) for 50 h at 750°C
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MgCl2-KCI salt to stagnant ambient air for 2.5 h at 750°C resulted in a weight loss of

15.3+1.1%, which was consistent with appreciable MgCl2 oxidation (as also indicated by

the detection of appreciable MgO in the XRD pattern in Figure 3.2-1b). Exposure of the

molten CaClz2-NaCl salt to stagnant ambient air for 2.5 h at 750°C resulted in a significantly

smaller weight loss of 0.3+0.2%. This latter small weight loss was similar to the weight

loss detected upon exposure of the molten CaCl2-NaCl salt to stagnant dry Ar for 2.5 h at

750°C (0.2+0.1%), which indicated that such small weight losses were due to a modest
amount of salt evaporation.

The extensive oxidation of MgClz present in the MgCl2-KCI melt in ambient air at 750°C
(from XRD and weight change analyses), and the lack of detectable oxidation of the
molten CaClz2-NaCl salt under similar conditions, were consistent with the thermodynamic
calculations above; that is, the molten CaClz2-NaCl salt was significantly more resistant to
oxidation in ambient air at 750°C than was the molten MgCl2-KCl salt.

Demonstration of Corrosion-Resistant Containment of Molten CaCl>-NaCl in Air

To demonstrate the corrosion-resistant containment of the air-stable molten CaClz-
NaCl salt, pre-oxidized, plate-shaped Ni specimens (with continuous external NiO scales)
were exposed (in a vertical orientation) to molten CaClz-NaCl salts in ambient air at 750°C
for up to 48 h. Two types of molten salts were utilized in these corrosion experiments, in
order to examine the influence of the starting nickel content of the salt on such corrosion:
CaCl2(53 mol%)-NaCl salts that had been presaturated with NiO at 750°C in air, and
CacCl2(53 mol%)-NaCl without such NiO presaturation. Inductively-coupled plasma-mass
spectroscopic analyses indicated that the NiO-saturated molten CaCl>-NaCl salt
contained a nickel content of 27.5+9.7 ppm (atomic basis).

Plots of the NiO/Ni specimen mass change per area, Am/A, as a function of immersion
time in these molten salts are shown in Figures 3.2-2a and b. The pre-oxidized Ni
specimens exhibited a modest mass gain with immersion time in the molten CaCl2-NaCl
salt at 750°C in ambient air. Similar Am/A values were obtained for corrosion of these
specimens in molten CaClz2-NaCl salts with or without presaturation with NiO. As shown
in Figure 3.2-2b, a good fit was obtained to parabolic kinetics (Am/A vs. t¥2), with the
best fit line yielding yielded a slope of 5.9+0.4 x10-7 g/lcm?s'? (3.5+0.2x102 mg/cm?h'/?),
This value was not far from the measured rate of mass change per area for NiO-bearing
(pre-oxidized) Ni specimens exposed only to air at 750°C. Thermogravimetric analysis of
pre-oxidized Ni in flowing synthetic dry air at 750°C yielded a parabolic plot with a fitted
slope of 8.2+0.9x107 g/lcm?s'? (4.9+0.5x102 mg/cm?h¥?). The following expression has
also been reported for the rate of oxidation of Ni specimens (at >1100°C) that had first
been pre-oxidized at 1400°C [32] (i.e., a similar pre-oxidation temperature as used in the
present work):

kp = 0.377(p[O2])¥*?exp[-119.5 kJ mol* R T-1] g/cm?s?/2

The extrapolated kp value obtained from this equation for air at 750°C (i.e., p[O2] = 0.21
atm, 1023 K) was 2.6x1077 g/lcm?s'2, This extrapolated value was also not far (within a
factor of 2.3) from the corrosion rate obtained in molten CaCl2-NaCl salt in the present
work. The similarity in the observed rates for the oxidation of NiO/Ni specimens in air at
750°C and for the corrosion of NiO/Ni specimens in the molten CaCl2-NaCl salt in air
at750°C was consistent with a similar rate-controlling mechanism for the oxidation of NiO-
bearing Ni specimens in both environments, namely, solid-state diffusion through the NiO
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Figure 3.2-2. Corrosion kinetics of NiO/Ni (pre-oxidized Ni) and Ni specimens in molten
CaClz(53 mol%)-NaCl salt in air at 750°C: a) Am/A vs. time plot for exposure of NiO/Ni
(circles) and as-polished Ni (triangle) specimens to the molten CaCl2-NaCl salt that had
(closed symbols) or had not (open symbols) been pre-saturated with NiO, b) Parabolic
(Am/A vs. (time)*?) plot for NiO/Ni exposure to molten CaCl2-NacCl, c) Linear (Am/A vs.
time) plot for exposure of as-polished Ni specimens to the molten CaCl2-NacCl salt
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scale (via outward Ni cation migration) [32].

A backscattered electron (BSE) image, and associated elemental maps (from energy-
dispersive X-ray (EDX) analyses), of a polished cross-section of the interface between a
pre-oxidized Ni specimen and solidified CaClz-NaCl salt, after exposure of the specimen
to the molten salt for 48 h in air at 750°C, are shown in Figure 3.2-3. The elemental maps
indicated that the molten CaCl2-NaCl salt did not penetrate through the NiO scale, so that
continued oxidation of the underlying Ni exposed to this molten salt in air at 750°C
required solid-state diffusion through the NiO scale. The parabolic corrosion rate obtained
for the pre-oxidized Ni specimens in the molten CaClz>-NaCl salt in air at 750°C
corresponded to an annual mass change per area value of 3.4x102 g/cm?, or an annual
Ni recession (with the molar volume of Ni = 6.59 cm3®/mole [31]) of only 14 um, consistent
with Milestone 3.

@?;‘-’jt, : 43

=

“{é&'t

Figure 3.2-3. The interface between a pre-oxidized Ni specimen and solidified CaCle-
NaCl liquid: a) BSE image and b)-f) associated elemental maps for Ni, O, Ca, Na, and
Cl, respectively, obtained from a polished cross-section of a pre-oxidized Ni (NiO/Ni)
sample that had been exposed to a CaCl2(53 mol%)-NacCl liquid for 48 h in ambient air
at 750°C

Experiments were also conducted to evaluate the corrosion of as-polished Ni
specimens (i.e., specimens that had not been exposed to a pre-oxidation thermal
treatment) in the molten CaClz-NaCl salt in air at 750°C. Plots of the as-polished Ni
specimen mass change per area, Am/A, as a function of immersion time in this molten
salt are shown in Figures 3.2-2a and c. Unlike the pre-oxidized (NiO/Ni) specimens,
these Ni specimens exhibited a significant mass loss with immersion time. The mass loss
per area with time was found to exhibit a good fit to linear kinetics (Figure 3.2-2c), with
similar Am/A values obtained for corrosion of these specimens in molten CaClz-NaCl salts
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Figure 3.2-4. The interface between a Ni specimen and solidified CaClz2-NaCl liquid:
a), b) BSE images and c), d) associated elemental maps for Ni and O, respectively,
obtained from a polished cross-section of an as-polished Ni sample that had been
exposed to a CaCl2(53 mol%)-NacCl liquid for 48 h in ambient air at 750°C

without and with presaturation with NiO. Backscattered electron (BSE) images, and
elemental maps (from EDX analyses), of a polished cross-section of the interface
between a Ni specimen and solidified CaClz-NaCl salt, after exposure of the specimen to
the molten salt for 48 h in air at 750°C, are shown in Figure 3.2-4. A continuous NiO layer
was not detected at the interface between the Ni specimen and solidified CaCl2-NaCl salt.
Although the formation of NiO was thermodynamically favored (as discussed above), the
nucleation and growth of a continuous external NiO scale on the Ni surface was
apparently kinetically inhibited in the presence of the molten CaCl2>-NaCl salt. The
resulting direct exposure of the Ni specimens to the molten CaCl>-NaCl salt, and the
observed specimen mass loss with time, were consistent with the corrosion of Ni via
reaction and dissolution into the molten CaCl2-NaCl salt. Indeed, relatively rapid rates of
such Ni reaction and dissolution into the molten salt (Figures 3.2-2a and c), compared
to the rates of NiO nucleation and sideways growth at the Ni/molten salt interface, would
inhibit the formation of a continuous NiO scale on the Ni surface.

This work demonstrates that air-stable, CaCl>-NaCl-based liquids may be contained
(e.g., in pipes and tanks) within corrosion-resistant materials that possess continuous,
external oxide scales that exhibit slow (parabolic) growth kinetics in the salt in air at 750°C
(or within containment materials comprised entirely of such oxides). The thermodynamic
calculations above indicated that this corrosion-resistant containment concept for air-
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stable molten chlorides may be extended, beyond NiO-bearing Ni, to metal alloys capable

of forming other slow-growing external oxide scales in air at 750°C, such as Cr203-bearing

or Al2Os-bearing alloys (e.g., oxidation-resistant Fe-based or Ni-based alloys) [33,34].

The thermodynamic calculations above also indicated that other multicomponent, air-

stable molten chloride salts (beyond just the CaCl2-NacCl salt of the present work) may be

utilized for reliable (air-tolerant) heat transfer and TES (i.e., ternary to quintenary salts

comprised of CaClz, SrCl2, BaClz, NaCl, and/or KCI). For example, lower-melting CaClz-

NaCl-BaClz and CaClz2-NaCl-BaCl2-KCl salts (with reported liquidus temperatures of 440-
454°C [28,30,35,36] and 421°C [37] respectively) may be utilized.

Task 4.0: Identify Most Acceptable Corrosion Mitigation Conditions

Milestone 4: ldentify atmospheric, chemical, and fluid dynamic conditions most
acceptable to the CSP industry for achieving projected annual corrosion
rates of <30 ym/year for metal alloys and ceramic composites in molten
chloride salts at targeted temperatures

After the lab reopened from the 3-month COVID19 shutdown, the effort for this project
was focused on rotating-disk corrosion experiments with H214 specimens for Subtask 2.1
(Determining Kinetic Mechanisms Controlling Molten Chloride Corrosion at Low-Oxygen
Partial Pressures) and on identifying and demonstrating air-stable molten chlorides and
corrosion-resistant containment of such chlorides for Subtask 3.2 (Tailoring Corrosion
Conditions at High-Oxygen Partial Pressures). Unfortunately, with these priorities, work
was not conducted on Task 4.0.
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KEY ACCOMPLISHMENTS

The key accomplishments associated with each task are summarized below.

Task 1.0: Develop Corrosion Testing Equipment and Protocols

e Arotating-disk corrosion testing apparatus was successfully designed, constructed and
used to evaluate the corrosion kinetics of a metal alloy under forced-convective
conditions. This corrosion testing apparatus operated under controlled atmospheres
(e.g., with oxygen-gettered UHP Ar at an oxygen partial pressure, pOz, < 104 atm, or
at a high oxygen partial pressure, such as flowing synthetic air), over a range of
controlled rotation rates (50+2 to 1000+2 rpm) at 750+5°C and up to 900°C (for a fused
silica furnace tube) or 1200°C (for a mullite furnace tube).

e The rotating-disk corrosion testing apparatus was successfully used to evaluate the
corrosion behavior (via mass change measurements) of a Haynes 214 (H214, a Ni-Cr-
Al-Fe-Co-based) alloy under conditions of laminar flow with a semi-infinite molten salt
bath. Milestone 1 (Demonstrate the capability of measuring corrosion kinetics in
molten salts at CSP-relevant temperatures under well-controlled thermal, atmospheric,
and fluid dynamic conditions) was accomplished.

Task 2.0: Determine Kinetic Mechanisms Controlling Molten Chloride Corrosion

e Rotating-disk corrosion experiments were conducted with H214 alloy specimens in a
molten MgCl2-KCI-NaCl (40-40-20 mole%) salt at 50-1000 rpm at 750°C and in a dry,
low-oxygen-bearing (p0O2<101* atm) Ar atmosphere. An increase in the specimen
rotation rate (or in the square root of the specimen rotation rate) did not result in an
apparent increase in the specimen mass change per area. Appreciable scatter was
observed in this data, however, which may have been a result of the incomplete and
varied coverage of the specimen surfaces with oxide product (Al203-MgO-bearing)
layers. Given such scatter in the data, and the absence of an apparent trend in the
mass change/area with specimen rotation rate, liquid phase diffusion could not be
confirmed to be a rate-limiting step for the corrosion of H214 in molten MgCl2-KCI-NaCl
at 750°C at low oxygen partial pressures.

e Electron microscopic analyses indicated the presence of a Cr-Al-depleted zone near
the molten-salt-exposed surface of the H214 alloy, along with the formation of
discontinuous external oxide (Al203-MgO-bearing) scales, consistent with
thermodynamic calculations. The average depletion zone thickness was not found to
increase as the specimen rotation rate increased in the MgCl2-KCI-NaCl liquid bath at
750°C at pO2<10-14 atm (although appreciable scatter was also observed in this data).

e These kinetic observations were inconsistent with liquid phase as a rate-limiting step
for the corrosion of H214 in molten MgCl2-KCI-NaCl under these conditions. Milestone
2 (Identify the rate laws and associated mechanism(s) (rate-limiting step(s)) for the
corrosion of metallic and ceramic composite specimens in molten chloride salts at
CSP-relevant temperatures over a range of atmospheric conditions) was partially
accomplished.
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Task 3.0: Minimize Corrosion Kinetics

e Thermodynamic calculations were used to identify earth-abundant chloride salts that
are more resistant to oxidation in ambient (water vapor-bearing) air at 750°C than
MgClz-bearing salts. The oxidation resistance of one such MgClz-free salt, a eutectic
CaCl2-NaCl composition (53-47 mol%, Teut = 500+8°C [24-28]), in ambient air (with a
water vapor partial pressure of 2.3x10-° atm) was demonstrated at 750°C via X-ray
diffraction analyses and mass change measurements. A eutectic MgCl2-KCl
composition (32-68 mol%, Tewt = 433+9°C [6,16,17,20-23]) exhibited extensive
oxidation, as revealed by MgO formation with appreciable associated weight loss,
under similar conditions.

e Pre-oxidized Ni (with a layer of NiO) has been shown to exhibit a slow parabolic weight
gain with time when exposed to the eutectic molten CaClz>-NaCl salt in air at 750°C,
consistent with solid-state, diffusion-controlled thickening of the NiO scale (at a rate
corresponding to an annual Ni recession of 14 um).

e Milestone 3 (Determine the atmospheric, chemical, and fluid dynamic conditions
required to achieve projected annual corrosion of <30 um/year for metal alloys and
ceramic composites in molten chloride salts at CSP-relevant temperatures) was
partially accomplished.

Task 4.0: Identify Most Acceptable Corrosion Mitigation Conditions

e Milestone 4 (ldentify atmospheric, chemical, and fluid dynamic conditions most
acceptable to the CSP industry for achieving projected annual corrosion rates of <30
um/year for metal alloys and ceramic composites in molten chloride salts at targeted
temperatures) was not accomplished.
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CONCLUSIONS

The current project has demonstrated that:

e a rotating-disk testing apparatus designed and constructed at Purdue University is
capable of conducting corrosion experiments in molten chloride salts under well-
controlled thermal, atmospheric, and fluid dynamic (laminar flow, semi-infinite liquid
bath) conditions (e.g., in a MgCl2-KCI-NaCl/40-40-20 mole% salt at 750°C at an oxygen
partial pressure <101* atm at 50-1000 rpm)

e exposure of a Haynes 214 (H214) alloy to a MgCl2-KCI-NaCl (40-40-20 mole%) salt at
750°C at an oxygen partial pressure <1014 atm resulted in the formation of surface
oxide (Al203-MgO-bearing) product layers and a Cr-Al-depleted zone near the alloy
surface (consistent with thermodynamic calculations)

e an increase in the H214 specimen rotation rate (or in the square root of the specimen
rotation rate) in the molten MgCl-KCI-NaCl salt at 750°C at pO2 <1014 atm:

- did not result in an apparent increase in the specimen mass change per area, and

- did not result in an apparent increase in the depletion zone thickness near the alloy
surface

which were inconsistent with liquid-phase diffusion as a rate-limiting step for H214
corrosion, although appreciable scatter was observed for both kinetic data sets (which
may have resulted from the incomplete and varied coverage of H214 specimen
surfaces with the oxide product, Al2O3-MgO-bearing, layers)

e a molten eutectic CaCl2-NaCl (53-47 mole%) salt is resistant to oxidation in ambient
(water-vapor-bearing) air at 750°C, whereas a molten eutectic MgCl2-KCI (32-68
mole%) salt exhibited appreciable oxidation under similar conditions (consistent with
thermodynamic calculations)

e NiO-bearing Ni is resistant to corrosion in the molten eutectic CaCl2-NacCl salt at 750°C
in air, with such corrosion occurring at a slow parabolic rate (consistent with solid-state
diffusion through NiO as the rate-limiting step) corresponding to an annual Ni recession
of 14 um

PATH FORWARD

While the results of this project are promising, further work is needed in the following
areas.

e The choice of robust, oxidation-resistant, earth-abundant molten salt compositions for
reliable heat transfer or thermal energy storage may be extended beyond the binary
eutectic CaClz-NaCl molten salt of the present work to include a wide variety of ternary
to quintenary molten chlorides comprised of CaClz, SrClz, BaClz, NaCl, and/or KCI that
can be selected for tailored properties (such as reduced liquidus temperatures, relative
to the eutectic CaClz-NacCl liquid). The thermal and chemical properties of such air-
stable salts should be evaluated in order to model and predict that behavior of these
robust salts as media for high-temperature heat transfer and thermal energy storage.
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Thermodynamic calculations indicate that the containment of such air-stable molten

chlorides may be extended beyond NiO-bearing Ni to metal alloys capable of forming

other slow-growing external oxide scales in air at 750°C, such as Fe-based or Ni-based

alloys capable of forming continuous, external Cr20Os-based or Al2Os-based scales.

Further work is needed to evaluate the corrosion behavior of such Cr20s3-forming and

Al20s-forming structural metal alloys in air-stable molten chlorides at >750°C at high

oxygen partial pressures under well-controlled fluid dynamic conditions, such as can

be conducted with the rotating-disk corrosion-testing apparatus designed and
constructed at Purdue University.
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Patent Applications
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Kenneth H. Sandhage, “Heat Transfer/Storage Fluids and Systems that Utilize Such
Fluids,” U.S. Patent Application 15/931982, 2020 (U.S. Provisional Patent Application
62/847881, 2019)

Journal Articles

1.

Adam S. Caldwell, Grigorios Itskos, Kenneth H. Sandhage, “Air-Stable, Earth-
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