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Purpose:

 Assist in the near-term deployment of MSRs by
help defining the safe working envelope for
nuclear graphite

Objectives:

* To evaluate the performance of various graphite
grades in molten salt environments by measuring
salt intrusion into graphite porous structure and
studying the graphite-salt chemical interactions
that may affect structural or physical properties of
graphite

« To study wear and erosion behavior of graphite in
molten salt
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Impact /
Accomplishments

Intrusion

« 3 TMs, 1 publication under review, 1
publication under preparation

Wear

e 1 publication completed
ASME / ASTM

e 1 TM report to be issued

e 1 book chapter published in STP
book
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Intrusion Studies

. Irg,olemente_d the use of neutron imaging study intrusion and determine
salt penetration and distribution

« Commissioned contact angle measurement system and inttiated data
collection to support development of predicting models

Wear Studies

» Completed proof of principle studies of graphite pin on SS flat

 Procured and installed a new glovebox and tribometer that will allow
experiments on a more controlled environment

 More controlled experiments to follow

ASME /ASTM / GIF Activities

Join ASME — formed task group

Hosted a workshop

Participating nASTM

GIF PMB — organized a graphite-MSR session
GIF Education seminar



Understanding Manufactured Graphite

Pores

/1N

Pitctr—

bini\

| |

. B AGakals Filler particles

Manufactured Graphite has
about 20 % porosity
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Why Is porosity important in
Graphite?
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Microstructure and Porosity Defines the Properties
and Irradiation Behavior of Graphite

« Graphite contains pores at multiple length
scales

* Neutron irradiation affects the size of the
porosity in graphite

 The irradiation effects on graphite contribute
to the generation of new porosity

 Porosity (edge / basal sites) determines
Reactivity

« Oxidation Rates Correlates with Edge Sites
(Porosity)
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What does Porosity In Graphite Mean to
MSRS?

e Salt intrusion into pores?

« Effect of that salt intrusion on graphite properties?
(mechanical, thermal)

« Chemical Interaction between salt and graphite?
e Edge sites for tritium retention?
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One carbon

FOAK RIDGE
National Laboratory

6

(.

12.0107
Carbon

many graphites!

Porosity in graphite comes in different
shapes, sizes and connectivity



One carbon, many graphite grades

Class De”S'?’ Country of origin Irradiation data Relfulige Availability
[g/cm3] process

H_AR1 Madiiim 1.71 SGL USA Low dose Extruded

Graphite Grain size Pore diameter
grades [um] [um] 1 1.86 SGL (Germany/ France) Low dose Vibro-molded
CGB ? <0.2 1.87 SGL (Germany/ France) Low dose Vibro-molded
ZXF-5Q 1 0.5 e 1.79 GrafTech (USA) Low dose Extruded
AXF-5Q 5 0.9 0 1.76 Toyo (Japan) Low dose Iso-molded
U — 2 0 1.80 Toyo (Japan) Low dose Iso-molded
IG-110 10 3.9
50 Mersen (France-USA) Low dose
2114 13 3.5
ETU-10 15 36 1.86 Union Carbide (USA) Extruded -
NBG-25 60 51 ) 1.78 USA Low dose Iso-pressing
PGX 460 5.6 & 30
10 1.78 USA Low dose Iso-pressing

NBG-17 800 3&12&51
PCEA 800 64 10 1.82 USA Few data Iso-pressing
NBG-18 1600 12 10 1.85 Tokai (Japan) High dose Iso-pressing

I L=

lC_) IGS743NH Superfine < 50 1.80 Nippon (Japan) Low dose Iso-molded

ETU-10 Superfine < 50 1.74 Ibiden (Japan)
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How to measure salt intrusion?
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ASTM D8091-16 and revised in 2021

e Guideline for apparatus and procedure for
producing graphite specimens impregnated
with molten salts

 Introduces two quantification parameters
for intrusion: A0

» Fraction of open pore volume intruded (D ,9\
* Fraction of total pore volume intruded % » o‘

» Guide does not specify samplew
or size

. 0% e
e Guide does not specify mllgg%
conditions <O
WO ©
N
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Neutron imaging enables the visualization of salt within
the graphite

 Proof of principle experiment at Neutron
Imaging Beamline CG-1D (ORNL's HFIR)

* Image resolution ~ 75 um

FLINaK impregnated sS4
graphite samples —
e P:5bar 3 S3
« T.750C IZ, o
e t:12 hours | S2
S I
i S1
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3D reconstructed images of the graphite samples after FLINaK
INtrusion

FLINaK impregnated
graphite samples

e P:5bar
e T:. 750C
e t:12 hours

Moon, Gallego, et al. . Submitted
for publication

%OAK RIDGE
Nat

ional Laboratory



Neutron attenuation
coefficient maps

 Neutron imaging planes
at various locations
allows the understanding
of the salt distribution
within the graphite
sample.
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Coverage maps

o Attenuation Coeff|C|ent maps

A neutron tomography study to visualize fluoride s@eﬁmtrusmn in nuclear-grade

. St
Jisue Moon'", Nidia C. Gallego C ontescu’, James R. Keiser’, Dino Sulejmanovic®, Yuxuan

Zhang" and Erik Stringfellow*
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How about time?
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Neutron tomography analysis
with different infiltration time

» Graphite sample: cylinders of 10 mm (diameter) X
20 mm (height)

o Infiltration time: 12 hr vs. 336 hr (2 week)

« Bright edge of the surface from all sample is due to
neutron reflection

» For fine graphite, there is no evidence of infiltration
(both imaging and weight change)

» For coarse graphite, pores near the surface were
filled with FLiNaK and the degree of the infiltration
increased with time.

« FLiNaK impregnation conditions
 P:3bar
e T.750C
e t: 12 hours or 336 hours (2 weeks)
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Preliminary Results

e Intrusion
Conditions:

e P: 3 bar:
e T: 750°C:;
e 336 hrs
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Can we predict salt intrusion?
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The Washburn equation may be used to study how salt
might penetrate into graphite

Penetrometer cells

ol
ol

I

— 0 * cos(0)
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The Washburn equation

4
P = C;/COSH

* Pressure differential (P) required to push a fluid into a capillary
tube (assumed right cylinders) of diameter (d)

Fluid properties:
e Surface tension (y) and
« Wetting angle (0) at the solid-liquid interface
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High temperature contact angle measurement

Sample gas

Window
Camera i

|

T

Sample

Heat shield
& a

l Furnace

1G-110

Vacuum Window purging gas

Contact angle measurement condition

o Salt : 3mm diameter salt(~8 mg)

o Graphite dimension: 10mm diameter
with 2mm thickness

Salt properties
* FLiNaK Melting point 454 °C
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Summary - Intrusion / contact angle

e Salt intrusion happens but it is highly dependent on temperature,
pressure, time and graphite grade

 Salt distribution and penetration depth is highly dependent on
pore structure

* On-going work to further analyze the data collected on effect of
Intrusion time, and additional neutron imaging time has been
approved

e Continue the evaluation of contact angle measurements and the
effect of other variables (graphite grade, surface finish, pre-
treatment, moisture content, salt impurities...)
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Understanding wear properties of
graphite in a molten salt
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Feasibility Study of Graphite Wear Testing in Molten

FLiNaK Salt

%

Bell jar

Heating
chamber

Coolant

circulating unit

Vacuum
pump
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Motor

Pin holder
Graphite pin
316L SS square
Loaded
Disc holder with salt
stage
26

Experimental:

* Graphite pin sliding against 316L SS surface
e Salt: FLiNaK

 Temperature: 550 & 650 °C (up to 1000 °C)
« Gas environment: Ar

* Normal load: 20 N (up to 100 N)

* Rotating speed: 120 rpm (up to 1000 rpm)

» Sliding speed: 1, 10 & 100 mm/s

» Sliding distance: 1000 m (~2 hrs 30 mins)

In-situ friction measurement combined with post-test
wear quantification and surface characterization to
investigate:

» Tribocorrosion behavior of graphite pebble
rubbing against the container alloy in molten
FLiNaK salt with understanding of the impact of
temperature, sliding speed, and salt quantity
(completed)

* Wear behavior of graphite pebbles upon collision
and rubbing between each other in molten
FLiNaK salt (future work)



%

Effect of Temperature (@Speed = 1 mm/s)

Increased wear losses for both the graphite and 316H SS at a
higher temperature with more pronounced change for SS:

« Viscosity of the molten salt is lower at a higher temperature, leading
to poorer lubrication and thus more solid-solid contact;

 The salt corrosion rate on the 316H SS would increase at a higher
temperature. On the other hand, the graphite pin is expected to have
little corrosion because graphite is chemically inert in the molten salt;

« 316H SS is softened (more prone to wear) but graphite becomes
stronger (less prone to wear) at a higher temperature.

0.51 ——— 650 °C #4-1
—— 650 °C #4-2

0.4+ ——— 550 °C #5-1

1 ——— 550 °C #5-2
0.3
0.2
0.1
0.0 T

0 2 4 6 8 10
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Wear volume

Wear rate
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New glovebox and tribometer will enable measurements
under more controlled environment

e A customized four-glove glovebox (LC
Technology Solutions Inc., of Salisbury,
MA) was procured and installed
(05/31/2022) by the Graphite —-GCR
campaign

 New tribometer (RTEC Instruments Inc.,
from San Jose, CA)(Graphite —GCR
campaign): Installed in glovebox; tests
are being conducted to exercise
capabilities and understand system prior
to closing the glovebox

» Tests will be conducted in inert
environments and with molten salts.
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Summary - Wear

»Initial scoping studies of the wear behavior of graphite In
molten salts were completed and published.

> New facilities have been installed and will allow us to
continue our studies under more control environments.
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P U b I I Catl ons * Gallego NC, Contescu Cl, Keiser JR, “Progress Report on Graphite-Salt Intrusion Studies”
ORNL/TM-2020/1621 (August 2020)

e Gallego NC, Contescu C, Keiser J, QuJ, He X, Miyhre K., “FY21 Progress Report on Graphite-Salt
Interaction Studies” ORNL/TM-2021/2247 (October 2021)

e MoonJ, Gallego NC, Contescu C, Keiser JR, Zhang Y, Stringfellow E, “Understanding FLiINaK salt
intrusion behavior on nuclear grade graphite via neutron tomography” ORNL/TM-2022-2688
(September 2022)

* Myhre K, Andrews H, Gallego NC, et al., Approach to using Three-Dimensional Laser Induced
Breakdown Spectroscopy Data to Explore the Interaction of Molten FLINaK with Nuclear Grade
Graphite (JAAS 37 (8), 2022, 1629-1641)

e Gallego NC, Contescu Cl, Paul R, “Evaluating the Effects of Molten Salt on Graphite Properties:
Gaps, Challenges, and Opportunities” In Graphite Testing for Nuclear Applications: The Validity
and Extension of Test Meethods for Material Exposed to Operating Reactor Environments, ASTM
2023

e HeX,QuJ,etal, Tribocorrosion of stainless steel sliding against graphite in FLiINaK molten salt
(Wear522 (1) 2023, 204706)

* Workshop Report—being finalized

e MoonJ, Gallego NCet al,, A neutron tomography study to visualize fluoride salt (FLiNaK)
intrusion in nuclear-grade graphite (submitted for publication, under review).

* Allavailable at OSTI
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