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Abstract

The buildup of fouling deposits on nuclear fuel rods, known as crud, continues to challenge the worldwide fleet of light
water reactors (LWRs). Crud causes serious operational problems for LWRSs, including axial power shifts, accelerated
fuel clad corrosion, increased primary circuit radiation dose rates, and in some instances has led directly to fuel failure.
Numerous studies continue to attempt to model and predict the effects of crud, but each assumes that it will always be
present. In this study, we report on the development of crud-resistant materials as fuel cladding coatings, to reduce or
eliminate these problems altogether. Integrated loop testing experiments at flowing LWR conditions show significantly
reduced crud adhesion and surface crud coverage, respectively, for TiC and ZrN coatings on stainless steel. The loop
testing results roughly agree with the London dispersion component of van der Waals theoretical force predictions,
suggesting that they contribute most significantly to the adhesion of crud to fuel cladding in out-of-pile conditions.
These results motivate a new look at ways of reducing crud, thus avoiding many expensive LWR operational issues.
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Please find enclosed our revised manuscript, entitled “Initial Experimental

Evaluation of Crud-Resistant Materials for Light Water Reactors.”

This represents the first experimental study to our knowledge of whether van der Waals (VDW)
forces can be used to reduce or eliminate the formation of crud in pressurized water reactors (PWRS).
Much work has been undertaken in the past thirty years, most notably in the Consortium for the
Advanced Simulation of Light Water Reactors (CASL), to precisely predict the locations, magnitude,
and effects of crud deposition. Strikingly few studies have focused on the total elimination of crud
deposits. This study represents the first openly published experimental measurements of the relative
crud resistance of different materials in flowing PWR conditions. The support of its hypothesis by
the results within suggest that we can use the Hamaker constant of van der Waals forces (VDW) to
design effective crud-resistant fuel coatings.

Summary of Revisions: We have done our best to respond to each of the two reviewer’s suggested
concerns. In many cases this resulted in changes to the manuscript, which can be most easily seen in
the change-tracked version. For others, rebuttals or explanations are given with references to outside
studies, specific lines in the original manuscript, or other information about the experiments. We
wish to point out that we are most interested in the relative fractions of crud coverage on each
sample’s coated and uncoated regions, not absolute crud coverage fractions between experiments.
We have done our best to explain why this is the case. In addition, we are requesting clarification of
point #11 from Reviewer 2, concerning “removal of substrate material.” We have done our best to
guess what this may refer to, but we recognize that we may have misinterpreted the statement. A
clarification would be appreciated, so we can best respond to the suggestion of the reviewer.

Motivation: The formation of fouling deposits continues to affect many industries, costing the U.S.
alone up to 0.25% of its GDP by recent estimates. In the nuclear industry the formation of crud, a
form of fouling, presents a host of major operational issues, ranging from axial power offsets to
increased primary side worker dose to causing fuel failure by a few different mechanisms. Crud is
conservatively estimated to cost every PWR in the U.S. about $1.8 million per fuel cycle. $1M of this
comes from ultrasonic fuel cleaning, which right now is only 40-60% efficient. This mostly comes
from the cost of renting the machine and additional outage downtime. Another $800Kk is estimated in
lost power from using a less aggressive fuel loading scheme, which is the primary way that crud is
reduced in PWRs in the US. This does not take into account additional costs in worker dose, power
downgrades due to axial offset (which have reached up to 25% in some US plants recently), or
sudden outages due to fuel failures. Were the problem of crud to be eliminated, it would greatly
improve the reliability and economics of PWR operation. This study also has the ability to impact
many other industries which suffer similar fouling caused by the same underlying mechanisms.



Synopsis of Results: We have constructed a flowing PWR-like loop, the Internally Heated Testloop
For PWRs (IHTFP), to simulate the conditions inside a PWR without the radiation. The same
pressures, temperatures, water chemistries, fluid flow, and other parameters are achieved, with the
caveat of a lower cladding heat flux due to the choice of an electrically isolated heating cartridge.
This, in contrast to other loops like the Westinghouse WALT loop, deliberately avoids applying a
voltage to the water-contacting clad face to avoid changing the surface electrochemical potential. It
was hypothesized that London dispersion component of VDW forces, or the induced-dipole-induced-
dipole forces between non-charged surfaces, dominate the energetics of the initial phase of crud
deposition. Nine potential coatings were chosen for their varying visible refractive indices (an
approximator for the Hamaker constant of proportionality for VDW forces), among other PWR-
relevant material selection criteria. Two materials, ZrN and TiC, reduced crud accumulation as
measured by surface coverage compared to a control area on each sample by 40% with 95%
confidence. A strong correlation was found between the UV index of refraction and the crud
reduction, as the Hamaker constant can be approximated by a single UV oscillation frequency
version of the full spectral Hamaker constant formula.

Significance of Results: We conclude noting the strong correlation between the UV-approximated
Hamaker constant and as-measured crud surface coverage reductions. This suggests that indeed
London dispersion forces are most important in determining crud adhesion, and that calculations of
VDW forces from Lifshitz theory (following the work of Lefévre and Jolivet in 2009) should predict
the crud resistance of new coatings. This assumes other relevant material selection criteria, such as
low neutron cross section, ease of manufacture, and compatibility with PWR water undergoing
radiolysis, are met. This result carries significant implications for other similar industries, such as
downhole geothermal wells, heat exchangers, and boiler systems, all of which suffer from crud-like
fouling deposits. The first to benefit may be boiling water reactors (BWRs), which suffer from
significant crud problems of their own.

Future of This Work: A more detailed study using an atomic force microscope (AFM) is underway
to experimentally verify calculated or approximated Hamaker constants, and to see the magnitude of
DLVO forces relative to London dispersion forces in crud adhesion. A high-pressure, high-
temperature AFM is under construction to perform these studies directly in PWR conditions. Finally,
the three most promising coatings from all of our studies will soon be irradiated in the MIT reactor,
to investigate surface chemical changes upon exposure to radiolysis in an in-pile PWR loop. Should
all these tests prove successful, a number of lead test rods are planned for a 2019 campaign to see if
they really work in a commercial PWR.

Thank you for your re-consideration of our manuscript for publication in the Journal of Nuclear
Materials. If you have any questions regarding our submission, please contact us using any of the
methods above.

Sincerely,

Michael Short




We thank the reviewers and the editor for their thorough feedback on our manuscript. We have
done our best to address all the proposed changes and suggestions. Each one is detailed below,
and we have included a change-tracked manuscript for verification of satisfactory changes.
Indeed the suggestions have helped us to refine the accuracy of our claims, specify exactly how
reactor-like our IHTFP loop really is, and mention the future work already underway to continue
testing our potentially crud-resistant coatings.

Comments from the editors and reviewers:
-Reviewer 1

Two major comments:

1. Crud deposition is highly dependent on degree of local sub-cooled boiling or

steaming. You point out that the test conditions are for significantly lower heat flux and
flow than is typical in a PWR and say you are likely ignoring any soluble crud deposition
mechanism (lines 264-265), implying no sub-cooled boiling, yet you suggest in a number of
places that sub-cooled nucleate boiling is occurring (lines 385, 527). Please identify the
degree of sub-cooled boiling or steaming that is occurring in your tests, e.g. using the Thom
correlation, if applicable. If sub-cooled nucleate boiling is not occurring in your tests,
please clearly state that, and remove your various references to sub-cooled

boiling. Further, if sub-cooled nucleate boiling is only affecting certain samples or is
varying in degree over certain samples, please clearly identify which samples are affected
and to what degree.

The reviewer is right to request more specific information to prove (or disprove) whether sub-
cooled boiling is indeed taking place. Using the Thom correlation?, we find the following:

ATyq = 225+ Jq+ e("/37)

Where ATsa is in Kelvin, q is the heat flux in MW/m?, and P is the system pressure in MPa.
Using values of 0.206 MW/m? (65,302 BTU/hr ft?) for the heat flux and a system pressure of
11.5 MPa in the tests in this paper (we had to lower it to avoid sudden heater rod burnout, and it
also helped enhance boiling), we arrive at a ATsat of 2.7 Kelvin (6.9 F). Given a liquid at
saturation temperature (Tsu» = 0), a wall superheat of only 1 Kelvin is required to induce sub-
cooled boiling?. Our system was kept at/near saturation for the duration of the test, subcooled by
just a few Kelvin to avoid circulation pump cavitation. This is still expected to be just above the
threshold for sub-cooled boiling to occur. Finally, as direct evidence of sub-cooled boiling,
experiments at the same conditions for longer times (part of a parallel effort) grew crud with
many boiling chimneys. We have added these calculations and references to the manuscript. See
below for a couple example images of the crud grown in the IHTFP loop, one of which we put in
the manuscript as direct evidence of boiling chimneys in our crud:

I N. E. Todreas and M. Kazimi. “Fundamental of Heat and Mass Transfer: Volume 1.” CRC Press (2012).
2S. G. Kandlikar. “Heat Transfer Characteristics in Partial Boiling, Fully Developed Boiling, and Significant Void
Flow Regions of Subcooled Flow Boiling.” J. Heat Transfer 120(2), 395-401 (1998).
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Figure 1: Examples of crud grown in the IHTFP loop, showing FIB cross sectioning of one of the boiling chimneys

In addition, we do not believe that there will be no sub-cooled boiling in the absence of soluble
species, as the nanoparticulates which we added to our loop can also get trapped in the fluid
microlayers underneath sub-cooled bubbles, which dry out to deposit the initial layers of crud.
As for which samples experienced sub-cooled boiling, they likely all did, as relatively similar
surface coverages (many tens of percent) were found on every control and coated surface of
every sample.

2. Your conclusion includes suggestions for improvements to and further testing. However,
you are silent on a recommendation for taking the next step to validate the crud resistant
coatings that you identified in your tests. Please either recommend the next step with the
specific crud resistant materials you identified or tell the reader why you do not think that
next step should be taken yet.

Thank you for this suggestion, we have added a more substantial future work section explaining
the ongoing and planned efforts to bring these crud resistant materials from the laboratory to
commercial reactors.

Number of minor comments, in no particular order:

3. Abstract. Please remove the phrase ""unpredictable and™. The industry has spent a good
deal of money and has been marginally successful in learning how to control crud in
reactor.

Accepted this suggestion, thank you for noticing it.

4. Background lines 190-193 and Sample Preparation lines 223-224. You give limited
explanation why you chose these nine materials for testing. To seriously pursue these
coated materials for in reactor use, please more fully explain why these are good candidate
materials.

Thank you for this suggestion. We chose most of the materials (Zr and Ti compounds) for their
low thermal neutron cross sections, chemical compatability with the eventually underlying
ZIRLO cladding, high hardness (to avoid fretting), and varying surface energies. This last



criterion is why we included Al203 and MgO, as they represent high and low surface energies. It
was initially hypothesized that surface energy would be the controlling criterion for crud
resistance, but that proved to be false. When searching for a better explanation, we came upon
the Hamaker constant through the work of G. Lefevre and A. Jolivet (ref. [41]), among others,
which guided our studies. We have added an explanation of why we chose the considered
materials in the manuscript.

5. Sample preparation line 226. 316 stainless was used for the rings. Why?

The simple answer is that we ran out of ZIRLO (see the numerous burned out heating rods
mentioned above), but the real technical answer is that we were only testing the crud-resistance
(adhesion strength) to the coating itself. As mentioned in line 235 of the original submission,
once the coating becomes ~10nm thick, the surface chemistry and adhesion become completely
independent of the substrate at short particle-coating separation distances. This is because of the
short-range nature of van der Waals (VDW) forces, whose effects are only felt strongly on the
single nanometer scale, and drop off with distance squared for the case of a sphere (an
approximation of a crud particle) in contact with a flat surface. For example, on page 255 of
Israelachvili’s book (ref. [22] in the original submission), the pressure exerted by a sphere on a
flat surface drops in magnitude by 10° at a distance of 10nm. While it is true that VDW forces
are dominated by the substrate in a coated system at large separation distances (pp. 282-283 of
Israelachvili), the magnitudes of these forces are so small that turbulent forces far outweigh them
until they come very close the surface, less than 10nm away. It has also been shown that VDW
forces are dominated by the coating, not the substrate, for separation distances on the order of or
smaller than the coating thickness. We have added this last note to the manuscript. This holds
true even for adsorbed monolayers on other materials (a side note, see Israelachvili’s book Ch.
13).

Therefore, we firmly believe that the underlying substrate does not matter in these
measurements, provided adequate coating adhesion to the substrate continued to exist.

6. Sample Preparation lines 227-236. Why was a very smooth substrate surface used? This
is not typical of cladding used in reactor. It would be preferable to use surface finishes
typical of cladding used in reactor, as surface finish may influence crud

deposition. However, if you need the smooth surface for the PVD, then at least state

that. And, you make a statement regarding necessary coating thickness to avoid changing
adhesion. Please identify more clearly what that issue is.

A smooth surface was not used for the PVD, but rather to separate any effects of variable surface
roughness on the results. While the IHTFP loop tests are integrated by nature, we still sought to
control as many variables as we could. Our lab-scale studies in the atomic force microscope
(AFM) showed huge variability in adhesion values with rough substrates, while smooth
substrates exhibited far better statistics. Therefore, we wanted to test only the effect of surface
chemistry, and exclude roughness. Please see the above comment and the changes made around
line 235 for a reply to the second half of this statement.

Please also note lines 227-229, where we mention the following: “The rings were mechanically
and electrochemically polished to a mirror finish of <50 nm...” Therefore, we did indeed start

with a mirror-smooth surface for the PVD, but it is not required. This way, however, we ensure
that we are studying purely the effect of surface chemistry, and not roughness in addition. Once



applied to cladding rods in a PWR, there will inevitably be small regions in scratches that are not
coated by PVD, and that is OK. We’re not even sure that PVD will be the final manufacturing
process to be used in a commercial PWR, which will depend on which coating(s) make the final
cut.

7. Sample Preparation line 247. Please insert ""Table' before "'2"".
Thank you for catching this, we have corrected this omission.

8. Sample Preparation lines 249-251. The explanation that tiny variations in ring diameter
lead to differences in thermal contact is disturbing without a more thorough explanation.

We agree that while this is unfortunate, there simply isn’t much we could do within the limits of
machining tolerances available (which are objectively quite good). Even though our calipers
measured the same ring diameters and heater rod diameters, we felt tactile differences in the
force required to slide each ring onto the heater rod. Each ring was machined to be ever so
slightly narrower than the heater rod, to ensure that some elastic stretching would be required to
(1) maintain ring-rod contact and (2) ensure as good of thermal contact as possible. The insides
of each ring were also polished to remove surface asperities and further improve this thermal
contact. Nevertheless, we felt a duty to report the difference in sliding friction that we felt when
loading each ring onto the heater rod. We have added an explanation of how we noticed these
differences in the manuscript.

9. Sample Preparation. Is there any dependence in operating characteristics or results
based on position of the specimen rings on the test rod? Uniformity of operating conditions
along the test rod should be addressed somewhere.

Good point, we had performed cursory CFD studies to ensure roughly similar flow rates for each
ring location, especially considering the effect of the viewing windows in our autoclave. It was
confirmed that the windows have a negligible effect on fluid flow, so that the flow along all rings
is quite uniform?. Certainly the liquid temperature will rise a bit along the rod, though this cannot
be avoided in this geometry. This is precisely why we coated only half of each specimen (see
Figure 3 of the original submission), to correct for any location-dependent changes in bulk
coolant temperature, heat flux, etc. The presence of significant surface coverage on every sample
provides evidence that the conditions were quite similar at each location, and coupled with the
knowledge of sub-cooled boiling (see question (1) above) we know that the conditions were
similar enough.

10. Flowing PWR Loop Tests line 263. Remove duplicate phrase ""were used.
Thank you for catching this, we have removed this duplicate phrase.

11. Flowing PWR Loop Tests line 257-265. The test operates with a low Reynolds number
and mass flux compared to a PWR. And, you comment that the crud precursors are
elevated, likely ignoring any soluble crud deposition mechanism. See the major comment
about steaming above. But, in addition, arguments persist that flow erosion is effective in
crud removal. If your crud deposition is mostly particulate and you have low flows, then

% 1. Dumnernchanvanit. PhD Thesis, available at http://dpsace.mit.edu/ (2017).
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crud erosion under normal PWR conditions might invalidate your findings. If possible, a
brief rebuttal for that argument should be included.

Thank you for the suggestion to include a brief rebuttal to the argument of changing
mechanisms. We do not believe that the lower Reynolds number nor the elevated crud precursors
invalidate our tests. Indeed flow erosion is very effective at crud removal, as evidenced by the
“striping” of crud directly after the spacer grids and mixing vanes observed in PWRs*. Our
specific aim in these experiments was to accelerate the formation of crud without changing the
initial deposition mechanism, by both increasing crud precursors and lowering flow (the first
point we could control, the second we could not due to loop geometry). In addition, the loop is
constructed out of 316 stainless steel, which provides a “natural” soluble crud source term in the
form of iron and nickel release much like the hot & cold legs of a PWR. The inner surfaces of all
our loop tubes are covered with a black oxide layer, providing evidence that continued corrosion
and soluble metal release is occurring, even at spots where the oxide was cleaned off.

12. SEM Image Analysis lines 323-325. Could you use other techniques besides "'by eye' to
show that these imaging techniques really are reflecting the presence and absence of crud?

Very good point, the phrase “by eye” does not fully capture how we determined where crud did
and did not exist. Analysis of the first few training images required us to zoom in to regions
difficult to determine, like those in the upper-right portion of the left half of Figure 4. Then, we
used EDX elemental analysis to see whether the features/particles we saw were rich in Ni and/or
Fe, two elements not used in any of our coatings. Regions which contained significant Fe/Ni
were deemed to be crud, which could have only grown from either the particulate precursors or
soluble metal released, while lighter regions which did not contain Fe- or Ni-rich particles were
deemed not to be crud. We have revised our manuscript to explain how we determined these
regions.

13. Results lines 381-386. You're attributing the difference in surface coverage between the
two tests to the thermal fit and differences in subcooled boiling needs more explanation. If
this is the reason, it suggests rather significant differences in the amount of subcooled
boiling between the two tests, which can play a major role in how your results should be
interpreted. And, there were no other differences in how the first and second experiments
were conducted?

We attribute the differences in absolute surface coverage between the two experiments to
differences in the thermal fit and other parameters out of our control. However, we focus our
meaningful results on the relative amount of crud on the coated side of each sample, compared to
the adjoining uncoated side only. This way, the differences in the time of each experiment,
amount of precursors, and slight differences in thermal fit can be ignored in the relative-only
comparison. No other differences between the two experiments other than those reported in the
original manuscript existed. In particular, system temperatures, heat fluxes, pressures, and water
chemistries were carefully kept the same. In addition, the same ordering of the materials on the
heater rod was used between the two tests.

4 D. Walter et al., “High-Fidelity Simulation of Crud Deposition on a PWR Fuel Pin With Grid Spacers: A Proof-of-
Principle using the Fully-Coupled MAMBA/DECART/STAR-CCM+ Code.” NURETH-15, Paper NURETH15-551
(2013). available at http://www.casl.gov/docs/CASL-U-2013-0097-000.pdf
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14. Conclusions and Future Work lines 523-527. You end by pointing out a need for
understanding an instability in your coatings under subcooled boiling. See major comment
on subcooled boiling. If your experiment has an issue with sample stability, you should be
pointing that out earlier in the article. And, please consider a final article line that is not
calling into question the validity of your tests.

Sample stability was not noticeably compromised in these tests, instead this sentence refers to
the need to confirm whether materials are stable at different coating thicknesses. It is not yet
known what the optimal coating thickness will be, and many of these materials are quite hard.
While that may be a positive point from fretting resistance, if the coating becomes too thick it
may be more susceptible to fracture and spalling. This sentence highlights the need to conduct
these thickness studies, as they were not a part of our experiments.

In addition, we have taken the reviewer’s suggestion to conclude our article with a preview of
the future work we are conducting, focusing on the more positive aspects of the coatings to be
tested. Thank you for this suggestion.

-Reviewer 2

Although it is very important to find some ways of reducing crud deposition on the fuel
rods in PWRs, the manuscript — as ambitiously titled — does not answer this challenge. Not
surprisingly, because it is a very difficult and complex task in nuclear power industry, as
recognized by numerous Electric Power Research Institute meetings, reports, grants, and
many other publications. In particular, the loop tests described in the manuscript have
been already sponsored by three EPRI contracts.

Therefore, in reviewer’s opinion, the more appropriate title of this manuscript would be:

Crud-Resistant Materials for Light Water Reactors: Very First Experimental Results,
O ettt it ittt e i i e CUPTENT Status of the Project

We see the reviewer’s point, and have adjusted the title of the manuscript accordingly to be more
accurate and less ambitious. We now refer to it as an “initial experimental evaluation of crud-
resistant materials for PWRs,” which is an accurate description of what was done in this study.

In the presence of sub-cooled nucleate boiling the formation and build-up of deposits on
fuel rods can happen through various mechanisms, as discussed in the review paper co-
authored by M.P. Short and D. Hussey (reference [9] in the manuscript). In the present
phase of this project only one mechanism is being considered, namely adhesion of the NiO
particles to the substrate through van der Walls forces. The authors also hypothesize “that
matching the optical properties of fuel cladding coating to the surrounding water would
impart resistance to the crud formation”, but there are not enough certain data presented
by them in the paper to confirm this statement.



The reviewer is correct, which is why we were quite careful not to claim that the hypothesis is
correct and confirmed, but rather to say that “This hypothesis appears to have been supported by
integral loop tests, and a qualitative comparisons of known, experimental refractive index spectra
with that of water. (lines 507-510)” Referring to Figures 6-7, for all materials which have known
UV indices of refraction, a strong inverse trend is seen between UV index of refraction and crud
coverage fraction. In addition, many of the phases found in crud (NiO, Fe3Os, ZrOz, Cr203) all
possess similarly high Hamaker constants, suggesting that if VDW forces are the dominant force
in crud adhesion (supported by the trend in Figure 6), then they should behave similarly to NiO.
Furthermore, the actual foulant (whichever constituent crud phase adheres) will not matter
according to VDW theory (see Equation 1), as if either material a (the coating) or material b (the
crud) matches the optical properties of water, a zero Hamaker constant will be found. This has
been experimentally confirmed for many sets of materials (see Israelachvili’s book (Ref. [22]),
Chapter 13, specifically Table 13.3 on p. 266) for examples and a review of such studies. In
particular, note that PTFE (n=1.34), which has the same refractive index as water to within 1%
(n=1.33), has one of the lowest Hamaker constants in the table. The same goes for silica (n=1.45)
immersed in dodecane (n=1.421).

Therefore, our data support our hypothesis, which itself stems from experimentally derived
theory. They do not yet conclusively confirm the hypothesis, but rather motivate more single-
effect and integrated reactor testing. Both are currently underway, and will be the subject of
future papers. We have also expanded the future work section to include this information.

In addition, upon further consideration of the reviewer’s comment on soluble deposition, we
can’t be absolutely sure that it did not occur. We do note that the water-facing parts of all 316SS
components in the IHTFP loop are covered in a black oxide, suggesting continued, slow
corrosion and soluble metal release. In addition, the evolution of the crud precursor particles
from their starting 8-20nm size to sizes ranging up to a few hundred nanometers suggests some
soluble metal present, likely at the very low, but finite, concentrations of 1-3ppb for Ni and Fe
according to EPRI’s MULTEQ database®, version 8.0.

The instrumental and experimental part of this project as described in the manuscript can
be the subject of numerous questions and comments, such as:

1. Why stainless steel rings have been used as substrates and not more relevant Zircaloy-4,
or other fuel cladding alloys used in PWRs? Are there any plans to use zirconium alloys as
substrates in farther tests?

Please see our answer to point (5) of Reviewer 1 for a more complete explanation. In short,
VDW theory predicts that (1) forces drop off by a factor of 10° about 10nm away from the
surface, and (2) that the VDW forces are determined almost exclusively by a coating in a
coating-substrate system up to separation distances equal to the coating thickness. We have also
added some verbiage to the manuscript explaining this point for clarity. For our upcoming PWR-

5> MULTEQ Equilibrium of an Electrolytic Solution with Vapor-Liquid Partitioning and Precipitation: The Database
Version 8.0. EPRI, Palo Alto, CA: 2015. 3002005400.



flowing-loop in-reactor tests, we will be using ZIRLO substrates to avoid changing the water
chemistry and for more realism.

2. Has fixing the 0.3 mm-thick rings by pressing been sufficient to assure the uniform heat
flux between heating rod and rings? The authors posed this question themselves in lines
361 - 363.

We actually do not believe that uniform heat flux can possibly be obtained, due to differences in
machining tolerances for each ring. Please see our answer to point (8) of Reviewer 1, both
reviewers picked up on this point. This is the reason we used the half-coated sample geometry,
so we could compare relative differences in crud coverage instead of absolute numbers. The
relative differences on two halves of one sample should only be a function of the material vs. the
substrate, while the absolute differences are also due to localized changes in heat flux and fluid
flow conditions, in addition to absolute temperature along the rod. Therefore, we were careful
not to make any claims about absolute coverage, nor do we think they are important to consider
in this study.

3. The tests have been performed using “nanoparticle NiO crud precursor” (line 259) at
weight concentrations in water of 27.5 ppm and 50 ppm in two experiments

described. What was the size distribution of the starting nanoparticulate material? What
was the concentration of nickel dissolved at the conditions of the test?

We used purchased 8-20nm NiO nanoparticles at the start of the test. It is interesting to note that
the crud contains far larger particles than 8-20nm, indicating that the particles have grown or
agglomerated somehow. As for the Ni concentration, it can only be very low, up to 1-3ppb as
predicted by EPRI’s MULTEQ thermodynamic database, version 8.0. Saturation is expected to
be reached very quickly, within hours of loading the loop, based on previous EPRI and MAI
experiments. We have added this information to the manuscript for clarity.

4. The concentration of NiO in the loop was up to 1000 times larger than in PWRs, as
depicted in Figure 2. Are the processes of deposition at such high concentrations in the
loop tests relevant to reactor conditions at all?

Yes, we believe them to be so. The concentration is still very low in an absolute sense, so that the
particle suspension is still very dilute. As the mechanism of initial crud deposition is believed to
be concentration of trapped species in the evaporating fluid microlayer underneath a bubble®,
more particles simply means a faster initial deposition rate. This is also why we were careful not
to infer differences in crud growth rate, as we are only interested in its initial stages of formation.

5. Iron, which is the essential component of fuel crud in a form of mixed Ni-Fe spinel
ferrites, as well as of bonaccordite Ni.FeBOsin case of boron oxide anomaly, has not been
added. Why not? Can the results of tests without Fe be meaningful? The presence of
these compounds in PWR crud confirms that chemical reactions in the deposits play a big
role, and that deposition of particles such as NiO is not an only process in crud formation.

6 J. X. Chen. On the interaction between fuel crud and water chemistry in nuclear power plants. Technical Report
SKI Report 00:5, Studsvik Material AB, SE-611 82 Nykoping, Sweden, 2000. SKI Report 00:5. (Ref. [19] in the
manuscript)



We specifically sought to minimize the number of competing variables, which is why we used
only one common crud precursor of NiO. Indeed there can be chemical reactions in the crud to
form phases like bonaccordite (Ni2FeBOs), but these only occur at rather high temperatures
starting at around 400C". These can only be expected to form either in very thick crud® or during
accident scenarios, and documentation of their findings is quite rare, though still present. Please
see our response to the initial concerns of Reviewer 2 for why VDW theory predicts relatively
little difference between the oxides to be present in PWRs, as all similar oxides with similarly
high indices of refraction are predicted to be quite “sticky” by experimentally-validated VDW
theory.

6. Have any SEM images of as prepared coatings been taken? Were the coatings of various
compounds flat enough and non-porous? Didn’t they crack and spall during pressing the
rings to the heater? Are other techniques of measuring the thickness of deposits being
considered?

SEM images of as-prepared coatings were taken on flat, polished substrates using a JEOL 5910
SEM. No discernable features were noticed during the SEM analysis, they were remarkably
smooth. In addition, no porosity was observed. The thicknesses were approximate, as each
sputtering target was calibrated by sputtering thicker films onto glass slides and measuring film
thicknesses with optical equipment by the coating provider. We also attempted such thickness
measurements on our as-received coatings using a Filmetrics white light interferometer, though
the very thin nature (~50nm) of the coatings produced no reflection fringes, only a single curve.
One must know the full refractive spectrum of these materials to determine the film thickness, or
vice versa. Very few of these materials have refractive index data measured along the required
spectrum of wavelengths, while some have no data except for points reported at 632.8nm or one
other wavelength. Thus, we were not able to conclusively fit the white light curves to accurately
determine film thickness. Additional investigations were attempted in a Zeiss NVision 40 dual
beam SEM/FIB, but the layer was too thin to accurately measure beyond the tolerance stated by
our coating provider. Therefore, we kept a nominal thickness of 50nm as provided to us. One
could use secondary ion mass spectroscopy (SIMS), though this was prohibitively expensive and
time-consuming, as MIT surprisingly does not have a SIMS system available.

Finally, while we could not directly investigate the states of the coatings while on the heater rod
(it cannot fit in our SEM/FIB chamber), we did carefully analyze the coatings during image
analysis. There were very few regions which appeared light at first, but turned out to be regions
where the film had cracked (see the light patch in Figure 4 of the original manuscript, upper right
corner of image for a representative example). Most images, however, showed no signs of
cracking or spalling.

7. As listed in Table 3, the coverages on control substrates show very large differences, up
to a factor of 2 especially in Experiment 1. Why so? Is it not related to some turbulence
profile along heating rod? Or, different adherence of rings to the rod and heat flux
irregularities?

7J. A.. Sawicki. “Evidence of Ni,FeBOs and m-ZrO; precipitates in fuel rod deposits in AOA-affected high boiling
duty PWR core.” J. Nucl. Mater., 374(1):248-269 (2008).
8J. A. Sawicki. “Nuclear Chemistry Model of Borated Fuel Crud.” AECL Tech. Report, INIS-FR-1554.



We believe this is partially due to unavoidable differences in thermal fit for each ring, as we
could feel tactile differences between each ring and each rod. We machined the rings to as fine of
a tolerance as we could, and even so the heater rods themselves have a finite machining
tolerance. We did check the flow profiles of water in the loop and on the heater rod using CFD,
and found no regions of particularly high turbulence. We were particularly concerned about flow
near the autoclave windows, but in the end found little to no effect on the flow profile.

One other possibility exists — the second experiment, though longer, exhibited less crud overall.
This may be partly due to the additional oxidation of the inner surfaces of the IHTFP loop,
resulting in a decreasing soluble metal release source term with each successive experiment.

We are not so concerned with the absolute levels of crud coverage between experiments, but
rather the relative amounts of crud coverage between one sample’s coated and uncoated sides.

8. The results shown in Figure 5 may be very much dependent on the position of rings on
the rod. What was the sequence of the test rings on the heating rod? Are they arranged in
Figure 5 as in Figure 2?

The rings were positioned at the same spaces on the rod between the two experiments. However,
the ordering in Figure 5 does not represent that in the image in Figure 2. One may notice that
there are more than nine samples on the heater rod in Figure 2, as we took the opportunity to add
a few more materials (like the Ti2AIC MAX phase ring, second from left in Figure 2) for a
couple other projects. Because they were not prepared in the same manner as the nine materials
in our study, we could not include them in this manuscript, as the coating thicknesses and surface
roughness differed too much from our nine chosen materials.

9. An added SEM figures comparing as deposited substrates, with the targets and controls
prior and after exposure would be instructive and likely more useful than SEMs presented
in Figure 4.

The SEM figures showed no discernable difference between coated and control regions on the
as-coated samples. This is likely due to the very thin coatings used, which appear to be
conformally applied. We felt that there was not much to learn from the images, therefore we
elected instead to include those in Figure 4 to show a typical “difficult” image along with the
results of all image processing algorithms attempted. This allows the reader to judge for
his/herself whether we chose image processing algorithms well. As mentioned in point (6), we
were not able to obtain SEM images of the sample rings on the rod itself, only after testing and
removal from the heater rod.

10. Have any elemental EDX maps of Ni, Fe, and target metals been not taken? Particles
shown in Figure 4 were as large as 1 um compared to 50-nm thick substrates. Is it due do
NiO particles aggregation or the reactions with the substrate material?

EDX analysis was performed on the set of ten images used to select the image processing
algorithms to use. The particulate matter was indeed very rich in Ni, and occasionally contained
noticeable Fe levels above those visible from the 316SS substrate beneath. The Ni is certainly
due to the NiO intentionally added to the system, while the excess Fe likely came from oxide
particles and/or soluble metal release from the inner 316SS surfaces of the loop apparatus. It is
not known whether the observed, up to one micron particulates are due to particulate
agglomeration in the fluid, or once they deposited as crud, or both. Nevertheless, the presence of



high levels of Ni was used in conjunction with SEM images of agglomerated particulates on the
material surfaces to indicate the presence of crud.

11. In 27.5 ppm NiO test the crud coverages were markedly up to ~2 times larger than in 50
ppm NiO test?! This is a serious anomaly opposite to expectations. In addition, why some
substrate material have disappeared? This may suggest that the conditions in loop have

We agree, additional experiments are quite necessary, as we mentioned in the future work
section. We have also amended the conclusions to reflect this need for additional experiments.
As mentioned before, we are not so concerned with absolute levels of crud deposition, which
could easily be due to slight differences in the tolerances of each sample ring and heater rod. We
have added additional language at the end of the results section clarifying this point, thank you
for pointing it out.

We do not understand the disappearance of substrate material that the reviewer mentions. Could
he/she please clarify it in a separate author/reviewer correspondence? If it refers to the results in
Figure 5 of the original manuscript, it should be noted that a negative “percent crud reduction”
simply means that more crud was found on the coating compared to the uncoated side of the
specimen. It is not a measure of substrate weight gain or loss.

12. In view of all experimental uncertainties noted, the Experiment 1 should be repeated
with the rings repositioned in different sequence on heating rod. Confirmation that TiC
and ZrN coatings on stainless steel are crud resistant would be very valuable, but must be
confirmed by reproducibility of the results.

We completely agree with the reviewer’s assertion that reproducibility is required, which is
precisely why a battery of additional confirmatory tests is being performed. In particular, the
flowing in-reactor tests of each material in coupon form will begin in October, and will include
coupons of the four best materials exposed to flowing PWR water in the MIT reactor loop with
radiolysis as PWR flux levels. These results will not be available for quite some time, and will be
the subject of a future study. In the end, we believe that this more integrated test (in-reactor
flowing loop test) with no difference in heat flux between specimens (gamma heating will be
identical for each specimen) will provide the most commercial reactor-like study possible.
Rather than repeat the out-of-pile loop tests, a suite of AFM measurements and in-reactor tests
will confirm single-effect and integrated behavior, respectively. We have amended the future
work section to mention these tests.

13. In PWR reactor operation local pH at the reactor fuel can be higher than 7.2 used in
the tests. It is due to production of lithium in °B(n,c)’Li neutron capture reaction,
especially at high boron concentrations during and after startups and near fresh loaded
fuel.

This is true, though for consistency we kept our water chemistry as constant as we could, rather
than adding Li throughout to simulate this process. For detailed recordings of instrument
readings used to confirm this water chemistry, please see our GitHub data repository for this
project (ref. [42] in the original manuscript). We (the authors) do not yet know whether elevated
Li levels or pH on its own will change the crud deposition mechanism or rate, though someone in



industry may know. (We are aware that there is much we don’t know, and are not allowed to
know, in terms of industry LWR operating experience as members of academia).

14. Water temperature of 320°C and pressure of 15.5 MPa during tests are already fairly
close to supercritical water conditions. Accelerated chemical reactions may start to play a
significant role in hydrothermal formation of deposits and reactions with the substrate
material, in addition or in place of van der Walls mechanism. Have any structural analysis
of the deposits been performed, or will be?

We are very glad that you asked! A full structural analysis of the deposits formed in these and
other IHTFP experiments is the subject of another paper, which we are preparing for publication.
This includes SEM/FIB cross section analysis of thicker crud formed during longer experiments,
along with analysis of the porosity, pore size distribution, and fractal dimensions to compare
directly to PWRs and Westinghouse WALT loop crud experiments. More detailed chemical
studies, such as x-ray diffraction (XRD), will help validate recent assertions of boron
incorporation into the crud, as predicted in the third reference that Reviewer 2 mentioned (Z. Rak
et al.). There, we are specifically looking to see if boron incorporates into NiO, or NiFe204 as
predicted.

We actually begun writing up all these results into one paper, and at the 20 page mark we
decided to split them into two distinct, independent stories, each with one central message. We
have also added mention of this next set of studies, along with the references by Sawicki and
Rak, to the future work section to mention which specific experiments and calculations we will
be looking to confirm.

The authors also thank the reviewers for the reference by Frattini et al, which is a rare find of a
public domain paper stating the severity and root cause of AOA (we have been looking for
something like this for quite some time!). It has been added to the introduction, as proof of the
severity and root cause of AOA (or CIPS) due to crud.

Some of the questions listed above could be at least partly addressed with reference to
articles not cited in the manuscript:

P.L. Frattini, J. Blok. S. Chauffriat, J. Sawicki, J. Riddle, Axial offset anomaly: Coupling
PWR primary chemistry with core design, Nuclear Energy 40(2) (2001) 123-135.

J.A. Sawicki, Hydrothermal synthesis of Ni2FeBOs in near-supercritical PWR coolant and possible effects of
neutron-induced °B fission in fuel crud, J. Nucl. Mater. 415(2) (2011) 179-188.

Zs. Rak, C.J. O’Brien, D.W. Brenner. D.A. Andersson, C.R. Stanek, Understanding the atomic level
chemistry and structure of oxide deposits on fuel rods in light water nuclear reactors using first principles
method, JOM 68(11) (2016); and some other publications by this group.

Please check carefully the list of references: Correct in it symbols of elements, spelling of
names, ...



Thank you for this suggestion, we have found numerous instances of acronyms or element names
not capitalized, two misspellings of author names, and one missing issue number.

In Line 247: ...”listed in 2”. add Table before 2.

Thank you for catching this, we have added the missing label.
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Abstract

The buildup of fouling deposits on nuclear fuel rods, known as crud, continues to challenge the worldwide
fleet of light water reactors (LWRs). Crud causes serious operational problems for LWRs, including axial
power shifts, accelerated fuel clad corrosion, increased primary circuit radiation dose rates, and in some
instances has led directly to fuel failure. Numerous studies continue to attempt to model and predict
the effects of crud, but each assumes that it will always be present. In this study, we report on the
development of crud-resistant materials as fuel cladding coatings, to reduce or eliminate these problems
altogether. Integrated loop testing experiments at flowing LWR conditions show significantly reduced
crud adhesion and surface crud coverage, respectively, for TiC and ZrN coatings on stainless steel. The
loop testing results roughly agree with the London dispersion component of van der Waals theoretical
force predictions, suggesting that they contribute most significantly to the adhesion of crud to fuel
cladding in out-of-pile conditions. These results motivate a new look at ways of reducing crud, thus

avoiding many unpredietable-and-expensive LWR operational issues.

Corrosion products deposit

1. Introduction as CRUD on fuel rods

Among the many issues challenging light water RUD

reactor (LWR) operation, the buildup of corrosion
deposits known as crud! continues to pose numer-
ous operational and safety challenges for LWR op-
eration [1]. These deposits have their origins in
the internal surfaces of the reactor, which may ex-
ceed 30,000 m? for a commercial pressurized water
reactor (PWR) [2]. Although the materials which
comprise the hot/cold legs (304 stainless steel) and
steam generators (Alloy 600 or 690) have very slow
corrosion rates at PWR conditions [3, 4], their high
surface areas release a significant amount of solu-
ble and particulate materials into the primary cir-
cuit. These corrosion products concentrate on fuel
rods, especially on locations where sub-cooled nu-
cleate boiling occurs, growing porous corrosion de-
posits. Figure 1 shows an overview of the reactor
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Figure 1: (Left) Multiscale view of crud [5], showing its
highly porous structure. (Right) Diagram of a typical PWR
primary loop, showing the source of crud (steam generator,
hot /cold legs, core internals) and the location of deposition
(fuel rods).

system under consideration [5], along with a mul-
tiscale picture of crud corrosion deposits.

The porous nature of crud leads directly to
many of the issues caused by its presence. In
PWRs, the pores of the crud can concentrate solu-
ble species normally present in the coolant, such as
boric acid and lithium hydroxide [6], as well as trap
radiolysis products formed by the splitting of wa-
ter by ionizing radiation. This leads to aggressive
chemical conditions such as elevated Li™ concen-
trations and higher pH [7], which may contribute
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to accelerated corrosion [8], ultimately resulting
in fuel failure by crud-induced localized corrosion
(CILC) in a number of notable cases [9]. Degraded
heat transfer from fuel to coolant due to the pres-
ence of crud [10], which can reach a hundred mi-
crons in thickness, as well as elevation of the boil-
ing point of water due to soluble species concen-
tration [11] both increase cladding temperatures,
thereby exponentially accelerating corrosion. Sud-
den dry-out from the increased pressure drop at-
tributed to crud can also contribute to fuel failures.
The same concentration of boron-bearing soluble
species frequently causes a crud-induced power
shift (CIPS) to occur, which has recently caused
mandatory power deratings in plants ranginefrom
3-+5as high as 70% [1]. For a typical PWR operat-
ing at 1 GWe, this represents losses of $10,000 per
day per percent power reduction. Shutdowns from
a fuel failure may cost over $1,000,000 per day in
lost electricity alone, in addition to required post-
mortem fuel inspections and fuel reconstitution or
replacement.

Of the current methods to prevent and deal with
the formation of crud, increasing the number of
feed assemblies to reduce the maximum steam-
ing rate is the most frequently used in the in-
dustry. This is expensive and other technologies
are considered to prevent this action. Ultrasonic
fuel cleaning [12] has been used for over 15 years.
This technology has the fuel assembly loaded into a
chamber with banks of ultrasonic transducers that
induce localized cavitation bubbles to dislodge the
crud without excessively vibrating the fuel rods.
The crud is removed by suction and collected in fil-
ters. Controlling water chemistry by zinc injection
[13], electropolishing the fuel cladding to remove
bubble nucleation sites [14], and pre-oxidation of
the steam generator [15] to build up an oxide bar-
rier have been considered and tested in the labo-
ratory only. The ability to predict the locations
and magnitude of crud buildup, while constantly
improving using industry codes like EPRI’s BOA
[16] and CASL’s MAMBA [17], is not high enough
to adequately plan for its incidence. Therefore, so-
lutions to completely eliminate the buildup of crud
are sought to end these issues.

In this paper, we present experimental results to
quantify the crud resistance of different potential
fuel cladding coatings. These coatings, chosen for
their surface chemical properties as well as their
neutronic and chemical compatibility with condi-
tions in a LWR core, were tested using an inte-
grated flowing corrosion loop at PWR conditions
to quantify relative amounts of crud surface cov-
erage reduction. The results yield two candidate
coatings, TiC and ZrN, which greatly reduce the
buildup of crud. Van der Waals (VDW) theory
is presented as an explanation for the results, and

the data show enough agreement with theoretical
predictions to suggest that VDW forces, specifi-
cally the induced-dipole force component, is the
dominant mechanism of the adhesion of crud to
fuel cladding and coatings.

2. Background

Crud, like all fouling deposits, must begin with
the adhesion of a first layer to a clean substrate
surface. In the case of nuclear reactor fuel, this
substrate consists of zirconia (ZrO;), in a mixture
of its tetragonal and monoclinic forms. The crud
itself consists mainly of nickel and iron oxides, in
particular sub-stoichiometric trevorite (NiFezOy),
and nickel oxide (NiO) [18]. Reports of Ni metal
[19], zirconia [20], and bonaccordite (NigFeBOs)
[21] in PWR crud also exist. Specific mate-
rial properties, such as the surface energy or the
Hamaker constant [22], should dictate to what de-
gree materials will adhere to each other in certain
conditions should Debye forces or electrochemi-
cal double layers not significantly impact the re-
sult. Atomistic studies have provided insight as to
whether these Debye forces or a combined DLVO
force is required to describe the interactions be-
tween crud and fuel cladding. A study by Chris-
tensen and Carter [23] showed that the monoclinic
ZrOg surface is unlikely to be solely cation or an-
ion terminated, due to the long-range electrostatic
forces that would render the surface metastable.
It is these polar surfaces, charged predominantly
with one sign or the other, that would induce the
formation of an electrochemical double layer that
could contribute noticeably to attraction or repul-
sion. One of the principal crud phases, NiO, has
been shown to undergo octopolar reconstruction
from a perfectly cation- or anion-terminated (111)
facet, yielding nanofaceted regions 1.5nm wide
with opposite surface terminations [24]. These
were deduced by studying the adsorption of NO
to the NiO surface. Therefore, the area-averaged
charge neutrality of both the monoclinic ZrO5 and
most stable NiO surfaces suggests that a net at-
traction or repulsion from an electrochemical dou-
ble layer would not be a dominant force in crud
adhesion.

The Hamaker constant Agm describes the
induced-dipole based adhesion by van der Waals
(VDW) forces, in the case of two materials (a and
b) interacting with an intervening fluid (f) [22]:

Agpp = (\/Aa'ua \/Afvf) (\/Abvb_\/Afvf)(l)

where Agve, Apwp, and Apy are the vacuum
Hamaker constants for material a, material b, and
the fluid f respectively [25]. Calculations of these
Hamaker constant is normally quite complex, re-
quiring the application of full Lifshitz integrals [26]




and complete knowledge of the optical (dielectric,
refractive) properties of each material [25]. How-
ever, simplifications can be made in certain cir-
cumstances, especially when the refractive index
of all materials involved is relatively low, below
1.7 [27]. Using the Tabor-Winterton approxima-
tion (TWA) [28], each of these vacuum Hamaker
constants can be written as follows [22], assuming
the simplification of a single dominant electron os-
cillation frequency in the ultraviolet (UV) range

3rhve (ng —1)°
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[29]:
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where kp is Boltzmann’s constant, T is the tem-
perature in Kelvin, € is a dielectric constant of a
given material, /i is Planck’s constant, v, is the UV
plasma oscillation frequency, and n is the index of
refraction using the low-frequency limit of a mate-
rial, taken in the visible-UV range [25]. Here the
first term represents the zero-level energetic (elec-
trostatic) contribution to adhesion, and is often
ignored as its value rarely approaches over 5% of
the Hamaker constant for a system without static
charge, while the second term represents attrac-
tion or repulsion due to electron oscillations be-
tween the materials and the intermediating fluid
or vacuum. The dielectric constant and refractive
index of a vacuum, both unity, have been substi-
tuted here for simplicity. Finally, the Hamaker
constant is directly proportional to the VDW force
(Fy pw) between a spherical particle of crud of di-
ameter d and a substrate, separated by a distance
2z, in any medium:

_AHamd
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Therefore, simply knowing the visible-UV re-
fractive index of a material gives a hint as to
whether it should be “sticky” or not. With a re-
fractive index of 2.15 [22], ZrOs has a TWA vac-
uum Hamaker constant of 264.8zJ, a considerably
high value. This value corresponds well to the fre-
quent observation of crud adhering to the zirco-
nia scale always present on Zircaloy-based nuclear
fuel rods. By contrast, the carbides and nitrides
of Zr and Ti (which is chemically very similar to
Zr) show considerably reduced refractive indices
[30], and therefore likely lower Hamaker constants
leading to less crud adhesion. Table 1 summarizes
the known dielectric constants, indices of refrac-
tion, and vacuum Hamaker constants for a num-
ber of materials under consideration in this study,
chosen for their high hardness, low neutron cross
sections, and commercial availability. Long-term
chemical compatibility with a PWR, environment
was considered, though not as strongly, so as to
more expeditiously test the hypothesis of why crud

Fypw =

(2)

Material ng33 N21o ?;3’;

H,0, STP | 1.332 [31] | 1.41 [31] | 37 [22]

H,O, PWR | 1.224 [32]! — 16.5
ZrOs 2.24 [33]% | 2.39 [33] | 270 [22]
ZrN 0.44 [34] — —
ZrC — — —
TiOs 2.583[35] | 1.95 [36] | 430 [22]
TiN 3 1.351 [30] | 1.89 [30 —
TiC 3 3.079 [30] | 1.54 [30] —
TiB, — — —
MgO 1.735 [37] — 120 [38]
Al O3 1.766 [39] | 1.79 [39] | 150 [22]

Table 1: Known optical properties for the materials in this
study. ngss - Index of refraction at 633nm. ngz;p - In-
dex of refraction at 210nm. Agyq - Vacuum Hamaker con-
stant. !Quadratically extrapolated from liquid phase data
at 3202C from [32]. 2Data for monoclinic ZrOz, average of
two birefringent directions. “—” Not found or unavailable.
3Data for the (111)-terminated face is used, according to
[40].

sticks to fuel cladding. All of these coatings can
be applied using conventional techniques, such as
plasma ion infiltration or magnetron sputtering.

It is unknown, however, whether a simple mea-
surement of adhesion or Hamaker constant in stan-
dard laboratory conditions, whether in vacuum or
in water, will translate directly to the desired en-
gineering property of enhanced fouling resistance.
One study by LeFevre and Jolivet has performed
calculations to support this idea specifically in
PWR conditions [41], but no study was found that
experimentally tests it. They also explicitly note
the surprising scarcity of full spectral refractive
or dielectric data to perform these calculations.
This study seeks to determine the fitness of pre-
dicting crud resistance by optical material proper-
ties, in an integrated test as similar to the environ-
ment found within a PWR as can be reasonably
achieved.

3. Experimental Methods

All recordings from loop instrumentation, raw
and processed data, spreadsheets for figure gener-
ation, and other files used in the creation of the
results in this study can be found permanently
hosted on our GitHub repository [42].

8.1. Sample Preparation

The nine materials given in Table 1 were chosen
for all experiments in this study, based on chemi-
cal compatibility with Zircaloys, low neutron cross
sections, high hardnesses, and representing a va-
riety of surface energies. It was initially hypoth-
esized that surface energy would be the control-
ling variable in determining crud resistance, this



P ts utter AI‘ 02 N2 RF
Mat’l | in.) (cr‘ng’ /mln.) (V)
ZI"OQ 75 2 — —
7ZrN 15 — 2 -108
ZrC 7 — | — —
TiO, 108 2 — —
TiN 18.75 38 — 2 -86
TiC 52.5 — — —
TiBo 12.5 — — —
MgO 12 21— | —
ALO; | 75 > |

Table 2: PVD process parameters for each material used in
this study

proved not to be the case. In all cases, test sub-
strates were applied to 12.5 mm long, 17.5 mm in-
ner diameter, and 0.2-0.3 mm thick 316 stainless
steel rings for integrated flowing loop tests. The
rings were mechanically and electrochemically pol-
ished to a mirror finish of <50 nm, and sonicated
in acetone and ethanol for five minutes each to
remove surface contaminants. Physical vapor de-
position (PVD) was performed by PVD Products,
Inc., to produce coatings roughly 50 nm thick. The
exact coating thickness is unimportant provided
that it is at least 10 nm thick, to avoid any effect
of the underlying substrate changing adhesion. Is-
raelachvili notes that VDW forces are dominated
by the coating material in a coating-substrate sys-
tem, for separation distances on the order of or
smaller than the thickness of the coating [22].
Sputtering targets for each material were sourced
with at least a 99.99% purity in the form of two-
inch diameter discs 1/8th inch thick, bonded to
a 1/8th inch disc of pure copper. All substrates
were held at a distance of 3.5” from the sputtering
target at room temperature, and utilized a 75 W
radiofrequency (RF) source at 13.56MHz with a
baseline pressure of less than 2.0 - 1076 Torr. Pres-
sure was maintained at 5 mTorr for all depositions.
Specifics for each material’s PVD process param-
eters are listed in Table 2. Only one hemicylinder
of each ring was coated, to ensure a built-in con-
trol surface on every specimen. This is due to tiny
variations in ring diameter leading to differences
in thermal contact, which despite our best efforts
to make uniform within the tolerances of our ma-
chining tools, still resulted in slight differences in
the tactile sliding friction when loading each ring
onto the heater rod.

3.2. Flowing PWR Loop Tests

The newly constructed Internally Heated Test-
loop for PWRs (IHTFP) facility [43] was used for
all flowing loop tests. Figure 2 shows a diagram
and set of conditions used in the IHTFP, showing
that all conditions except for Reynold’s number

and mass flux werecan be made identical to those
found in PWRs. In these experiments, the system
pressure was reduced to 11.5 MPa, resulting in a
calculated water saturation temperature of 321C.
This was done to avoid heater rod burnout, based
on previous tests at 15.5 MPa experiencing such
burnouts. Greatly increased nanoparticulate (8-
20nm) NiO crud precursor concentrations of 27.5
parts per million weight (ppmw) and 50.0 ppmw
were used-were-tised in the first and second exper-
iments, respectively, to accelerate crud growth to
the days to-weeks tlmeframe—hkekv—tgtieﬂﬂ@—aﬂy

: isnr. A pair of ex-
perlments were conducted at these COHdlthnS one
for four days, one for thirteen days.

The circulation water for these experiments was
mixed in a 100 liter tank connected to the circu-
lation loop. This was first filled with >15Mf/cm
deionized water by evacuating the loop and us-
ing vacuum suction to draw the water in from the
water storage tank, and then circulated through
a mixed bed ion exchange filter and continuously
measured until the water’s electrical conductivity
was below 0.09 4S/cm. The vacuum filling method
was performed to ensure no gas bubbles would
remain in the system, which would store energy
when pressurized or interfere with measurement
equipment. 99.999% dry argon was then bubbled
through the tank until the dissolved oxygen con-
centration was maintained below 200 parts per bil-
lion (ppb). Then, 1,400 ppmw of boric acid was
added to the tank, and LiOH was added until the
pH of the solution reached 7.0. This amounted to
2.2 ppmw of LiOH during these tests. A Mettler-
Toledo Thornton 770Max Pure Water Smart Sen-
sor was used to measure pH, dissolved oxygen,
and water conductivity. Water chemistry condi-
tions were controlled and monitored according to
the Electric Power Research Institute’s (EPRI’s)
PWR water chemistry guidelines [44].

The THTFP loop was heated using a combined
4,992 W of strip heaters and one vertical, inter-
nally heated, electrically isolated 1,750 W heater
rod, yielding a nominal heat flux of 206 kW /m?
during these tests. This is lower than the PWR
core average, and is only suitable for relative
comparisons of crud resistance, not absolute crud
growth rates. Up to twelve different rings, each
containing one half-coated ring of each material,
were used to enable direct comparison of crud
coverage for materials in identical test conditions.
These half-coated samples were specifically used
to correct for any slight differences in heat flux,
thermal contact, flow velocity, or other localized
environmental conditions. By comparing relative
amounts of crud coverage between the coated and
uncoated halves of each sample, the effectiveness
of each coating at reducing crud surface coverage
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Figure 2: Diagram and experimental conditions in the IHTFP flowing tests
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Figure 3: (Left) Images of specimen rings before and after
the one-week tests, showing differences in crud coverage.
(Right) Schematic showing how each specimen ring was
half-coated, to ensure a built-in control surface for every
specimen in every test.

can be more uniformly compared. Figure 3 shows
images of the specimen rings on a heater rod, af-
ter press-fitting to ensure good thermal contact.
Following flowing exposure in the IHTFP loop,
specimens were extracted from the heater rod us-
ing a Dremel tool, and sectioned into control and
coated halves near the control/coated delineation
for scanning electron microscope (SEM) analysis.

The presence of sub-cooled boiling was con-
firmed using both calculations and direct exper-
imental evidence. Kandlikar developed criteria for
the onset of sub-cooled boiling [45], relating the
system pressure, liquid sub-cooling, and flow pa-
rameters to the necessary wall superheat temper-
ature. It can be seen that for reasonable surface
roughness, only a 1°C wall superheat is required to
induce sub-cooled boiling. In reality the IHTFP
tests were conducted at 2-3°C to avoid circulation
pump cavitation, still requiring a 1-2°C wall super-
heat. The superheat temperature of the samples
in these experiments was calculated to be 2.7°C
using the Thom correlation [46]:

ATyq = 22.5\/¢"e(57) (4)

where ATy, is the wall superheat in Kelvin, ¢” is
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Figure 4: SEM image of crud grown in the IHTFP fa-
cility, exhibiting numerous boiling chimneys indicative of
sub-cooled boiling

the heat flux in MW/m? and P is the system pres-
sure in MPa. Therefore enough wall superheating
exists to induce sub-cooled boiling. Direct experi-
mental evidence of some of the thickest crud grown
in these experiments (shown in Figure 4) also ex-
hibits numerous boiling chimneys, which are direct
evidence of sub-cooled boiling.

3.3. SEM Image Analysis

The goal of the image analysis was to quantify
the relative percentage reduction in crud cover-
age between the coated and control surfaces of
each specimen. To automate this process, image
processing algorithms were used to binarize each
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Figure 5: Example training image with binarized results from sixteen image processing algorithms

SEM image into crud and non-crud surfaces, al-
lowing easy determination of how much crud ex-
isted on a surface. Sixteen image processing al-
gorithms present in the ImageJ software package
were tested using a series of five trial images from
the complete dataset. The experimenters deter-
mined-by—eye which of the algorithms reliably bi-
narized only the crud, and not other artifacts in
the images, by training the sixteen image pro-
cessing algorithms of a set of ten testing images.
Zooming in to the light regions of each image re-
vealed which areas contained crud-like small par-
ticulates, while EDX analysis in a JEOL 5910 SEM
confirmed the presence of high levels of Ni, occa-
sionally with Fe present. Regions without these
two metals were deemed not to be crud, as none
of the coatings contained them. Figure 5 shows
this process in detail, revealing that the Moment
Preserving [47] and Otsu [48] thresholding algo-
rithms best isolated crud with minimal false posi-
tive identification of features. Ten SEM images at
10,000x magnification in secondary electron (SE)
mode were taken using a Zeiss NVision 40 dual-
beam SEM/FIB on each control and each coated
surface of every specimen from both experiments,
at distances at least one millimeter apart to en-
sure representative surface coverage. Both image
processing algorithms were used to determine the
percentage crud coverage on each material’s coated
and control surfaces. This was done to ensure that
the choice of the image processing algorithm did
not noticeably affect the results.

4. Results

Table 3 summarizes the crud coverage percent-
ages for every control and coated surface in this

study, while Figure 6 presents the results graph-
ically. As can be seen in the figure, three mate-
rials reliably reduced the crud coverage fraction
beyond experimental error. In the cases of TiC
and ZrN, this reduction in coverage was 40%, a
significant reduction in crud adhesion. Error bars
in Figure 6 were generated by summing the aver-
aged errors for each material’s coated and control
surfaces in quadrature, averaging across the two
experiments, and doubling that value to obtain
quadrature-averaged 95% confidence intervals. As
should be expected, ZrOy showed no statistically
significant change in crud coverage. Notable re-
sults include repeatable crud reduction with 95%
confidence by ZrN, TiN, TiC, and repeatable in-
creases in crud coverage by TiOg, and MgO across
both experiments and both image processing tech-
niques. Two materials, ZrOs and Al,Ogz, showed
an increase in crud coverage between coated and
control surfaces in one experiment and a decrease
in another. This may be attributable to differ-
ent absolute heat fluxes between experiments, as
each sample ring will have a sightly different di-
mension and therefore thermal fit. The doubled
crud precursor concentration between experiments
is not expected to noticeably affect results, and
no significant deviation between experiments was
observed. The choice of image processing never
changed the sign of crud coverage except in the
case of AlyO3, but not within the limits of exper-
imental error. However, as can be seen in Table
3 and Figure 6 it did somewhat change the mag-
nitude of observed crud coverage in some cases.
This is why both were used, to ensure that the
choice of image processing algorithm did not no-
ticeably affect the final results. Finally, it should
be noted that while the precursor concentration in
the second experiment was almost doubled, abso-




Experiment 1 (27.5 ppm NiO) Experiment 2 (50.0 ppm NiO)
Algorithm | Moment Preserving ‘ Otsu Moment Preserving ‘ Otsu
Material Control Coated Control Coated Control Coated Control Coated
ZrOg 61.3+79 | 514+£44 | 586+ 79 | 46.8 £4.3 | 256.9+25 | 362+ 14 | 21.8 £4.3 | 273 + 1.7
ZrN 4704+ 159 | 341 +£3.9 | 45.8 +£19.1 | 242+ 48 | 31.2+£ 1.3 | 207 £0.2 | 222+ 24 | 13.5 £ 0.6
ZrC 415+ 11.8 | 332+ 6.4 | 333+ 10.1 | 324 £5.7 | 256,84+ 04 | 239+06 | 16.8 £1.0 | 15.7 + 1.0
TiO4 53.4 + 3.6 54.0 £+ 3.6 30.8 £ 4.5 529 4+29 | 25,9 £04 | 33.7+ 0.5 170 £ 1.3 | 22.1 £ 0.5
TiN 58.0£9.3 | 49.1 =+ 1.7 | 55.0 £ 104 | 47.6 =29 | 197 £ 0.2 | 16.6 = 0.2 | 14.8 0.9 | 124 £ 0.2
TiC 63.6 = 11.0 | 44.6 + 1.4 | 60.6 &+ 13.3 | 43.2 +£2.9 | 35.3 £6.3 184+ 0.5 | 29.6 £8.2 | 13.8 £2.3
TiBy 54.0 £ 29 | 62.9 + 2.1 50.0 1.9 | 587+t 2.1 | 427+ 81 | 449+0.7 | 344 +£83 | 372+ 14
MgO 42.4 + 2.4 49.7 + 1.5 38.0+64 | 470+ 2.0 | 24.7+ 0.5 | 33.5 £ 2.2 194 +£09 | 248+ 1.7
Al,O3 384 +57 | 4561 £ 7.1 32.74+54 | 430 £ 9.7 | 369+ 83 | 26.2+05 | 308 £86 | 21.8 + 0.6
Table 3: Percentage crud coverages for all control and coated surfaces in this study, as measured by SEM and image
analysis
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Figure 6: Relative reductions in crud coverage for the nine materials in this study, along with quadrature-averaged 95%
confidence intervals in the measurements




lute surface coverages were uniformly lower. This
can be attributed to either the continued passiviza-
tion of the loop itself during operation, reducing
the natural crud source term, or to differences in
thermal fit and therefore sub-cooled boiling heat
fluxes between experiments. It was noticed that
each sample ring required a different sliding force
to reach its position on the heater rod (all sam-
ples required considerable force to attach). There-
fore, slight differences in the machined tolerances
of each sample ring and each heating rod could
have led to this difference in absolute crud cover-
age, by way of small differences in heat fluxes and
wall superheat temperatures.

5. Discussion

The data demonstrate that two materials, ZrN
and TiC, were repeatably able to resist surface for-
mation of crud in a PWR-representative environ-
ment by 40% with high confidence. One other ma-
terial, TiN, performed satisfactorally within mar-
gins of error. The major conclusions are insensitive
to the type of image processing algorithm used,
and to the fluctuations in loop chemistry which
are more extreme than those found in commercial
PWRs. None of the other six materials tested re-
sisted crud formation appreciably, while two (MgO
and TiOy) appeared to encourage it. TiOs has
specifically been used to protect jet pump nozzle
assemblies and inlet flow mixers in boiling water
reactors (BWRs) [49], so its poor performance in
this study raises the question of why it did not
help. Dulka et al specifically used hard, electri-
cally insulating ceramics such as TiOy and TayOs5
to eliminate any electrostatic deposition of charged
particulates floating in the BWR water, and it ap-
pears to have worked.

These data bring forth an obvious question: Do
Van der Waals forces, specifically London disper-
sion forces, contribute most significantly to crud
formation in PWRs? If the answer is yes, then it
provides a convenient theoretical basis for the de-
sign of crud-resistant materials, provided the cho-
sen materials are also hard, neutronically trans-
parent, stable in PWR water, and resistant to radi-
ation damage. The success of the work of Dulka et
al does not preclude the existence of charged par-
ticulates in PWR water, which would interact with
cladding materials via dipole-induced-dipole (De-
bye) forces, which are much stronger than induced-
dipole-induced-dipole (London dispersion) forces.
However, their study did demonstrate that these
Debye forces can be masked using an electrical in-
sulator, which is not highly electrostatically polar-
izable. In addition, the poor performance of TiOq
in this study suggests a link between London dis-
persion forces and crud deposition, as masking the
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Figure 7: Comparison of percentage crud reduction in loop
testing experiments vs. refractive index at two chosen wave-
lengths

cladding in a manner nearly identical to that of
Dulka et al did not prevent fouling.

A direct comparison of the percentage crud re-
duction with the visible refractive index, used in
determining the TWA Hamaker constant, is given
in Figure 7. A generally negative trend can be
seen for the refractive index at both 633 nm (red)
and 210nm (ultraviolet) vs. the percentage crud
reduction measured in this study, with one notable
exception. Titanium carbide (TiC), despite having
the highest refractive index at 633 nm, also demon-
strated the most resistance to crud formation. All
materials with tabulated data at a more ultravio-
let wavelength of 210 nm (AlyOg, TiC, TiN, TiOa,
monoclinic ZrOs) exhibited a marked negative cor-
relation between refractive index at 210nm and
percentage crud reduction. This initially simple
comparison points to more complexity required to
fully explain the results.

The basis of the Tabor-Winterton approxima-
tion (TWA) is that for materials with low refrac-
tive indices (n<1.7), one can simply use a single
value of the refractive index, commonly chosen at
633nm (the emission line of a He-Ne laser), to
approximate the full spectral Hamaker constant
[27]. This has been verified by calculating both
the TWA and full spectral Hamaker constants for
a number of materials, and comparing with exper-
imental measurements [22]. However, it appears
that the TWA is really only valid for material-
fluid-material systems whose indices of refraction
vary in similar ways across the relevant parts of
the spectrum, known to be the visible and ultravi-
olet ranges. A more detailed comparison of the
refractive indices of seven of the tested materi-
als whose refractive index spectra are known in
this range is shown in Figure 8. Now the com-
parison becomes more clear, as the seven mate-
rials with known refractive index spectra roughly
line up in order of increasing crud resistance vs.
the difference in their UV refractive index spec-
tra compared with water. In particular, TiC and
ZrN show either near parity or a negative value in
this relative refractive index spectrum in much of
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Figure 8: Comparison of percentage crud reduction in loop
testing experiments vs. refractive index spectra in the visi-
ble and near UV/IR ranges. The difference in the refractive
index vs. that of water for each material is plotted for a
more meaningful comparison. Full spectral refractive index
data sourced from [39] (Al2O3), [31] (H20), [37] (MgO),
[30] (TiC & TiN), [36] (TiO2), and [33] (m — ZrO2), where
'm’ stands for monoclinic.

the near-UV region, agreeing with previous stud-
ies suggesting that this near-UV region is quite
important in determining the Hamaker constant
[50, 25]. The negative relative refractive index
of ZrN in particular suggests VDW repulsion at
these wavelengths, which has been shown in pre-
vious systems [50]. This, combined with the pre-
viously stated evidence of static charges not being
dominant when metallic surfaces are coated with
electrical insulators [49], suggest that the induced-
dipole component of VDW forces is the controlling
variable in designing crud-resistant materials.

The major shortcoming in the current ability to
design crud-resistant materials from theory is the
availability of refractive index spectra in the near
to far-UV range. Many of the data, despite be-
ing quite current, are simply not measured beyond
the 100nm range due to the low wavelength cutoff
of the deuterium arc lamp emission spectrum of
112nm, the most common UV excitation source
used in UV-vis-IR spectrometers. Either a lower
wavelength UV source is required to determine
these fuller refractive index spectra, or electronic
excitation techniques such as valence electron en-
ergy loss spectroscopy (VEELS) can be used [51].
These measurements are quite feasible, it becomes
a matter of turning our attention to experimen-
tal measurements of these and similar materials
for the purpose of designing better crud-resistant
material coatings.

6. Conclusions and Future Work

It was hypothesized that matching the optical
properties of fuel cladding coatings to the sur-
rounding water would impart resistance to crud
formation. This hypothesis appears to have been

supported by integral loop tests, and a qualitative
comparisons of known, experimental refractive in-
dex spectra with that of water. In particular, TiC
and ZrN were both found to reduce roughly 40%
of crud deposition in two experiments with 95%
confidence compared to uncoated control surfaces.
Direct measurement of adhesion values in PWR-
chemistry water and of the vacuum Hamaker con-
stants of potential materials will confirm these
integral tests and theoretical predictions, respec-
tively. It is recommended to dedicate more re-
sources to the experimental measurement of ad-
hesion forces for these and similar coatings in the
atomic force microscope (AFM), and to measure
the refractive index spectra in the near-UV range
(10-400 nm), to verify whether true full spectral re-
fractive index comparison is a satisfactorally quan-
titative metric for designing crud-resistant mate-
rials. Future work should also consider determin-
ing the optimum thickness of the coatings/surface
pretreatments to ensure the coating remains sta-
ble while the fuel rod heat flux sustains sub-cooled
nucleate boiling.

The next steps for demonstrating the true effec-
tiveness of these potentially crud-resistant coat-
ings is in-reactor testing, where the material coat-
ings, applied to prototypical ZIRLO or other
Zircaloy coupons, will be exposed to flowing wa-
ter at PWR conditions with radiolysis. This is a
necessary step in testing crud resistance in a true
reactor environment, as the coatings must both
survive the test and continue functioning before
testing as a lead test rod (LTR) could take place
in a commercial reactor. These experiments are
planned for the coming year, with an LTR cam-
paign to follow in 2019 pending success. A par-
allel effort includes direct measurement of adhe-
sion forces in the AFM, and the construction of
a high-temperature, hyperbaric AFM for direct
measurements of Hamaker constants in water at
PWR conditions. Finally, continued analysis of
the structure and chemistry of the crud formed
in these experiments can help validate thermody-
namic predictions, models of crud’s effects, and ex-
perimental observations. These include the predic-
tion that boron incorporates into the Ni-bearing
phases of crud [52], verifiable by x-ray diffrac-
tion (XRD) analysis, cross-sectional fractal anal-
ysis of the structure of crud to validate assump-
tions made in models of crud’s effects on cladding
[53], and searching for phases like bonaccordite
(Ni2FeBOs3) observed in PWRs [54].
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Abstract

The buildup of fouling deposits on nuclear fuel rods, known as crud, continues to challenge the worldwide
fleet of light water reactors (LWRs). Crud causes serious operational problems for LWRs, including axial
power shifts, accelerated fuel clad corrosion, increased primary circuit radiation dose rates, and in some
instances has led directly to fuel failure. Numerous studies continue to attempt to model and predict
the effects of crud, but each assumes that it will always be present. In this study, we report on the
development of crud-resistant materials as fuel cladding coatings, to reduce or eliminate these problems
altogether. Integrated loop testing experiments at flowing LWR conditions show significantly reduced
crud adhesion and surface crud coverage, respectively, for TiC and ZrN coatings on stainless steel. The
loop testing results roughly agree with the London dispersion component of van der Waals theoretical
force predictions, suggesting that they contribute most significantly to the adhesion of crud to fuel
cladding in out-of-pile conditions. These results motivate a new look at ways of reducing crud, thus
avoiding many expensive LWR operational issues.

Corrosion products deposit

1. Introduction as CRUD on fuel rods

Among the many issues challenging light water
reactor (LWR) operation, the buildup of corrosion
deposits known as crud! continues to pose numer-
ous operational and safety challenges for LWR op-
eration [1]. These deposits have their origins in
the internal surfaces of the reactor, which may ex-
ceed 30,000 m? for a commercial pressurized water
reactor (PWR) [2]. Although the materials which

CRUD
constituent
phases

CRUD Steam generator
cross and primary
section internals produce
showing corrosion products
porosity

Short, M. P. et al. MRS-B 39(1):71-77 (2014)

comprise the hot/cold legs (304 stainless steel) and
steam generators (Alloy 600 or 690) have very slow
corrosion rates at PWR conditions [3, 4], their high
surface areas release a significant amount of solu-
ble and particulate materials into the primary cir-
cuit. These corrosion products concentrate on fuel
rods, especially on locations where sub-cooled nu-
cleate boiling occurs, growing porous corrosion de-
posits. Figure 1 shows an overview of the reactor
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Figure 1: (Left) Multiscale view of crud [5], showing its
highly porous structure. (Right) Diagram of a typical PWR
primary loop, showing the source of crud (steam generator,
hot /cold legs, core internals) and the location of deposition
(fuel rods).

system under consideration [5], along with a mul-
tiscale picture of crud corrosion deposits.

The porous nature of crud leads directly to
many of the issues caused by its presence. In
PWRs, the pores of the crud can concentrate sol-
uble species normally present in the coolant, such
as boric acid and lithium hydroxide [6], as well
as trap radiolysis products formed by the split-
ting of water by ionizing radiation. This leads
to aggressive chemical conditions such as elevated
LiT concentrations and higher pH [7], which may
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contribute to accelerated corrosion [8], ultimately
resulting in fuel failure by crud-induced localized
corrosion (CILC) in a number of notable cases [9].
Degraded heat transfer from fuel to coolant due to
the presence of crud [10], which can reach a hun-
dred microns in thickness, as well as elevation of
the boiling point of water due to soluble species
concentration [11] both increase cladding temper-
atures, thereby exponentially accelerating corro-
sion. Sudden dry-out from the increased pressure
drop attributed to crud can also contribute to fuel
failures. The same concentration of boron-bearing
soluble species frequently causes a crud-induced
power shift (CIPS) to occur, which has recently
caused mandatory power deratings in plants as
high as 70% [1]. For a typical PWR operating
at 1 GWe, this represents losses of $10,000 per day
per percent power reduction. Shutdowns from a
fuel failure may cost over $1,000,000 per day in
lost electricity alone, in addition to required post-
mortem fuel inspections and fuel reconstitution or
replacement.

Of the current methods to prevent and deal with
the formation of crud, increasing the number of
feed assemblies to reduce the maximum steam-
ing rate is the most frequently used in the in-
dustry. This is expensive and other technologies
are considered to prevent this action. Ultrasonic
fuel cleaning [12] has been used for over 15 years.
This technology has the fuel assembly loaded into a
chamber with banks of ultrasonic transducers that
induce localized cavitation bubbles to dislodge the
crud without excessively vibrating the fuel rods.
The crud is removed by suction and collected in fil-
ters. Controlling water chemistry by zinc injection
[13], electropolishing the fuel cladding to remove
bubble nucleation sites [14], and pre-oxidation of
the steam generator [15] to build up an oxide bar-
rier have been considered and tested in the labo-
ratory only. The ability to predict the locations
and magnitude of crud buildup, while constantly
improving using industry codes like EPRI’s BOA
[16] and CASL’s MAMBA [17], is not high enough
to adequately plan for its incidence. Therefore, so-
lutions to completely eliminate the buildup of crud
are sought to end these issues.

In this paper, we present experimental results to
quantify the crud resistance of different potential
fuel cladding coatings. These coatings, chosen for
their surface chemical properties as well as their
neutronic and chemical compatibility with condi-
tions in a LWR core, were tested using an inte-
grated flowing corrosion loop at PWR conditions
to quantify relative amounts of crud surface cov-
erage reduction. The results yield two candidate
coatings, TiC and ZrN, which greatly reduce the
buildup of crud. Van der Waals (VDW) theory
is presented as an explanation for the results, and

the data show enough agreement with theoretical
predictions to suggest that VDW forces, specifi-
cally the induced-dipole force component, is the
dominant mechanism of the adhesion of crud to
fuel cladding and coatings.

2. Background

Crud, like all fouling deposits, must begin with
the adhesion of a first layer to a clean substrate
surface. In the case of nuclear reactor fuel, this
substrate consists of zirconia (ZrO;), in a mixture
of its tetragonal and monoclinic forms. The crud
itself consists mainly of nickel and iron oxides, in
particular sub-stoichiometric trevorite (NiFezOy),
and nickel oxide (NiO) [18]. Reports of Ni metal
[19], zirconia [20], and bonaccordite (NigFeBOs)
[21] in PWR crud also exist. Specific mate-
rial properties, such as the surface energy or the
Hamaker constant [22], should dictate to what de-
gree materials will adhere to each other in certain
conditions should Debye forces or electrochemi-
cal double layers not significantly impact the re-
sult. Atomistic studies have provided insight as to
whether these Debye forces or a combined DLVO
force is required to describe the interactions be-
tween crud and fuel cladding. A study by Chris-
tensen and Carter [23] showed that the monoclinic
ZrOg surface is unlikely to be solely cation or an-
ion terminated, due to the long-range electrostatic
forces that would render the surface metastable.
It is these polar surfaces, charged predominantly
with one sign or the other, that would induce the
formation of an electrochemical double layer that
could contribute noticeably to attraction or repul-
sion. One of the principal crud phases, NiO, has
been shown to undergo octopolar reconstruction
from a perfectly cation- or anion-terminated (111)
facet, yielding nanofaceted regions 1.5nm wide
with opposite surface terminations [24]. These
were deduced by studying the adsorption of NO
to the NiO surface. Therefore, the area-averaged
charge neutrality of both the monoclinic ZrO5 and
most stable NiO surfaces suggests that a net at-
traction or repulsion from an electrochemical dou-
ble layer would not be a dominant force in crud
adhesion.

The Hamaker constant Agqm describes the
induced-dipole based adhesion by van der Waals
(VDW) forces, in the case of two materials (a and
b) interacting with an intervening fluid (f) [22]:

Agpp = (\/Aa'ua - \/Afvf) (\/Abvb - \/Afvf)(l)

where Agve, Apwp, and Apy are the vacuum
Hamaker constants for material a, material b, and
the fluid f respectively [25]. Calculations of these
Hamaker constant is normally quite complex, re-
quiring the application of full Lifshitz integrals [26]



and complete knowledge of the optical (dielectric,
refractive) properties of each material [25]. How-
ever, simplifications can be made in certain cir-
cumstances, especially when the refractive index
of all materials involved is relatively low, below
1.7 [27]. Using the Tabor-Winterton approxima-
tion (TWA) [28], each of these vacuum Hamaker
constants can be written as follows [22], assuming
the simplification of a single dominant electron os-
cillation frequency in the ultraviolet (UV) range

3rhve (ng —1)°

ATWA _ €a — 1

ava

[29]:
§kz T( )2
1B €, + 1 8v/2 (na+1)3/2

where kp is Boltzmann’s constant, T is the tem-
perature in Kelvin, € is a dielectric constant of a
given material, /i is Planck’s constant, v, is the UV
plasma oscillation frequency, and n is the index of
refraction using the low-frequency limit of a mate-
rial, taken in the visible-UV range [25]. Here the
first term represents the zero-level energetic (elec-
trostatic) contribution to adhesion, and is often
ignored as its value rarely approaches over 5% of
the Hamaker constant for a system without static
charge, while the second term represents attrac-
tion or repulsion due to electron oscillations be-
tween the materials and the intermediating fluid
or vacuum. The dielectric constant and refractive
index of a vacuum, both unity, have been substi-
tuted here for simplicity. Finally, the Hamaker
constant is directly proportional to the VDW force
(Fy pw) between a spherical particle of crud of di-
ameter d and a substrate, separated by a distance
2z, in any medium:

_AHamd
622 (3)

Therefore, simply knowing the visible-UV re-
fractive index of a material gives a hint as to
whether it should be “sticky” or not. With a re-
fractive index of 2.15 [22], ZrOs has a TWA vac-
uum Hamaker constant of 264.8zJ, a considerably
high value. This value corresponds well to the fre-
quent observation of crud adhering to the zirco-
nia scale always present on Zircaloy-based nuclear
fuel rods. By contrast, the carbides and nitrides
of Zr and Ti (which is chemically very similar to
Zr) show considerably reduced refractive indices
[30], and therefore likely lower Hamaker constants
leading to less crud adhesion. Table 1 summarizes
the known dielectric constants, indices of refrac-
tion, and vacuum Hamaker constants for a num-
ber of materials under consideration in this study,
chosen for their high hardness, low neutron cross
sections, and commercial availability. Long-term
chemical compatibility with a PWR, environment
was considered, though not as strongly, so as to
more expeditiously test the hypothesis of why crud

Fypw =

(2)

Material ng33 N21o ?;3’;

H,0, STP | 1.332 [31] | 1.41 [31] | 37 [22]

H,O, PWR | 1.224 [32]! — 16.5
ZrOs 2.24 [33]% | 2.39 [33] | 270 [22]
ZrN 0.44 [34] — —
ZrC — — —
TiOs 2.583[35] | 1.95 [36] | 430 [22]
TiN 3 1.351 [30] | 1.89 [30 —
TiC 3 3.079 [30] | 1.54 [30] —
TiB, — — —
MgO 1.735 [37] — 120 [38]
Al O3 1.766 [39] | 1.79 [39] | 150 [22]

Table 1: Known optical properties for the materials in this
study. ngss - Index of refraction at 633nm. ngz;p - In-
dex of refraction at 210nm. Agyq - Vacuum Hamaker con-
stant. !Quadratically extrapolated from liquid phase data
at 3202C from [32]. 2Data for monoclinic ZrOz, average of
two birefringent directions. “—” Not found or unavailable.
3Data for the (111)-terminated face is used, according to
[40].

sticks to fuel cladding. All of these coatings can
be applied using conventional techniques, such as
plasma ion infiltration or magnetron sputtering.

It is unknown, however, whether a simple mea-
surement of adhesion or Hamaker constant in stan-
dard laboratory conditions, whether in vacuum or
in water, will translate directly to the desired en-
gineering property of enhanced fouling resistance.
One study by LeFevre and Jolivet has performed
calculations to support this idea specifically in
PWR conditions [41], but no study was found that
experimentally tests it. They also explicitly note
the surprising scarcity of full spectral refractive
or dielectric data to perform these calculations.
This study seeks to determine the fitness of pre-
dicting crud resistance by optical material proper-
ties, in an integrated test as similar to the environ-
ment found within a PWR as can be reasonably
achieved.

3. Experimental Methods

All recordings from loop instrumentation, raw
and processed data, spreadsheets for figure gener-
ation, and other files used in the creation of the
results in this study can be found permanently
hosted on our GitHub repository [42].

8.1. Sample Preparation

The nine materials given in Table 1 were chosen
for all experiments in this study, based on chemi-
cal compatibility with Zircaloys, low neutron cross
sections, high hardnesses, and representing a va-
riety of surface energies. It was initially hypoth-
esized that surface energy would be the control-
ling variable in determining crud resistance, this



P ts utter AI‘ 02 N2 RF
Mat’l | in.) (cr‘ng’ /mln.) (V)
ZI“OQ 75 2 — —
7ZrN 15 — 2 -108
ZrC 7 — | — —
TiO, 108 2 — —
TiN 18.75 38 — 2 -86
TiC 52.5 — — —
TiBo 12.5 — — —
MgO 12 21— | —
ALO; | 75 2 |

Table 2: PVD process parameters for each material used in
this study

proved not to be the case. In all cases, test sub-
strates were applied to 12.5mm long, 17.5 mm in-
ner diameter, and 0.2-0.3 mm thick 316 stainless
steel rings for integrated flowing loop tests. The
rings were mechanically and electrochemically pol-
ished to a mirror finish of <50 nm, and sonicated
in acetone and ethanol for five minutes each to
remove surface contaminants. Physical vapor de-
position (PVD) was performed by PVD Products,
Inc., to produce coatings roughly 50 nm thick. The
exact coating thickness is unimportant provided
that it is at least 10 nm thick, to avoid any effect
of the underlying substrate changing adhesion. Is-
raelachvili notes that VDW forces are dominated
by the coating material in a coating-substrate sys-
tem, for separation distances on the order of or
smaller than the thickness of the coating [22].
Sputtering targets for each material were sourced
with at least a 99.99% purity in the form of two-
inch diameter discs 1/8th inch thick, bonded to
a 1/8th inch disc of pure copper. All substrates
were held at a distance of 3.5” from the sputtering
target at room temperature, and utilized a 75 W
radiofrequency (RF) source at 13.56MHz with a
baseline pressure of less than 2.0 - 1076 Torr. Pres-
sure was maintained at 5 mTorr for all depositions.
Specifics for each material’s PVD process param-
eters are listed in Table 2. Only one hemicylinder
of each ring was coated, to ensure a built-in con-
trol surface on every specimen. This is due to tiny
variations in ring diameter leading to differences
in thermal contact, which despite our best efforts
to make uniform within the tolerances of our ma-
chining tools, still resulted in slight differences in
the tactile sliding friction when loading each ring
onto the heater rod.

3.2. Flowing PWR Loop Tests

The newly constructed Internally Heated Test-
loop for PWRs (IHTFP) facility [43] was used for
all flowing loop tests. Figure 2 shows a diagram
and set of conditions used in the THTFP, show-
ing that all conditions except for Reynold’s num-

ber and mass flux can be made identical to those
found in PWRs. In these experiments, the system
pressure was reduced to 11.5 MPa, resulting in a
calculated water saturation temperature of 321C.
This was done to avoid heater rod burnout, based
on previous tests at 15.5 MPa experiencing such
burnouts. Greatly increased nanoparticulate (8-
20nm) NiO crud precursor concentrations of 27.5
parts per million weight (ppmw) and 50.0 ppmw
were used in the first and second experiments, re-
spectively, to accelerate crud growth to the days-
to-weeks timeframe. A pair of experiments were
conducted at these conditions, one for four days,
one for thirteen days.

The circulation water for these experiments was
mixed in a 100 liter tank connected to the circu-
lation loop. This was first filled with >15M§Q/cm
deionized water by evacuating the loop and us-
ing vacuum suction to draw the water in from the
water storage tank, and then circulated through
a mixed bed ion exchange filter and continuously
measured until the water’s electrical conductivity
was below 0.09 ©S/cm. The vacuum filling method
was performed to ensure no gas bubbles would
remain in the system, which would store energy
when pressurized or interfere with measurement
equipment. 99.999% dry argon was then bubbled
through the tank until the dissolved oxygen con-
centration was maintained below 200 parts per bil-
lion (ppb). Then, 1,400 ppmw of boric acid was
added to the tank, and LiOH was added until the
pH of the solution reached 7.0. This amounted to
2.2 ppmw of LiOH during these tests. A Mettler-
Toledo Thornton 770Max Pure Water Smart Sen-
sor was used to measure pH, dissolved oxygen,
and water conductivity. Water chemistry condi-
tions were controlled and monitored according to
the Electric Power Research Institute’s (EPRI’s)
PWR water chemistry guidelines [44].

The THTFP loop was heated using a combined
4,992 W of strip heaters and one vertical, inter-
nally heated, electrically isolated 1,750 W heater
rod, yielding a nominal heat flux of 206 kW /m?
during these tests. This is lower than the PWR
core average, and is only suitable for relative
comparisons of crud resistance, not absolute crud
growth rates. Up to twelve different rings, each
containing one half-coated ring of each material,
were used to enable direct comparison of crud
coverage for materials in identical test conditions.
These half-coated samples were specifically used
to correct for any slight differences in heat flux,
thermal contact, flow velocity, or other localized
environmental conditions. By comparing relative
amounts of crud coverage between the coated and
uncoated halves of each sample, the effectiveness
of each coating at reducing crud surface coverage
can be more uniformly compared. Figure 3 shows
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Figure 2: Diagram and experimental conditions in the IHTFP flowing tests
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Figure 3: (Left) Images of specimen rings before and after
the one-week tests, showing differences in crud coverage.
(Right) Schematic showing how each specimen ring was
half-coated, to ensure a built-in control surface for every
specimen in every test.

images of the specimen rings on a heater rod, af-
ter press-fitting to ensure good thermal contact.
Following flowing exposure in the IHTFP loop,
specimens were extracted from the heater rod us-
ing a Dremel tool, and sectioned into control and
coated halves near the control/coated delineation
for scanning electron microscope (SEM) analysis.

The presence of sub-cooled boiling was con-
firmed using both calculations and direct exper-
imental evidence. Kandlikar developed criteria for
the onset of sub-cooled boiling [45], relating the
system pressure, liquid sub-cooling, and flow pa-
rameters to the necessary wall superheat temper-
ature. It can be seen that for reasonable surface
roughness, only a 1°C wall superheat is required to
induce sub-cooled boiling. In reality the IHTFP
tests were conducted at 2-3°C to avoid circulation
pump cavitation, still requiring a 1-2°C wall super-
heat. The superheat temperature of the samples
in these experiments was calculated to be 2.7°C
using the Thom correlation [46]:

AT, = 22.51/q"e(5%) (4)

where ATy, is the wall superheat in Kelvin, ¢” is
the heat flux in MW/m? and P is the system pres-
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Figure 4: SEM image of crud grown in the IHTFP fa-
cility, exhibiting numerous boiling chimneys indicative of
sub-cooled boiling

sure in MPa. Therefore enough wall superheating
exists to induce sub-cooled boiling. Direct experi-
mental evidence of some of the thickest crud grown
in these experiments (shown in Figure 4) also ex-
hibits numerous boiling chimneys, which are direct
evidence of sub-cooled boiling.

3.8. SEM Image Analysis

The goal of the image analysis was to quantify
the relative percentage reduction in crud cover-
age between the coated and control surfaces of
each specimen. To automate this process, image
processing algorithms were used to binarize each
SEM image into crud and non-crud surfaces, allow-
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Figure 5: Example training image with binarized results from sixteen image processing algorithms

ing easy determination of how much crud existed
on a surface. Sixteen image processing algorithms
present in the ImageJ software package were tested
using a series of five trial images from the complete
dataset. The experimenters determined which of
the algorithms reliably binarized only the crud,
and not other artifacts in the images, by training
the sixteen image processing algorithms of a set
of ten testing images. Zooming in to the light re-
gions of each image revealed which areas contained
crud-like small particulates, while EDX analysis in
a JEOL 5910 SEM confirmed the presence of high
levels of Ni, occasionally with Fe present. Regions
without these two metals were deemed not to be
crud, as none of the coatings contained them. Fig-
ure 5 shows this process in detail, revealing that
the Moment Preserving [47] and Otsu [48] thresh-
olding algorithms best isolated crud with minimal
false positive identification of features. Ten SEM
images at 10,000x magnification in secondary elec-
tron (SE) mode were taken using a Zeiss NVision
40 dual-beam SEM/FIB on each control and each
coated surface of every specimen from both exper-
iments, at distances at least one millimeter apart
to ensure representative surface coverage. Both
image processing algorithms were used to deter-
mine the percentage crud coverage on each mate-
rial’s coated and control surfaces. This was done
to ensure that the choice of the image processing
algorithm did not noticeably affect the results.

4. Results

Table 3 summarizes the crud coverage percent-
ages for every control and coated surface in this
study, while Figure 6 presents the results graph-
ically. As can be seen in the figure, three mate-
rials reliably reduced the crud coverage fraction

beyond experimental error. In the cases of TiC
and ZrN, this reduction in coverage was 40%, a
significant reduction in crud adhesion. Error bars
in Figure 6 were generated by summing the aver-
aged errors for each material’s coated and control
surfaces in quadrature, averaging across the two
experiments, and doubling that value to obtain
quadrature-averaged 95% confidence intervals. As
should be expected, ZrOs showed no statistically
significant change in crud coverage. Notable re-
sults include repeatable crud reduction with 95%
confidence by ZrN, TiN, TiC, and repeatable in-
creases in crud coverage by TiO2, and MgO across
both experiments and both image processing tech-
niques. Two materials, ZrO, and Al;O3, showed
an increase in crud coverage between coated and
control surfaces in one experiment and a decrease
in another. This may be attributable to differ-
ent absolute heat fluxes between experiments, as
each sample ring will have a sightly different di-
mension and therefore thermal fit. The doubled
crud precursor concentration between experiments
is not expected to noticeably affect results, and
no significant deviation between experiments was
observed. The choice of image processing never
changed the sign of crud coverage except in the
case of AlsOgs, but not within the limits of exper-
imental error. However, as can be seen in Table
3 and Figure 6 it did somewhat change the mag-
nitude of observed crud coverage in some cases.
This is why both were used, to ensure that the
choice of image processing algorithm did not no-
ticeably affect the final results. Finally, it should
be noted that while the precursor concentration in
the second experiment was almost doubled, abso-
lute surface coverages were uniformly lower. This
can be attributed to either the continued passiviza-
tion of the loop itself during operation, reducing



Experiment 1 (27.5 ppm NiO) Experiment 2 (50.0 ppm NiO)
Algorithm | Moment Preserving ‘ Otsu Moment Preserving ‘ Otsu
Material Control Coated Control Coated Control Coated Control Coated
ZrOg 61.3+79 | 514+£44 | 586+ 79 | 46.8 £4.3 | 256.9+25 | 362+ 14 | 21.8 £4.3 | 273 + 1.7
ZrN 4704+ 159 | 341 +£3.9 | 45.8 +£19.1 | 242+ 48 | 31.2+£ 1.3 | 207 £0.2 | 222+ 24 | 13.5 £ 0.6
ZrC 415+ 11.8 | 332+ 6.4 | 333+ 10.1 | 324 £5.7 | 256,84+ 04 | 239+06 | 16.8 £1.0 | 15.7 + 1.0
TiO4 53.4 + 3.6 54.0 £+ 3.6 30.8 £ 4.5 529 4+29 | 25,9 £04 | 33.7+ 0.5 170 £ 1.3 | 22.1 £ 0.5
TiN 58.0£9.3 | 49.1 =+ 1.7 | 55.0 £ 104 | 47.6 =29 | 197 £ 0.2 | 16.6 = 0.2 | 14.8 0.9 | 124 £ 0.2
TiC 63.6 = 11.0 | 44.6 + 1.4 | 60.6 &+ 13.3 | 43.2 +£2.9 | 35.3 £6.3 184+ 0.5 | 29.6 £8.2 | 13.8 £2.3
TiBy 54.0 £ 29 | 62.9 + 2.1 50.0 1.9 | 587+t 2.1 | 427+ 81 | 449+0.7 | 344 +£83 | 372+ 14
MgO 42.4 + 2.4 49.7 + 1.5 38.0+64 | 470+ 2.0 | 24.7+ 0.5 | 33.5 £ 2.2 194 +£09 | 248+ 1.7
Al,O3 384 +57 | 4561 £ 7.1 32.74+54 | 430 £ 9.7 | 369+ 83 | 26.2+05 | 308 £86 | 21.8 + 0.6
Table 3: Percentage crud coverages for all control and coated surfaces in this study, as measured by SEM and image
analysis
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Figure 6: Relative reductions in crud coverage for the nine materials in this study, along with quadrature-averaged 95%
confidence intervals in the measurements




the natural crud source term, or to differences in
thermal fit and therefore sub-cooled boiling heat
fluxes between experiments. It was noticed that
each sample ring required a different sliding force
to reach its position on the heater rod (all sam-
ples required considerable force to attach). There-
fore, slight differences in the machined tolerances
of each sample ring and each heating rod could
have led to this difference in absolute crud cover-
age, by way of small differences in heat fluxes and
wall superheat temperatures.

5. Discussion

The data demonstrate that two materials, ZrN
and TiC, were repeatably able to resist surface for-
mation of crud in a PWR-representative environ-
ment by 40% with high confidence. One other ma-
terial, TiN, performed satisfactorally within mar-
gins of error. The major conclusions are insensitive
to the type of image processing algorithm used,
and to the fluctuations in loop chemistry which
are more extreme than those found in commercial
PWRs. None of the other six materials tested re-
sisted crud formation appreciably, while two (MgO
and TiO3) appeared to encourage it. TiOs has
specifically been used to protect jet pump nozzle
assemblies and inlet flow mixers in boiling water
reactors (BWRs) [49], so its poor performance in
this study raises the question of why it did not
help. Dulka et al specifically used hard, electri-
cally insulating ceramics such as TiOy and TasOs
to eliminate any electrostatic deposition of charged
particulates floating in the BWR water, and it ap-
pears to have worked.

These data bring forth an obvious question: Do
Van der Waals forces, specifically London disper-
sion forces, contribute most significantly to crud
formation in PWRs? If the answer is yes, then it
provides a convenient theoretical basis for the de-
sign of crud-resistant materials, provided the cho-
sen materials are also hard, neutronically trans-
parent, stable in PWR water, and resistant to radi-
ation damage. The success of the work of Dulka et
al does not preclude the existence of charged par-
ticulates in PWR water, which would interact with
cladding materials via dipole-induced-dipole (De-
bye) forces, which are much stronger than induced-
dipole-induced-dipole (London dispersion) forces.
However, their study did demonstrate that these
Debye forces can be masked using an electrical in-
sulator, which is not highly electrostatically polar-
izable. In addition, the poor performance of TiO4
in this study suggests a link between London dis-
persion forces and crud deposition, as masking the
cladding in a manner nearly identical to that of
Dulka et al did not prevent fouling.
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Figure 7: Comparison of percentage crud reduction in loop
testing experiments vs. refractive index at two chosen wave-
lengths

A direct comparison of the percentage crud re-
duction with the visible refractive index, used in
determining the TWA Hamaker constant, is given
in Figure 7. A generally negative trend can be
seen for the refractive index at both 633 nm (red)
and 210nm (ultraviolet) vs. the percentage crud
reduction measured in this study, with one notable
exception. Titanium carbide (TiC), despite having
the highest refractive index at 633 nm, also demon-
strated the most resistance to crud formation. All
materials with tabulated data at a more ultravio-
let wavelength of 210 nm (AlyOg, TiC, TiN, TiOa,
monoclinic ZrOs) exhibited a marked negative cor-
relation between refractive index at 210nm and
percentage crud reduction. This initially simple
comparison points to more complexity required to
fully explain the results.

The basis of the Tabor-Winterton approxima-
tion (TWA) is that for materials with low refrac-
tive indices (n<1.7), one can simply use a single
value of the refractive index, commonly chosen at
633nm (the emission line of a He-Ne laser), to
approximate the full spectral Hamaker constant
[27]. This has been verified by calculating both
the TWA and full spectral Hamaker constants for
a number of materials, and comparing with exper-
imental measurements [22]. However, it appears
that the TWA is really only valid for material-
fluid-material systems whose indices of refraction
vary in similar ways across the relevant parts of
the spectrum, known to be the visible and ultravi-
olet ranges. A more detailed comparison of the
refractive indices of seven of the tested materi-
als whose refractive index spectra are known in
this range is shown in Figure 8. Now the com-
parison becomes more clear, as the seven mate-
rials with known refractive index spectra roughly
line up in order of increasing crud resistance vs.
the difference in their UV refractive index spec-
tra compared with water. In particular, TiC and
7ZrN show either near parity or a negative value in
this relative refractive index spectrum in much of
the near-UV region, agreeing with previous stud-
ies suggesting that this near-UV region is quite
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Figure 8: Comparison of percentage crud reduction in loop
testing experiments vs. refractive index spectra in the visi-
ble and near UV/IR ranges. The difference in the refractive
index vs. that of water for each material is plotted for a
more meaningful comparison. Full spectral refractive index
data sourced from [39] (Al2O3), [31] (H20), [37] (MgO),
[30] (TiC & TiN), [36] (TiO2), and [33] (m — ZrO2), where
'm’ stands for monoclinic.

important in determining the Hamaker constant
[50, 25]. The negative relative refractive index
of ZrN in particular suggests VDW repulsion at
these wavelengths, which has been shown in pre-
vious systems [50]. This, combined with the pre-
viously stated evidence of static charges not being
dominant when metallic surfaces are coated with
electrical insulators [49], suggest that the induced-
dipole component of VDW forces is the controlling
variable in designing crud-resistant materials.

The major shortcoming in the current ability to
design crud-resistant materials from theory is the
availability of refractive index spectra in the near
to far-UV range. Many of the data, despite be-
ing quite current, are simply not measured beyond
the 100nm range due to the low wavelength cutoff
of the deuterium arc lamp emission spectrum of
112 nm, the most common UV excitation source
used in UV-vis-IR spectrometers. Either a lower
wavelength UV source is required to determine
these fuller refractive index spectra, or electronic
excitation techniques such as valence electron en-
ergy loss spectroscopy (VEELS) can be used [51].
These measurements are quite feasible, it becomes
a matter of turning our attention to experimen-
tal measurements of these and similar materials
for the purpose of designing better crud-resistant
material coatings.

6. Conclusions and Future Work

It was hypothesized that matching the optical
properties of fuel cladding coatings to the sur-
rounding water would impart resistance to crud
formation. This hypothesis appears to have been
supported by integral loop tests, and a qualitative
comparisons of known, experimental refractive in-

dex spectra with that of water. In particular, TiC
and ZrN were both found to reduce roughly 40%
of crud deposition in two experiments with 95%
confidence compared to uncoated control surfaces.
Direct measurement of adhesion values in PWR-
chemistry water and of the vacuum Hamaker con-
stants of potential materials will confirm these
integral tests and theoretical predictions, respec-
tively. It is recommended to dedicate more re-
sources to the experimental measurement of ad-
hesion forces for these and similar coatings in the
atomic force microscope (AFM), and to measure
the refractive index spectra in the near-UV range
(10-400 nm), to verify whether true full spectral re-
fractive index comparison is a satisfactorally quan-
titative metric for designing crud-resistant mate-
rials. Future work should also consider determin-
ing the optimum thickness of the coatings/surface
pretreatments to ensure the coating remains sta-
ble while the fuel rod heat flux sustains sub-cooled
nucleate boiling.

The next steps for demonstrating the true effec-
tiveness of these potentially crud-resistant coat-
ings is in-reactor testing, where the material coat-
ings, applied to prototypical ZIRLO or other
Zircaloy coupons, will be exposed to flowing wa-
ter at PWR conditions with radiolysis. This is a
necessary step in testing crud resistance in a true
reactor environment, as the coatings must both
survive the test and continue functioning before
testing as a lead test rod (LTR) could take place
in a commercial reactor. These experiments are
planned for the coming year, with an LTR cam-
paign to follow in 2019 pending success. A par-
allel effort includes direct measurement of adhe-
sion forces in the AFM, and the construction of
a high-temperature, hyperbaric AFM for direct
measurements of Hamaker constants in water at
PWR conditions. Finally, continued analysis of
the structure and chemistry of the crud formed
in these experiments can help validate thermody-
namic predictions, models of crud’s effects, and ex-
perimental observations. These include the predic-
tion that boron incorporates into the Ni-bearing
phases of crud [52], verifiable by x-ray diffrac-
tion (XRD) analysis, cross-sectional fractal anal-
ysis of the structure of crud to validate assump-
tions made in models of crud’s effects on cladding
[63], and searching for phases like bonaccordite
(Ni2FeBOs) observed in PWRs [54].
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