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Executive Summary/Abstract

Fuel cladding chemical interactions (FCCI) have been acknowledged as a critical issue in a
metallic fuel/steel cladding system due to the formation of low melting intermetallic eutectic
compounds between the fuel and cladding steel, resulting in reduction in cladding wall thickness
as well as a formation of eutectic compounds that can initiate melting in the fuel at lower
temperature. In order to mitigate FCCI, diffusion barrier coatings on the cladding inner surface
have been considered. In order to generate the required coating techniques, pack cementation,
electroplating, and electrophoretic deposition have been investigated. However, these methods
require a high processing temperature of above 700 °C, resulting in decarburization and
decomposition of the martensites in a ferritic/martensitic (F/M) cladding steel. Alternatively,
organometallic chemical vapor deposition (OMCVD) can be a promising process due to its low
processing temperature of below 600 °C.

The aim of the project is to conduct applied and fundamental research towards the development
of diffusion barrier coatings on the inner surface of F/M fuel cladding tubes. Advanced cladding
steels such as T91, HT9 and NF616 have been developed and extensively studied as advanced
cladding materials due to their excellent irradiation and corrosion resistance. However, the FCCI
accelerated by the elevated temperature and high neutron exposure anticipated in fast reactors,
can have severe detrimental effects on the cladding steels through the diffusion of Fe into fuel
and lanthanides towards into the claddings. To test the functionality of developed coating layer,
the diffusion couple experiments were focused on using T91 as cladding and Ce as a surrogate
lanthanum fission product.

By using the customized OMCVD coating equipment, thin and compact layers with a few
micron between 1.5 pm and 8 um thick and average grain size of 200 nm and 5 pum were
successfully obtained at the specimen coated between 300°C and 500 °C, respectively. The
coating layer contains both carbon and vanadium elements as quantified by WED, and the phases
mainly consist of a mixture of V,C and VC, which was confirmed using X-ray diffraction
patterns. In addition, the ratio between V and C varies with processing temperature, and it was
observed that a higher temperature promotes the carbon adsorption and increases thickness of the
coating. With optimized deposition conditions, we can apply the coating technique toward the
actual T91 cladding materials, and provide the possibilities for the real application in sodium-
cooled fast reactors (SFRs).

Diffusion couple experiments were performed at both 550 °C and 690 °C, which corresponds to
normal and aggressive operating temperatures, respectively. The results show that vanadium

carbide coating with wider thickness (8 pm) and lower carbon concentration (27 at.%) reduced
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the width of the inter diffusion region, indicating that vanadium carbide coating can mitigate
FCCI effectively. In specific, inter-diffusion between Fe and Ce was prohibited over most area,
but Ce diffusion occurred toward the coating and the Fe substrate through thinner coating layer,
which needs further optimization in terms of uniform coating thickness. Overall, it is concluded
that this coating process can be successfully applied onto the inner surface of HT9 cladding tubes

and the FCCI can be effectively mitigated if not totally eliminated.

For the part of atomistic modeling, self-diffusion and impurity diffusion behavior of vanadium
carbide was modeled using static density functional theory calculations. Three ordered structures
were chosen to represent the V,C coating: two ordered phases a-V,C and ’-V,C known
experimentally and a low-energy ordered V,C structure predicted by first-principles calculations.
The structural, electronic and elastic properties of the three structures are calculated and
compared to available experimental and theoretical data. Data from experiments suggest that
carbon and vanadium diffuse separately on each respective sub-lattice. Vanadium is expected to
diffuse via a standard vacancy-assisted mechanism, whereas an abundance of structural
vacancies on the carbon sub-lattice suggests an interstitial mechanism for carbon. Minimum
energy pathways (MEPs) for jumps to nearest-neighbor sites are calculated for each mechanism
using the climbing image nudged elastic band (CI-NEB) method. Self-diffusion coefficients were
then calculated using expressions derived from transition state theory. Entropic contributions to
the free energies from phonons were calculated within the harmonic approximation; entropic
contributions from thermal excitation of electrons are ignored as they are expected to be minor.
Theoretical activation energies and diffusion prefactors for self-diffusion in V,C were compared
to available experimental data. Impurity diffusion behavior was investigated for Fe and Ni
representing major components of the cladding, U representing a major component of the fuel
and Ce and Nd representing typical fission products. Defect formation energies are calculated for
both substitutional and interstitial impurities to determine site preference. It was found that all
impurity atoms prefer substitutional sites and, therefore, should diffuse through the vanadium
sub-lattice by a vacancy-assisted mechanism. MEPs for jumps to nearest-neighbor sites were
calculated for each impurity species using the CI-NEB method. The resultant transition states
were used to estimate activation energies for impurity diffusion for each of the three ordered V,C

structures.
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1. Introduction and Research Motivation

Metallic fuels are being considered as a fuel form for the sodium-cooled fast reactors (SFRs)
because of their high thermal conductivity, proliferation resistance, good compatibility with
sodium, and ease of fabrication. In conjunction with the fuel, ferritic/martensitic (F/M) steels are
candidate materials for fuel cladding [1, 2]. HT9, for example, allows for fuel burnups greater
than 200 GWd/MTHM (or 20 at.%). A crucial concern, however, is the reaction between actinide
elements in a metallic fuel such as U and Pu, and the inner surface of the F/M steel cladding [2,
3]. This phenomenon is known as Fuel Chemical-Cladding Interaction (FCCI), and is
accompanied by the formation of lower melting point eutectic compounds at above 650°C in the
U-Pu-Fe system and 725 °C in the U-Fe system. Additionally, FCCI reduces the effective
cladding thickness so that the mechanical integrity of the cladding gradually decreases as burnup
increases. The fuel cladding inter-diffusion can eventually result in the changes in heat transfer
characteristics and the failure of cladding with further breach of fuel into the coolant. In the past
four decades, both out-of-pile diffusion couples and in-pile irradiation experiments have been
extensively performed to study the mechanism of FCCI. As reported by Hofman [4], for the U-
19Pu-10Zr/HT9 diffusion couples, at temperatures above 725°C, several levels of interaction
were observed, ranging from incipient molten phase formation to complete melting of fuel and
part of the steel in some diffusion couples at temperatures above 800°C. Figure 1-1 shows cross-
sectional photomicrographs of a metallic fuel pin before and after irradiation. The image on right
reveals the formation of low-meting phase, and the right one shows the chemical interaction
between the fuel-cladding and rare-earth fission products along with plutonium. It also shows
that the initial 600um radial gap had completely closed due to the fuel swelling from large

fission-gas bubbles, which can further accelerate the FCCI as the direct physical contacts were

established [5].
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Figure 1-1. Photomicrographs of SFR fuel after irradiation (a) cross-section image with low-

melting phase in the fuel (b) high magnification image between fuel and the cladding [5].

Early diffusion tests of Pu containing fuels and austenitic stainless steel identified Zr as an
effective alloying addition to prevent formation of the low melting-point phase in the diffusion
zone. The selection of the present U-Pu-Zr fuel composition is based on reported work and
additional irradiation tests [6]. The role of Zr in raising the temperatures at which the molten
phases form well above those of U-Pu-Fe (Ni) eutectic compositions is clear. Moreover, the
diffusion of Fe and Ni into the fuel no longer presents a problem because the presence of Zr in
the fuel prevents the formation of the low melting eutectic composition. However, the extent of
diffusion of Pu and other fission products into the steel cladding without accompanying diffusion
of Zr is the key problem in fuel-cladding compatibility. One possible solution to minimizing the
FCCl is to place a physical barrier between the fuel and cladding. Such a barrier material has to
be unsusceptible to interaction at both the fuel and cladding interface. By using V or Zr, which
have good neutronic characteristics, no low melting phases would form between the fuel or
fission products and the cladding constituents, based on binary phase diagrams. The diffusion
couple experiments performed by Keiser, et al. [7, 8] at 700°C using a cast U-based alloy with
added fission products show that both V and Zr appear to be good candidate materials to serve as
barriers to FCCI in metallic fuels, while the V diffusion couple has an interdiffusion zone of
around 10um, which is twelve times less than that of fuel/Zr couple, as shown in Figure 1-2.
Additionally, in-reactor tests conducted by Argonne in the 1960's also indicated that vanadium

alloy cladding had excellent metallurgical compatibility with U-Pu-Zr alloys.

Figure 1-2. Interdiffusion zones formed between the fuel doped with fission products with (a)
ODS, (b) Vanadium and (C) Zirconium, respectively [7, 8].



There may be several methods by which a vanadium barrier can be placed between the fuel and
cladding, e.g., casting the fuel into a mold of the barrier material and then placing the casting and
the mold into the steel cladding, and electro-spark depositing a coating layer directly on the
surface of fuel slug. While those methods might have been expected to have some significant
advantages, they did not prove to provide an effective barrier for fuel/cladding interaction. More
recently, strategies are mainly focusing on producing a lined or "duplex" cladding and placing
the cast fuel ingot into the duplex cladding [9, 10]. In such a structure, the lining layer has to be
thin and compact to minimize the temperature gradient across the coating-cladding system.
Currently, the fabrication of this thin liner is being developed using a cold-drawing technology
along with intermediate annealing; using this approach, an average thickness of ~85um has been
achieved [10]. Diffusion bonded interfaces and gaps were observed between the cladding and the
liner. For heat transfer purposes, the spacing between the vanadium and cladding has to be
minimized, because a large gap could lead to unacceptably high fuel temperatures with
consequent unsatisfactory fuel performance. There are additional structural processes that have
to be considered, including microstructural changes from decarburization of cladding adjacent to
the liner interface, grain growth, carbide precipitation, and decomposition of tempered
martensite.

In addition to vanadium or vanadium alloys, it has been speculated that vanadium carbide could
also function effectively as a FCCI barrier since vanadium acts as an inhibitor for stopping the
inter-diffusion between fuel and cladding steel. The decarburization of the cladding could
potentially be eliminated since the pre-existing carbon in vanadium carbide would limit the
diffusion of carbon from martensitic substrate into coating layer. At the operating temperature
and oxygen partial pressure of metal fuel in a SFR, vanadium carbide is stable from aggressive
oxidation and can inhibit the steel claddings from scavenging oxygen. Our preliminary study
using a pack cementation diffusion coating (PCDC) technique shows that a thin vanadium rich
layer, which was lately proved to be vanadium carbide (V,C), can be successfully deposited on
the inner wall of the cladding tube. The diffusion couple experiments between cerium and
coated/uncoated HTO steels demonstrate that vanadium carbide is extremely effective for
mitigating the FCCI, as shown in the Figure 1-3. The V,C with a thickness of ~1.7um can
prevent the inter-diffusion between HT9 substrate and cerium annealed at 650°C for 100 hours.
The EDS line-scan results in Figure 1-4 shows that there was no Fe or Ce in the V,C coating

layer of diffusion couple.



Coated diffusion couple Uncoated diffusion couple .4

Cerium HT9

Figure 1-3. Comparison between the diffusion couples of coated HT9/Cerium and uncoated
HT9/Cerium annealed at 650°C for 100 hours.
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Figure 1-4. EDS/STEM line-scan over the V,C coating layer in a diffusion couple.

Unfortunately, this pack cementation coating method can only work in practice at a temperature
above 730°C and a growth rate of less than 0.1pm/hour, which significantly promotes the
decarburization (Figure 1-5, [11]) and decomposition of martensitic microstructure [12]. Other
chemical vapor deposition techniques (CVD, LCVD or PCVD) commonly used for producing
vanadium carbide from a gas mixture of hydrogen, methane and vanadium chloride also
generally require a high processing temperature (800-1200°C), at which the martensitic
microstructure of F/M claddings will decompose and decarburization can take place. Moreover,
the high aspect ratio geometry of long and thin cladding tube (>4’ length and 0.18” ID) presents
a significant practical challenge for conventional CVD coating processes. Therefore, an
alternative coating process that can keep processing temperature below 650 °C is crucial. A low
temperature organometallic CVD (OMCVD) process, which uses a less stable organometallic

precursor that decomposes into vanadium carbide at a lower temperature, offers this possibility.
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Figure 1-5. (a) SEM image of the HT9 substrate and (b) micro-hardness measurements on the

HT9 substrate after diffusion coating process at 730 °C for 120 h [11].
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2. Scientific Approach

2.1. Advantage of Organo-Metallic Chemical Vapor Deposition (OMCVD)

The low temperature deposition process can be achieved in a conventional CVD apparatus if
using less stable precursors such as organometallic compounds. This process is known as the
Organo-metallic chemical vapor deposition (OMCVD). The OMCVD is a technique that is used
to deposit very thin layers of atoms onto a substrate. To deposit the thin films, the precursors are
vaporized and transported into the reactor together with other gases. In there, the critical
chemical reaction takes place that turns the precursors into the desired crystal structures through
thermal decomposition. The precursor for low temperature CVD deposition of vanadium carbide
is very rare, and only dicyclopentadienyl vanadium (vanadocene or Cp,V) was reported to
decompose into V4Cj at temperatures as low as 400°C [13]. Cp,V will be an ideal precursor for
this development and it is commercially available or can be readily made in our research lab.
Compared with mechanical lining and conventional CVD technologies, the proposed low
temperature process can offer several advantages: 1) no significant residual stress or axial texture
from cold-drawing; ii) no detrimental effects on the martensitic substrate, and iii) a strongly
bonded thin and uniform vanadium carbide coating can be readily obtained. In addition, as
compared with the PCDC method [11], the grain structures are expected to be more equiaxed,
which is beneficial for eliminating the possible fast diffusion paths from columnar grain

boundaries.
2.2. Fundamentals of OMCVD
Thermal decomposition (pyrolysis) is the primary mechanism for the OMCVD process using

metal organic precursors. Figure 2-1 shows a schematic illustration of the key OMCVD steps
during deposition. In general, the CVD process involves the following key steps [14]:
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Figure 2-1. A schematic illustration of the key CVD steps during deposition.

(1) Generation of active gaseous reactant species, and transportation of the gaseous species into
the reaction chamber.

(2) Transportation of the gaseous reactants onto the surface.

(3) Absorption of gaseous reactants onto the heated substrate, and the heterogeneous reaction
occurs at the heated substrate which produces the deposit and by-product species.

(4) The deposits will diffuse along the heated substrate surface forming the crystallization and
growth of the coating.

(5) Gaseous by-products are removed from the boundary layer through diffusion (desorption).
(6) The unreacted gaseous precursors and by-products will be transported away from the
deposition chamber.

2.3. Factors that Influence on the Deposition Process

Among the numerous factors that may have significant influence on the deposition process, the
temperature of the substrate is one of the most important CVD parameters and is of special
interest in the case of the use of organometallic precursors. In addition, based on the observations
from Poirier [13], there are more experimental parameters that need to be precisely controlled,
including the hydrogen carrier gas flow rate, evaporating temperature of the precursor, and the
partial pressure of Cp,V vapor near the substrate surface. As a result, the deposition rate, grain
size and composition of the coating can be manipulated.
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2.4. Inter-Diffusion Study

The occurrence of composition-dependent diffusivities is encountered in many practical
diffusion problems. The fuel-cladding system in a fast reactor is a great example since it involves
multiple elements and high temperatures. Inter-diffusion between fuel and cladding is often
affected by compositional formation (e.g. eutectic phases or precipitations). In this project, inter-
diffusion between the F/M steels and lanthanide fission products are of the primary interest. The
closed-form expression for inter-diffusion coefficients could be derived by using the
Dayananda’s formulism of Fick’s second law. The corresponding diffusion coefficients were
calculated using the following equation [15]:

x = V2Dt
where x is the diffusion length, D is the diffusion coefficient, and t is the total annealing time.
Diffusion couple experiments were widely performed in the past, to study the inter-diffusion and
intermetallic formation between lanthanides (or actinides) and the claddings [11, 15, 16]. The
experimental data was fit to an Arrhenius relationship given by the following equation:

a
kT
where D is the diffusion coefficient, Dy is the diffusivity, E, is the activation energy, k is

D = DyXexp

Boltzmann’s constant, and T is the absolute temperature.
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3. Proposed Scope of the Present Project

The goal of the proposed project is to conduct applied and fundamental research towards the
development of diffusion barrier coatings on the inner surface of F/M fuel cladding tubes.
Advanced cladding steels such as T91, HT9 and NF616 have been developed and extensively
studied as advanced cladding materials due to their excellent irradiation and corrosion resistance.
However, the FCCI accelerated by the elevated temperature and high neutron exposure
anticipated in fast reactors, can have severe detrimental effects on the cladding steels through the
diffusion of Fe and Ni into fuel and lanthanides towards into the claddings. For this proposed
study, the diffusion couple experiments will be focused on T91, NF616 and HT9 for clad, and
both surrogate and uranium bearing fuel.

The proposed work is aimed at developing a low temperature coating process using
organometallic precursor, vanadocene Cp,V (Cp=CsHs). An innovative coating setup will be
built to deposit a uniform nanostructured vanadium carbide layer (less than 10um in thickness
and nano-sized grain structure) on the inner surface of long F/M cladding tube. Compared with
mechanical lining and conventional CVD technologies, the proposed low temperature process
can offer several advantages: 1) no significant residual stress or axial texture from cold-drawing,
2) no detrimental effects on the martensitic substrate, and 3) a strongly bonded thin and uniform
vanadium carbide coating can be readily obtained. The functionality of the coating as FCCI
barrier will be examined experimentally using diffusion couple tests (e.g. cerium). These results
will provide benchmark against to which compare atomistic modeling. Even though vanadium
carbide has been identified as one of most effective FCCI barrier element, the fundamental
underlying mechanisms have not been fully understood. The proposed atomistic modeling will

help understand these fundamentals processed.
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4. Experimental System Set Up Used in the Present Project

The low temperature CVD system set for this research consists of three main components: the
CVD reaction chamber, a chemical vapor precursor supply system, and an effluent gas handling

system. Figure 4-1 shows the schematic set up of the low temperature OMCVD coating system.
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Figure 4-1. Schematic set up for low temperature CVD system on the T91 flat coupon specimen.
4.1. Induction Power Supply Equipped with a Remote Workhead

A new induction power supply equipped with remote workhead and cooling reservoir with a
pump was installed as well as an infrared temperature detector, Pirani pressure sensor, flow
meter, and the safety shut off mechanism that is controlled by a programmable device. Since the
materials to be coated are ferromagnetic Fe based steels, a radio-frequency (RF) induction heater
can be easily used to raise the substrate temperature by eddy current heating. After a few initial
experiments a proper induction power supply (Ambrell, EASYHEAT 0112 bench model)
equipped with remote workhead (Ambrell, EASYHEAT model 150) was installed along with the
required data acquisition system. This induction power supply has 1.2 kW output and
frequencies of a range from 150 to 400 kHz. In order to verify the performance of the system, a
single layer split coil was used to generate the required heating the application. Initial tests were
conducted to optimize the power delivered to the part. The part was simply placed into the coil
and the power was turned on. A temperature controller unit (Yokogawa, UT55A) was used to
raise to a desired temperature (Figure 4-2). The test result shows that the specimen can be heated
to 600 °C in 10 seconds or less using the 1.2 kW power supply at frequency of 267 kHz.
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Therefore, it is confirmed the heating process for heating F/M steel specimen to 600 °C for my

application using a solid-state induction power supply is feasible.

Figure 4-2. Heating application laboratory test with F/M steel using induction power supply, 3-

turn helical coil, and a temperature controller.

4.2. Temperature Measurement on the T91 Sample

To control the sample substrate temperature using an infra-thermometer, the calculation of a
sample surface emissivity needs to be performed. The calibration was conducted in the following
procedure. Sample was heat up using a heat plate, and the surface temperature of the sample was
detected by using infrared (IR) thermometer as well as a k-type thermo couple. As the distance
between IR detector and surface of the specimen is a critical factor that affects the emissivity, the
distance was set to be the same as that of real coating processing. Emissivity of the IR pyrometer
was adjusted in the control panel so that the temperature reading from IR pyrometer matches that
from K type thermo couple. The emissivity was calibrated in this way. The emissivity calibration
on T91 sample was conducted. As shown in Figure 4-3, a glass mount was constructed to filter
the radiation heat emitted from the plate heater. The pyrometer was mounted at < 5 inches above
the T91 substrate at a normal angle. The emissivity is plotted in Figure 4-4 as a function of
temperature for the as-polished T91 substrate. A similar calibration was also performed for the
substrate after being coated with vanadium carbide, and a slightly high emissivity was observed

as compared with uncoated substrate, as shown in Figure 4-5.
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Top View

Figure 4-3. Top view of the experimental setup for the calibration of the pyrometer.
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Figure 4-4. Emissivity as a function of temperature for T91 steel after polishing.
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Emissivity vs. Temperature for Coated
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Figure 4-5. Emissivity as a function of temperature for T91 steel after being coated with

vanadium carbide.

Due to the limit of the hot plate temperature range, the measured data only covers the
temperature in the range of 89 to 420 °C. The emissivity data from the as-polished and coated
substrates were linearly fitted into Eq. (4-1) and Eq. (4-2), respectively. For the temperature
about 420°C, such as 650°C used in our experiments, the value of emissivity was extrapolated

from those two equations.
e=1x10"**T + 0.3344 (4-1)
£=2x10"**T + 0.4089 (4-2)

However, it was found that there was a change of emissivity along with coating time, which
indicates a temperature variation of the substrate. Figure 4-6 shows the change in substrate
temperature vs. coating time when the temperature was originally set to 550 °C. It is thought that
this measurement causes a larger error in temperature controlling since the value of the
emissivity was not adjusted continuously as the temperature increased. In addition, inaccurate
measurement of the temperature may happen when the specimen was not exactly perpendicularly

aligned towards the IR sensor due to the gas flow interference or any external forces.
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Figure 4-6. Specimen temperature readout changes with coating time.

Therefore, in this project, a direct measurement of the temperature would be suitable for the
accurate temperature measurement. In addition, the graphite susceptor, which has relatively high
thermal conductivity, was attached with thermo couple, and the sample was placed on the
graphite (Figure 4-7a). The cutting angle of the graphite, which is the same with the sample
orientation, is approximately 30°, which shows the best performance compared to other literature
[14, 17]. Then, the specimen as well as susceptor were heating up by using an RF induction
heater. By adopting the graphite susceptor, we expected to get an accurate temperature reading
by maintaining same orientation and position of the sample during the experiment. However, due
to a big difference in thermal conductivity between the graphite (25 ~ 470 W/m-K) and the T91
steel (33 W/m-K [18]), the temperatures of the specimen and the graphite boat were quite
different during a heat-up process. As a result, the specimen became a red-hot, which indicates
the temperature of the specimen was too high and not accurate (Figure 4-7b).

Finally, a direct measurement of substrate temperature using an embedded thermo couple
(Lesker, KF16) was adopted (Figure 4-8). The thermo couple wire was inserted from an
additional arm of the reaction chamber. Then, the thermo couple junction was welded, and
directly contacted with the bottom of the specimen. The temperature value measured using a k-
type thermo couple was inputted to the RF induction heater temperature controller. The
temperature controller would take a difference between actual temperature and desired
temperature and multiply it by some gain depending on the PID values and that signal is feed

into the induction power supply. The power supply is able to bring the sample up to desired
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temperature and hold it for a significant number of hours. Therefore, it is thought that this new

temperature measurement set up can help to obtain a much more stable substrate temperature

during the process.

Figure 4-7. (a) The actual graphite susceptor with a thermo couple connection. (b) Chamber-

loaded specimen with a graphite susceptor.

Ceramic b: ; -
— t/c contact

Figure 4-8. Flat coupon specimen used in the present study. A thermo couple sheathed with

ceramic beads was welded at the bottom of the specimen.
4.3. Tubular Reaction Chamber

The development of coating process consists of two stages: first one for flat coupon samples and
the second is the process for the actual EBR-II HT9 cladding tube. The two stages are
complimentary to each other. By using the flat coupon sample, the kinetics (temperature, time)
of the coating experiment can be studied. After obtaining the optimized experimental conditions
with the flat coupon, it will be applied to the high aspect ratio geometry of a long and thin
cladding tube (>2’ length and 0.18” ID) to evaluate the validity for the actual cladding tube. In
order to apply a coating on the sample with different geometry, we need to design a reaction
chamber differently for each specimen. Figure 4-9 shows a new chamber for the flat coupon

specimen, which can incorporate a thermocouple feedthrough from the end of the chamber in
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horizontal direction that provides the easiness for the loading the specimen. With our new
chamber, getting a better-quality laminar flow of the carrier gas is expected. In addition, another
reaction chamber for the tubular specimen was also designed (Figure 4-10). The tubular T91
sample attached with welded thermos couple was inserted from the additional arm through the
NWI16 flange. Then, the sample can be inserted to the right tapered tip, and then covers over the
left tip (The carrier gas flow direction is from left to right). The 2 long samples were heated up
to programed temperature which was maintained as constant during the deposition.

Carrier gas flow
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Figure 4-10. (a) Reaction chamber sketch for the tubular specimen with a diameter of 0.25” and

the length of 2”. (b) Actual reaction chamber with loaded tubular sample.

4.4. Other System Built-Up

In this research, solid state vanadocene was used as a precursor, which is known to be
decomposed V,Cy [19]. It was reported that the vaporization temperature, carrier gas pressure,
and flow rate are critical factors for the deposition process [17, 19]. This vanadocene
organometallic precursor is known to be extremely moisture and oxygen-sensitive, and there

might be potential leaks at each fitting since not all fittings provide perfect sealing of the system.
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Therefore, in this study, the system was developed by welding most parts (Figure 4-10a and b)
and using VCR fittings and O-ring sealing to provide a leak-tight positive pressure gas
environment. As a result, it is applicable to reach at higher vacuum with leak-tight sealing,
implying that crude precursors are ensured to be evaporated and to be delivered into the
chamber. During the experiment, to achieve a suitable precursor vapor residence time in the
chamber [17, 19, 20], it is found that the adequate gas flow and pump rates need to be balanced.
When the pump rate was too high, a crude precursor powder was directly injected into the
chamber by the carrier gas. In order to resolve this issue, the pump rate controlling valve was
added at the end of the system. It is expected that the increase of residence time in the chamber
would result in a higher chance for the vaporized precursor to deposit onto the specimen. Lastly,
a water bath was added to achieve a very controlled evaporation temperature of the solid crude
precursor. The actual CVD system set up is shown in Fig 4-10 (d) and (e). In addition, it was
confirmed that the carrier gas with high purity should be considered in this CVD experiment,
since this CVD set up and the vanadocene precursor are extremely oxygen- and moisture-
sensitive [17, 19]. Typical, gas cylinder always contains a small amount of moisture. To remove
the moisture in the carrier gas at its maximum level, we also added a high-performance gas
purifier (Figure 4-11). Overall, a leak-tight OMCVD system with a stable supply of the precursor
into the chamber was developed successfully. It is applicable for depositing a vanadium carbide
coating onto the surface of the steel cladding substrate.
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Figure 4-10. (a) Butt-welded assemblies in order to minimize the leakage. (b) Yor-lok welded
assemblies at pump rate controlling valve. (c) Water bath set up to evaporate the crude precursor
powder. (d and e) The actual CVD system that has been set up.

Figure 4-11. The gas purifier used for inert argon gas.
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5. Materials Selection and General Deposition Procedures

Commercial T91, with the chemical compositions are Fe-8.63Cr-0.97Mo-0.1C-0.37Si-0.45Mn-
0.31Ni and the actual EBR-II HT9 cladding tubes were used in our study. Prior to the coating
experiment, the sample surface was polished and finished with an aqueous solution containing
the colloidal silica particles. After obtaining the optimum experimental conditions with the flat
coupon, it was applied onto the high aspect ratio geometry of a long and thin cladding tube (>2’
length and 0.18” ID) to evaluate the feasibility for coating the actual cladding tube.
Dicyclopentadienyl vanadium (vanadocene or Cp,V, Cp=CsHs) was reported to decompose into
V4C; at temperatures as low as 400 °C [17]. In addition, the pre-existing C in the vanadium
carbide layer limited the diffusion of C from a martensitic substrate into the coating layer, which
resulted in inhibiting decarburization of the cladding [11]. Therefore, it is thought that Cp,V will
be an ideal precursor for this development and OMCVD using vanadium carbide precursor can
be applied for a low temperature CVD process.

To start the coating process, the system was vacuumed down and then baked at 90 °C for4 hiin a
gas mixture of 5% hydrogen balanced with argon. During the coating process, a flow rate
between 10 and 200 sccm (standard cubic centimeter per minute) of carrier gas was used, and the
steel substrates were heated to different temperatures between 300 and 500°C using a RF
induction heater. The deposition times varied between 4 and 10 hrs. The precursor evaporation
temperature was maintained at 90°C. The chamber pressure varied between 1 and 6 Torr
controlled by carrier gas flow rate and pumping rate. Mass-flow controller (MFC) was used to

control the flow rate of the carrier gas in standard cubic centimeter per minute (sccm) unit.
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6. Diffusion Couple Study Procedures

The diffusion couple fixture as shown in Figure 6-1 is the key component for this experiment.
The material of the fixture is Kovar alloy, which exhibits a similar thermal expansion coefficient
with those of T91 and HT9, and cerium metal. The fixture was custom made by Shular Tool
(Oak Ridge, TN 37830) using EDM (electrical discharge machining).

Surrogate/metallic fuel
Coated HT9 Un-coated HT9
N1 7 .
i
Bolt _Frame Bolt
Ta sheet

Figure 6-1. Diffusion couple fixture and the sample configuration.

Before the diffusion couple experiments, the as-received fixture was annealed in 800 °C for 8 hrs
to relax the stress from machining. After the initial heat treatment, the thread on bolt and body
should be re-threaded with a tap and die. The load and torque was measured by using load cell

and torque wrench, respectively. Figure 6-2 shows the calibration setup and the linear torque-

load relation.
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Figure 6-2. (a) Setup of calibration for the load and torque. (b) The torque-loading correlation.

Pure cerium sheet as a surrogate material was used for the diffusion couple experiments. Cerium
is one of the major lanthanide fission products that diffuses from the fuel into the cladding when
a steady state FCCI phenomena took place. The cerium sheet (0.8 mm in thickness) was
procured from ESPI Metals (Ashland, OR 97520) with a material purity of 3N.
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Figure 6-3. Diffusion couple fixture with sandwich-packed samples.

The coated/un-coated flat T91 coupons were mechanically clamped to the surrogate and fuel
material (Figure 6-3). Tantalum foils was also placed between each side between T91 coupon
and the jig to minimize inter-diffusion between the specimen and fixture. The normal stress of 7
in-lbs between the two bolts was applied using a torque wrench, which correspond to the typical
contact pressure of 15 MPa between the metallic fuel and cladding in a SFR. The annealing tests
were performed at various temperatures (550-690°C) for 50 to 100 hrs. The low and high end of
this temperature range is considered to be the normal operating temperature and the absolute
maximum temperature at which the fuel/cladding interface could be exposed in even the most
aggressive operating conditions, respectively [5, 21, 22]. After high temperature annealing, the
diffusion couples were furnace cooled to room temperature. These fission products (e.g. cerium)
are elevated in concentration at the fuel/cladding interface and play a big role in fuel cladding

interaction.
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7. Characterization Method

Following the coating experiments, the grain structure, chemical composition and phases of
coatings were characterized using a scanning electron microscope (SEM) JEOL6400 equipped
with energy-dispersive X-ray spectroscope (EDS) and X-ray diffractometer (Panalytical Xpert
MRD). The cross-sectional analyses were performed to examine the morphologies and the
thickness of the coating and the layer between the coating and the substrate. Depending on the
thickness of region to be analyzed, several techniques can be used. The focused ion beam (FIB)
is a technique which simultaneously employs the electron (i.e. SEM) and gallium ion beam on
the sample surface. In the case of relatively thin film deposition (<10 pm), the FIB was used to
assist the cross-section analysis procedure. By milling out a trench on the coated sample surface
at 45°, the thickness and grain structure of the coating can be directly observed suing SEM. The
compositional profile was obtained by using EDS line-scan.

The microstructures of the diffusion couple specimens were examined using electron microscopy
to evaluate their functionality as diffusion barrier by determining the new phases formed along
the interaction interface, any fast diffusion paths from texture of the coating layer and
determining the kinetics of the chemical inter-diffusion. The elemental composition of the
interaction layers was also quantified using energy dispersive X-ray spectroscopy (EDS) and
wavelength dispersion spectroscopy (WDS). Additionally, cross-sectional transmission electron
microscopy (TEM) were selectively performed.
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8. Results and Discussion

8.1 Low temperature CVD experiments

8.1.1. Coating Surface Morphology and Cross Section Characterization

The substrate temperature is by far the most important factor for controlling the coating grain
structure and deposition rate due to its strong influence on the decomposition reaction rate of the
vapor molecules and on the surface mobility of atoms [17, 19]. Figure 8-1 shows the surface
morphology of the coating obtained with the Cp,V precursor at a wide range of temperatures
between 300 and 500 °C with the carrier gas flow rate of 50 sccm. The grain size was determined
based on the ASTM standard for average grain size. At 300 °C (Figure 8-1a), the average grain
size is approximately 200 nm and the substrate was not fully covered by the coating layer. The
EDS spectrum also shows that Fe, Si, and Cr elements as well as V and C were observed,
indicating elements other than V and C were detected from the T91 substrate surface. In contrast,
well-developed coatings with an average grain size of approximately 500 nm and 2.5 um were
obtained at 400and 500 °C, respectively (Figure 8-1b and c¢). The EDS spectra in Figure 8-1b and
c show that the coating contains both V and C, while no peaks for Fe, Si, and Cr were detected
from the T91 steel. Therefore, it is thought that vanadium carbide coatings were effectively
deposited onto the substrate at 400 and 500°C. The SEM surface morphology taken at a lower
mag (Figure 8-2, X500 magnification) further shows that vanadium carbide coating was well
developed at a large surface area of the specimen. One notable finding is that C content increased
with increasing temperature, and the coatings are likely V,C and VC at 400°C and 500°C,
respectively. This is probably due to the fact that higher temperature promotes C diffusion [19].
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9.4 at.% Cr
153 at% V
13.4 at.% C
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21.7at% C

50.1 at.% V
499 at.% C

Figure 8-1. SEM surface morphology (left) and EDS spectra (right) of the specimens coated at
(a) 300 °C, (b) 400 °C, and (c) 500 °C with the flow rate of 50 sccm.
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Figure 8-2. SEM surface morphology coated at (a) 400 °C and (b) 500 °C with the flow rate of 30

sccm taken at low magnification (x 500)

The cross-section SEM image in Figure 8-3 shows that there is no gap or de-adhesion between
the coating and T91 substrate, and the coating thickness is approximately 1.5 pm and 5.5 pm for
the 400 °C and 500 °C specimens, respectively. It is speculated that the increase in thickness is
attributed to more adsorption and surface reactions taking place at a higher substrate temperature.
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Figure 8-3. SEM cross sectional images (left) and concentration depth profiles (right) deposited
at (a) 400 °C and (b) 500 °C.

For the deposition of a thick coating, low flow rate of the carrier gas (10 sccm) and longer
deposition time (20 hrs) were used at both 400 °C and 500 °C. Figure 8-4 shows the surface
morphology of the coating obtained with the Cp,V as a precursor at two different temperatures
0f 400 °C and 500 °C. A well-developed coating with an average grain size of approximately 2.5
um and 4.8 um were obtained at 400 °C and 500 °C, respectively (Figure 8-4a and b). The grain
size was determined based on the ASTM standard for average grain size. The EDS spectra in
Figure 8-4c and d show that the coating contains both V and C. Therefore, it is thought that V
and C were well-developed on the substrate at 400 °C and 500 °C using newly developed CVD

system. However, the suspected low concentration of oxygen was not detected by EDS.
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Figure 8-4. SEM surface morphology and EDS spectrum of the specimens coated at (a and c)
400 °C and (b and d) 500 °C.

The SEM cross-sectional images in Figure 8-5 show that there is no gap or de-adhesion between
the coating and T91 substrate, and the coating thickness is approximately 6 ym and 8 um for
processing temperatures of 400 °C and 500 °C, respectively. EDS line profiles in Figure 8-5¢ and
d also show that both V and C are the main species in the coating and both elements present
complementarily in the coating, while a few percentage of iron was detected in the coating.
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Figure 8-5. SEM cross sectional images and EDS line scan profiles of the specimens coated at (a
and ¢) 400 °C and (b and d) 500 °C.

The coating results such as average grain size, content of V and C, and thickness of the coating
are summarized in Figure 8-6 as a function of temperature. It is clearly seen that the grain growth
occurred and the grain size increased dramatically at 500 °C.
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Figure 8-6. (a) Average grain, (b) thickness of the coating, and (c) content of V and C in the
coatings deposited at 300, 400, and 500 °C, respectively.
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Another coating experiments with relatively low carrier gas flow rate with lower evaporation rate
of the precursor was also performed. Figure 8-7a shows SEM surface morphology of the
specimen deposited at 500 °C with the flow rate of 10 sccm and the precursor temperature of 70
°C. It seems that all surface was fully covered with vanadium carbide. The average grain size of
the coated particle was approximately 8 um. EDS result in Fig 8-7b also confirms that the
specimen was fully covered. The compositions at the spot marked with ‘x’ was 48 at.% V-52
at.% C. Lower magnification image in Figure 8-8 also shows that most area on the specimen was
fully covered with vanadium carbide. The SEM cross sectional image in Figure 8-9 shows that
the coating with approximately 8 pm was deposited on the surface of the T91 steel. There was no
gap or de-adhesion between the substrate (T91) and the coating. However, the coating quality
was not the best compared with previous results. The pores was observed in the middle of the
coating, and the surface of the coating was not smooth.
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Figure 8-7. (a) SEM surface morphology of the specimen and (b) EDS spectra. The ‘x’ indicates
the spot where the EDS spot analysis was performed. The sample was coated at 500 °C with the

flow rate of 10 sccm and the precursor temperature of 70 °C.

Figure 8-8. Lower maginification (x500) SEM surface morphology of the specimen deposited at
500 °C.
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Fe

Figure 8-9. (a) Low (x500) and (b) high (x5000) magnifications SEM cross sectional images
deposited at 500 °C with the flow rate of 10 sccm and the precursor temperature of 70 °C.

Higher flow rate of 20 sccm instead of 10 sccm was followed to deliver a vaporized precursor
more efficiently. The gas purifier was also adopt in this experiment. The SEM surface
morphology in Figure 8-10a shows well-developed coating on the specimen. The average grain
size of the coated particle was approximately 10 pm and it mainly contains 56 at. % V and 44
at. % C, which shows a similar ratio with previous result. Lower magnification image in Figure

8-11 also shows that most area on the sample was fully-covered with vanadium carbide.
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Figure 8-10. (a) SEM surface morphology and (b) EDS spectra of the sample coated at 500 °C
with the flow rate of 20 sccm and the precursor temperature of 70 °C.

e
l""u'

i 30
¥,

DAL
. “i:‘*‘*
ll.,(’v, C ‘l,’\

Figure 8-11. (a) Lower magnification (x1000) SEM surface morphology of the sample coated at
500 °C with the flow rate of 20 sccm and the precursor temperature of 70 °C.
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However, the quality of the coating seems not good. The SEM cross sectional image in Figure 8-
12 shows that the coating was well-deposited on the surface of the T91 steel, and there was no
gap or de-adhesion between the substrate (T91) and the coating. The thickness of the coating was
approximately 6.5 um. Although there was no pore developed in the coating, the surface of the
coating was not smooth, either. This is probably due to a fluctuated carrier gas flow with

vaporized precursor, and the carrier gas flow as well as the sample position need to be optimized

to obtain better quality coating sample (e.g. Figure 8-4 and 8-5).

Figure 8-12. (a) Low (x1000) and (b) high (x10000) magnifications SEM cross sectional images
of the specimen. The sample was deposited at 500 °C with the flow rate of 20 sccm and the

precursor temperature of 70 °C.

8.1.2. Effect of Carrier Gas Diffusivity

Several carrier gases such as Ar, He, and H, were used in CVD experiments [19, 23, 24]. For
example, He gas, which is known to have a high reduction characteristic, was adopted as a
carrier gas in order to inhibit the reaction with an oxygen and moisture. Several experiments
were performed with different conditions (e.g. sample position in the chamber, carrier gas flow
rate between 5 and 20 sccm). However, the sample was not coated under various conditions. It is
thought that vaporized precursor along with the He carrier gas was not deposited on the

specimen efficiently, since a thermal diffusivity of the He is approximately 7 ~ 8 times higher
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than Ar, and the reactant gas diffusivity is also higher in He than that in Ar [23]. It was revealed
that the stagnation of the carrier gas and the staying time around the specimen are key factor, and
the He as a carrier gas, which has a faster atomic movement, was not suitable/favorable in our
CVD set up. Momentum and thermal diffusivities derived from Lennard-Jones parameters were
summarized in Table 8-1 [23].

Table 8-1. Momentum and thermal diffusivities of carrier gases at 0.3 mbar, 500 K [23].

Momentum diffusivity [cm?/s] Thermal diffusivity [cm?/s]
Ar 1200 1800
He 9800 13,100
H» 8700 12,300

8.1.3. Combination beteen Evaporation and Carrier Gas Flow Rates

Figure 8-13 shows actual reaction chamber and the evaporator after the test. It seems carrier gas
flow was well performed since there was no blockage or deposition at the entrance of the
chamber (Figure 8-13a, marked with an arrow). The carrier gas flow rate and the heating
temperature of the precursor were 15 sccm and 80 °C, respectively. However, after the test, some
precursor was left around the evaporator (Figure 8-13b), indicating that the vaporized precursor
was not fully delivered to the chamber. In terms of the evaporation rate of the precursor and the
carrier gas flow rate, there are two possibilities that caused the blockage at the evaporator based
on the literature [17]; one is high evaporation rate caused from high precursor temperature, and
the other is that the carrier gas flow rate of 15 sccm was not sufficient to deliver the vaporized
precursor to the chamber under these conditions. Therefore, two more experiments were carried

out. The details of the test conditions were listed in Table 8-2.

Figure 8-13. (a) Actual reaction chamber and (b) the evaporator after the test.
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Table 8-2. The CVD test conditions and the anticipated results.

Tprecursor (°C) Flow rate (sccm) Results

80 15 Not fully delivered to the chamber.

20 30 Higher flow rate will deliver the precursor to
the chamber.
Lower evaporation rate may inhibit the

75 15

blockage at the evaporator.

Figure 8-14a shows SEM surface morphology of the specimen deposited at 500 °C with the flow
rate of 15 sccm and the precursor temperature of 80 °C. It seems that all surface were not fully
covered with vanadium carbide probably due to the limitation of the precursor supply caused
from the blockage at the evaporator. EDS results in Fig 6b and c also confirm that the specimen
was not fully covered. The compositions of the spot #1 and #3 are 70 at.% V-30 at.% C and 45
at.%- 23 at.% C-28 at.% Fe-4 at.%., Especially in spot #3, Fe and Cr elements as well as V and C
were observed, indicating elements other than V and C were detected from the T91 initial
surface. Lower magnification image in Figure 8-15 also shows that the delivery of the vaporized

precursor was not sufficient to deposit all surface.

Figure 8-14. (a) SEM surface morphology of the specimen and EDS spectra of the (b) spot #1
and (c) spot #3. The sample was coated at 500 °C with the flow rate of 15 sccm and the precursor
temperature of 80 °C.
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Figure 8-15. Lower maginification (x1000) SEM surface morphology of the sample coated at
500 °C with the flow rate of 15 sccm and the precursor temperature of 80 °C.

Higher flow rate of 30 sccm instead of 15 sccm was followed to deliver a vaporized precursor
more efficiently. Although there was a small amount of blockage at the end of the system
probably because of the high carrier gas flow rate, the sample surface was well-deposited with
vanadium carbide (Figure 8-16). However, it seems there is a gradient in concentration between
the center (Figure 8-16b) and the edge (Figure 8-16c¢) of the specimen. The average grain size of
the coating was approximately 3.5 um and mainly composed with 44 at.% V-56 at.% C (Figure
8-17). The SEM cross sectional image in Figure 8-18 further confirms that the coating was well-
deposited on the surface of the T91 steel. There was no gap or de-adhesion between the substrate

(T91) and the coating. The thickness of the coating was approximately 7 um.
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Figure 8-16. (a) Specimen after the test. There is a gradient in concentration between the center

and edge of the specimen. SEM surface morphology of (b) center and (c) edge regions.

(b) ® 44V-56C
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Figure 8-17. (a) Higher magnification (x10000) SEM surface morphology and (b) EDS spectrum

of the sample coated at 500 °C with the flow rate of 30 sccm and the precursor temperature of 80
°C.
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Figure 8-18. (a) Low (x500) and (b) high (x10000) magnifications SEM cross sectional images
deposited at 500 °C with the flow rate of 30 sccm and the precursor temperature of 80 °C.

Based on the CVD test schedule, lower precursor temperature (75 °C) by keeping the carrier gas
flow rate the same (15 sccm) was performed in order to control the evaporation rate of the
precursor and inhibit the blockage around the evaporator. The experiment was performed at 500
°C substrate temperature with the flow rate of 30 sccm and the precursor temperature of 80 °C,
and there was no blockage after the test. The sample, however, has quite similar morphology that
there was a gradient in concentration between the center and the edge of the specimen (Figure 8-
19). The SEM surface morphologies of the center (Figure 8-20a) and the edge (Figure 8-20b)
were similar with each other, and all surface were covered with the coating. The coating
thickness was approximately 2.5 pm in Figure 8-21a, and the composition of the coating was 57
at.% V-43 at.% C (Figure 8-21b). The SEM cross sectional image in Figure 8-22 shows that the
coating was well-deposited on the surface of the T91 steel, and there was no gap or de-adhesion
between the substrate (T91) and the coating. The thickness of the coating was approximately 5.5

pm.
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Figure 8-19. The sample after the CVD test.

Figure 8-20. SEM surface morphology of (a) Center and (b) edge of the specimen deposited at
500 °C with the flow rate of 15 sccm and the precursor temperature of 75 °C.
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Figure 8-21. (a) Higher magnification (x10000) SEM surface morphology and (b) EDS spectrum
of the sample coated at 500 °C with the flow rate of 15 sccm and the precursor temperature of 75
°C.

Figure 8-22. (a) Low (x1000) and (b) high (x10000) magnifications SEM cross sectional images
taken at the center of the specimen. The sample was deposited at 500 °C with the flow rate of 15
scem and the precursor temperature of 75 °C.
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8.1.4. Sample Position in the Chamber

Sample position in the chamber is also important factor since mass transfer (e.g. the injection of
the vaporized precursor) by diffusion and convection determine the access of reactants to the
deposition surface. However, effects of standard CVD operating conditions (e.g. flow rate,
pressure of the system, and types of carrier gas) on flow characteristics are hard to consider.
Therefore, in this project, the position of the sample was determined empirically. Figure 8-23a
shows top and side views of the chamber after the test under the flow rate of 15 sccm. Precursors
were also deposited on the wall of the chamber, and it is clearly seen that most deposition
occurred in the middle of the chamber where the specimen placed. However, not all over the
specimen, but only the middle of the sample was covered with soot after the test, indicating that
carrier gas was directly injected on the specimen (Figure 8-23b). This is probably due to the fact

that the specimen was too close to the nozzle, therefore, it directly hit the specimen, and has not

enough time for the surface of the specimen to be deposited.

Figure 8-23. (a) Top and side views of the chamber after the test under the carrier gas flow rate
of 15 sccm. (b) The specimen after the test. The middle of the sample was covered with soot.

Figure 8-24a shows top and side views of the chamber after the test under the higher flow rate of
20 sccm. The precursor deposition characteristics on the wall shows different pattern that the
vaporized precursors mainly deposited at the end of the chamber where an additional arm
located, while the sample position in the chamber was the same (middle of the chamber). In this
case, most surface area of the specimen was covered with the coatings. However, SEM images in
Figure 8-25 show that not only the front of the sample (Figure 8-25b), but also the back side of
the sample (Figure 8-25¢) were deposited, implying that higher flow rate of the carrier gas
promoted a turbulence near the specimen. Therefore, it will be considered to place the specimen

at the end of the chamber for our future work.
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Figure 8-24. (a) Top and side views of the chamber after the test under the carrier gas flow rate
of 20 sccm. (b) The specimen after the test.

Figure 8-25. (a) Low magnification of SEM image of the sample, showing both front and back
sides. Higher magnification (x5000) SEM images of (b) front, and (c) back of the specimen.

Both sides show de-adhesion between T91 substrate and the coating.

8.1.5. Coating Time of OMCVD

So far, the coating experiment usually took place for 20 hrs in order to minimize the effect of
time on coating performance. However, we found the difference in color and stoichiometry on
surface of the flat coupon after finishing the test. After using up the precursor, we kept the
evaporator valves open and left it for 20 hours, and it became sooty on the sample after 8 hrs
(Figure 8-26). The SEM results show that the image and the EDS spectra were quite different
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between two different regions. Figure 8-27a shows SEM surface morphology of the specimen at
the bottom of the sample, which represented a gray color (bottom of the sample in Figure 8-26).
The sample was deposited at 500 °C with the flow rate of 20 sccm and the precursor temperature
of 70 °C. It seems that all surface was fully covered with vanadium carbide. The average grain
size of the coated particle was approximately 9 um. EDS result in Figure 8-27b also confirms
that the specimen was fully covered. The compositions was 51 at.% V-49 at.% C. Lower
magnification image in Figure 8-28 also shows that most area on the specimen was fully covered
with vanadium carbide. The SEM cross sectional image in Figure 8-29 shows that the coating

with approximately 6 um was deposited on the surface of the T91 steel. There was no gap or de-

adhesion between the substrate (T91) and the coating.

.
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Figure 8-26. Optical image for the sample after the test. The area within the dashed line
represents sooty spot after the test.

48



0 1 2
1,008,016 counts in 55 seconds

Figure 8-27. (a) SEM surface morphology of the specimen and (b) EDS spectra. The sample was
coated at 500 °C with the flow rate of 20 sccm and the precursor temperature of 70 °C. The
sample was coated for 20 hrs.

Figure 8-28. Lower maginification (x1000) SEM surface morphology of the specimen deposited
at 500 °C with the flow rate of 20 sccm and the precursor temperature of 70 °C.
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Figure 8-29. (a) Low (x500) and (b) high (x5000) magnifications SEM cross sectional images
deposited at 500 °C with the flow rate of 20 sccm and the precursor temperature of 70 °C.

However, SEM result in Figure 8-30 shows that the surface was not fully covered with vanadium
carbide. The image was taken from the top of the sample, which is the marked area within the
dashed line. Figure 8-30a shows some area was barely revealed. The EDS spectrum further
confirms that the spot in the particle has a composition of 47 at.% V-52 at.% C-1 at.% Fe (Figure
8-30b). However, the EDS result taken from the spot marked as ‘x’ was 27 at.% V-38 at.% C-27
at.% Fe-8 at.% Cr, indicating that bare Fe was detected in the EDS result (Figure 8-30c).
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Figure 8-30. (a) SEM surface morphology and (b) EDS spectra of the sample coated at 500 °C
with the flow rate of 20 sccm and the precursor temperature of 70 °C.

51



Figure 8-31. (a) Lower magnification (x1000) SEM surface morphology of the sample coated at
500 °C with the flow rate of 20 sccm and the precursor temperature of 70 °C.

Lower magnification SEM surface image (Figure 8-31) and SEM cross section images (Figure 8-
32) also show that the surface was not fully covered. As we monitored the surface of the sample
and the parameter in the system during the test, it is thought that all precursor was used up after
approximately 3 hrs, since there is little change in total pressure. Then, after approximately 8 hrs,
the sample became sooty from the top of the sample, which is probably the spot where the carrier
gas hit. Therefore, it is thought that 20 hrs test time was not necessary, and it is expected that the

experiment with shorter time might show a better coating performance.
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Figure 8-32. SEM cross sectional images of the specimen. The sample was deposited at 500 °C

with the flow rate of 20 sccm and the precursor temperature of 70 °C.

Figure 8-33 shows the SEM surface morphologies of the sample coated at 500 °C with the flow
rate of 20 sccm and the precursor temperature of 70 °C. The sample was coated for 10 hrs. After
the experiment, the sample has a single gray color surface, and there is no sooty area over the
specimen. The gain size of the coating was approximately 8.5 um, which is quite comparable to
the grain size of the sample coated for 20 hrs. The quality of the coating was good. There was no
bare region on the surface of the sample, which was not covered with a coating. Therefore, it is
thought that a coating with shorter time of 10 hrs was enough with using 1 g of vanadocene in
our system, and it is thought that there is no impact of grain size and coating quality by reducing

a coating time.
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Figure 8-33. (a) Low (x1000) and (b) high (x5000) magnifications SEM surface morphologies of
the sample coated at 500 °C with the flow rate of 20 sccm and the precursor temperature of 70

°C. The sample was coated for 10 hrs.

8.1.6. Cooling Rate of the Sample after Experiments

In general, grade T91 exhibits excellent elevated-temperature strength and creep behavior up to
approximately 600 °C [25]. In addition, T91 steel has higher heat transfer and lower coefficients
of thermal expansion (CTE) compared with austenitic steels [26]. However, when the vanadium
carbide, which has relatively lower CTE value than T91 steel, deposits on the surface of the
cladding materials, thermal cracks would occur as a result of the discrepancy of the CTE values
between the coating and the cladding material. Figure 8-34 shows a specimen after the coating
experiment, showing that a coating initially took place on the flat coupon sample, but it was
peeled off afterward probably because of a rapid cooling rate of approximately 100 °C/sec. As a
result, shiny gray surface revealed, while a small amount of dark gray area, which is a coated

region, was remained.
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Figure 8-34. The sample after the coating experiment. Most of the coating was peeled off.

The coating experiment with slower cooling rate (20 °C/min) was followed to inhibit the gap or
de-adhesion probably due to the difference in CTE. Figure 8-35a shows that the cooling rate of
20 °C/min seems still not enough to prohibit the cracking. After the deposition, the cracking
occurred at the surface of the specimen. In addition, C content at the surface of the coating was
relatively higher (Figure 8-35b, 78 at.%) than other coating experiments, indicating that high
content of C might expedite the cracking at the surface. The cross-section images in Figure 8-36
shows that the approximately 10 pum thick coating layer was deposited on the specimen.
However, the coating layer was also not uniform (Figure 8-36b). During the test, there was a
fluctuation in total pressure, which occurred from the blockage of the precursor at the system. It
is thought that the blockage might occur when the gas flow injection was not enough to bring the
vaporized precursor into the chamber, so that there was a stagnant vaporized species at the
evaporator. Therefore, another experiment with higher flow rate was performed.
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Figure 8-35. (a) SEM surface morphology and (b) EDS profile deposited at 500 °C with the flow
rate of 10 sccm.

(a)
Coating layer

L
Fe

Figure 8-36. SEM cross sectional images at (a) low and (b) high magnifications deposited at 500
°C.

Figure 8-37a shows the SEM surface morphology. Well-developed grain structure with micron
scale grain size was obtained under the substrate temperature of 400 °C for 20 h with the flow
rate of 10 sccm. The EDS spectra in Figure 8-37b further confirms that the surface of the T91
steel was well-covered, and the coating contains both V (67.6 at.%) and C (33.4 at.%), no peaks
for Fe, Si, and Cr was detected. Low magnification SEM surface morphology image in Figure 8-
38 also shows most area of the specimen was well-deposited with V and C atoms. The SEM

cross section image in Figure 8-39 shows that approximately 6 pm thick solid coating layer was
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developed. There are no distinct gap or de-adhesion between T91 substrate and the coating, since
the specimen was cooled down at lower rate of 10 °C/min. In summary, it is thought that
adequate gas flow and pump rates as well as slow cooling rate is necessary in order to obtain a

good quality coated specimen.

® 676at%V
334 at%C

Figure 8-37. (a) SEM surface morphology and (b) EDS profile deposited at 400 °C with the flow

rate of 10 sccm.

Figure 8-38. SEM surface morphology taken at lower magnification (x1000). The specimen was

fully covered with particles.
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Figure 8-39. SEM cross sectional images at (a) low and (b) high magnifications deposited at 400

°C.

Another experiment with slow carrier gas flow rate (10 sccm) and cooling rate (10 °C/min) was

also performed. Figure 8-40a shows the surface morphology of the coating obtained with the

Cp,V precursor at 400 °C with the carrier gas flow rate of 10 sccm. A well-developed coating
was obtained, and the EDS spectra in Figure 8-40b shows that the coating contains both V (48.2
at.%) and C (51.8 at.%), no peaks for Fe, Si, and Cr was detected, indicating that the surface of

the T91 steel was well-covered with V and C atoms.
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Figure 8-40. (a) SEM surface morphology and (b) EDS profile deposited at 400 °C with the flow
rate of 10 sccm.

The low magnification cross-sectional SEM image in Figure 8-41a shows that the coating with
uniform thickness was developed at the surface of the T91. The thickness of the coating was
approximately 20 pm, which is the thickest result so far (Figure 8-41b). However, the higher
magnification image in Figure 8-41b shows that there is a gap and de-adhesion between the
coating and T91 substrate. This is probably due to the high deposition rate or a discrepancy in
CTE between T91 steel and the vanadium carbide coating during cool-down after the test [27]. In
addition, multiple layers in the coating was observed, which proved to be a C-rich layer in EDS
line scan profile (Figure 8-42).

()

Figure 8-41. SEM cross sectional images at (a) low and (b) high magnifications deposited at 400
°C.
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Figure 8-42. EDS line scan profile of the specimen coated at 400 °C. C-rich region presented in
the coating.

8.1.7. Phase Constituent

Figure 8-43 shows the X-ray diffraction from the vanadium carbide coating deposited at 400 °C
(Figure 8-4a) and 500 °C (Figure 8-4b). In addition to the EDS result in Figure 8-4, the X-ray
result in Figure 8-43 further confirms that the coating is consisted of a mixture of V,C, VC and a
small amount of V,0;.
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Figure 8-43. X-ray diffraction from the vanadium carbide coating deposited at 400 °C and 500
°C.

8.1.8. Composition Analyses by Using TEM

The cross-sectional TEM was also prepared by using FIB, which is shown in Figure 8-44. The
cross-sectional TEM image shows that the microstructures such as the grain and carbide in T91

substrate remain intact.

Figure 8-44. Cross sectional TEM image of the coated T91 substrate.
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Figure 8-45 shows a TEM Cross-sectional image of the sample coated at 450°C. The sample was
deliberately lifted out from an area with a thin coating layer, which contains a small grain size.
The coating shows a uniform thickness of ~2.5 um, and it is further confirmed that there is no

gap or de-adhesion between HT9 and the coating.

Figure 8-45. TEM Cross-sectional image of the sample coated at 450°C after FIB lift out.

8.1.9. Application to the Tubular T91 Sample

Figure 8-46 shows a preliminary design for the tubular coating apparatus. A preliminary coating
result at the inner surface morphology of the cladding material is shown in Figure 8-46b. It is
shown that the surface of the inner cladding was not fully covered with the coating. The possible
reason for the irregular coating is because that the inner surface is just as extruded, and/or a
much thicker coating would be needed to fully cover the inner surface. Therefore, further design
and development was performed to improve the coating uniformity as well as application to a
longer cladding tube in Figure 8-47. In order to measure the exact temperature, and keep the
temperature of the tubular sample consistent, the actual cladding tube was directly attached with
the thermos couple by using a spot welder. Then, the sample was loaded and placed at front of

the nozzle in the reaction chamber.
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Figure 8-46. (a) Preliminary setup for tubular coating experiments, and (b) surface morphology
of the tube inner coating.

(a)

Figure 8-47. (a) The actual cladding tube directly attached with the thermos couple by using a
spot welder. (b) The sample loaded at front of the nozzle in the reaction chamber.

The coating experiment for the tubular T91 cladding sample was performed under the substrate
temperature of 450 °C and the carrier gas flow rate of 10 sccm. After the test, the precursor was
not fully passed through the tip probably because of the limited flow rate of the precursor due to
the change in the reaction chamber (especially, the nozzle tip might cause a limitation of the
carrier gas flow along with the precursor. The cross section images of the inner surface was also
shown in Figure 8-48, which are three different regions in the tubular sample. Unlike the front
(Figure 8-48b) and the rear (Figure 8-48d) side of the sample, a thicker coating with some gap
between the coating the inner surface was observed in the middle of the tubular cladding
specimen (Figure 8-48c¢). This is probably due to the fact that there was less turbulence generated

in the middle of the cladding, resulting in favorable condition for the precursor to be deposited.
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\‘ Gas flow direction

Figure 8-48. (a) Sectioned cladding tube. The gas flows from left to right direction. Cross section

images of the inner cladding surface at each area of (b) 1, (¢) ii, and (d) iii under the substrate

temperature of 450 °C and the carrier gas flow rate of 10 sccm.

8.2 Effects of Vanadium Carbide Coating Layer to Inhibit the FCCI

8.2.1. Diffusion Couple Studies at Normal Operating Temperature of SFR

Figure 8-49 shows the back scattered electron (BSE) micrograph of cross-sectional image of
samples after a diffusion couple experiment at 550°C for 100 h. An annealing temperature of 550
°C was adopted based on the normal operating temperature at which the fuel/cladding interface
could be exposed. The average lengths of the inter-diffusion zone between T91 and Ce before
and after the coating process were 125 pm and 25 um, respectively. This indicates there is 80 %
reduction in the inter-diffusion zone between the cladding and the fuel. However, it is not
enough to mitigate FCCI since it is clearly seen that cerium atoms diffused toward iron substrate.

This is probably attributed to the fact that a small coating thickness of 1.5 microns did not

64



effectively inhibit inter-diffusion of both iron migration and lanthanide penetration [3].
Therefore, it is thought that another diffusion couple test needs to be performed using the
specimen with thicker vanadium carbide deposition.
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Figure 8-49. BSE micrograph of cross-sectional images (top) and concentration depth profiles
(bottom) of samples after diffusion couple experiment at 550°C for 100 h. (a) T91/Ce and (b)
T91/VC/Ce. The coating was deposited at 400 °C.

Thereafter, diffusion couple test was conducted at same temperature of 550 °C with the specimen
having 5.5 pm thick coating (Figure 8-50). It was expected to get better results in terms of the
reduction in inter-diffusion zone, since the specimen coated at 500 °C (5.5 pm) has thicker
coating than that coated at 400 °C (1.5 um). However, the result in Figure 8-50 shows that there
is a little reduction in inter-diffusion zone (17% reduction). It is probably due to the fact that
higher concentration of C atoms in the coating (approximately 50 at.%) acts as easier diffusion
path for both Ce and Fe diffusion through the coating. Therefore, at this moment, it is thought
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that small concentration of C atoms with thicker coating is required to reduce inter-diffusion

zone between Fe and Ce atoms effectively.
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Figure 8-50. BSE micrograph of cross-sectional images (top) and concentration depth profiles
(bottom) of samples after diffusion couple experiment at 550°C for 100 h. (a) T91/Ce and (b)
T91/VC/Ce. The coating was deposited at 500 °C.

Figure 8-51 shows another BSE micrograph of cross-sectional image of samples after a diffusion

couple experiment at 550 °C for 50 h. The average lengths of the inter-diffusion zone between

T91 and Ce before and after the coating process were 65 pm and 25 pum, respectively. This
indicates 62 % reduction in the inter-diffusion zone between the cladding and the fuel.
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Figure 8-51. BSE micrograph of cross-sectional images after diffusion couple experiment at
550°C for 50 h. (a) T91/Ce and (b) Ce/VC/T91. The coating was deposited at 500 °C.
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Figure 8-52 shows enlarged BSE cross-sectional images (x7000) of Ce/VC/T91 specimen with
spot analyses on each spot. First, the composition at Ce substrate near the vanadium carbide
coating layer was 100 wt.% Ce, which indicates that no Fe atoms diffuse toward Ce sheet.
Therefore, it is thought that vanadium carbide coating layer mitigates the Fe diffusion efficiently,
and act as a diffusion barrier. Ce diffusion, however, took place in the specimen through the
vanadium carbide coating layer and T91. The length of Ce diffusion zone is approximately 25
pm.

In addition, the Fe/Ce inter-diffusion zone can be divided into two different regions in terms of
its apparent shapes: one is solid gray region on the left near the vanadium carbide coating, and
the other is debris-like particles on the right. It is uncertain that the particles was fabricated from
the sample preparation process or not, since relatively soft Ce sheet could smear on the Fe
substrate during mechanical polishing. Thus, surface mill trench process by using a FIB was

performed in order to determine when the debris-like particles were fabricated.
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Figure 8-52. Enlarged BSE cross-sectional images of Ce/VC/T91 diffusion couple specimen.

Each arrow indicates the compositional spot analysis at different spots.

Figure 8-53 shows the BSE top view image after ion-milling treatment. The depth of the ion-

milled region was 4 um from the surface, indicating that there was probably little effect of

mechanical polishing on the sample surface. The result shows that a debris-like particles were

still observable underneath the surface of the T91 substrate. In addition, it was quite comparable

in composition with Figure 8-52 that debris-like particles also contain Ce as well as Fe.

Therefore, it is confirmed that the debris-like particles were fabricated as a result of the Ce

diffusion toward T91 substrate.
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Figure 8-53. SEM micrograph after surface mill trench treatment by using a FIB. Yellow box
indicates ion-milled region, which is approximately 4 um below the surface.

From the previous diffusion couple experiments, it is thought that the thickness of the coating as
well as the ration between V and C are important factor to minimize the inter-diffusion.
Therefore, a coating sample with approximately 8 um thick and the 1:1 ratio between V and C
was used for the diffusion couple test. Figure 8-54 shows BSE micrograph of cross-sectional
image of samples after a diffusion couple experiment at 550°C for 50 h. The average lengths of
the inter-diffusion zone between T91 and Ce before and after the coating process were 45 pm
and 5 pum, respectively. This indicates 89 % reduction in the inter-diffusion zone between the Fe

and Ce sheets.
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Figure 8-54. BSE micrograph of cross-sectional images after diffusion couple experiment at 550
°C for 50 h. (a) T91/Ce and (b) Ce/VC/T91. The coating was deposited at 500 °C.

Figure 8-55 shows enlarged BSE cross-sectional images (x10000) of Ce/VC/T91 specimen with
spot analyses on each spot. First, Ce diffusion occurred through the vanadium carbide coating
and T91 substrate. First, VC coating which consists of 3-layer prohibited the inter-diffusion
between Ce and Fe. However, inter-diffusion occurred obviously at the layer near Ce, while
second and third layers were intact relatively. In addition, the SEM cross-section images in
Figure 8-56 show that there are various inter-diffusion behavior at different regions. While the
coating layer was intact in Figure 8-56a, the coating was detached from the T91 steel probably
due to the weak bonding between the coating and the T91 substrate. In addition, the coating at
another region was split up after the diffusion couple test. Therefore, it is thought that none-
uniform coating layer (e.g. multiple layers) has bad impact on inter-diffusion between the fuel
and the cladding, since the interface at the boundary may act as cracking initiation and/or thermal

concentration sites.
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Figure 8-55. Enlarged BSE cross-sectional images of Ce/VC/T91 diffusion couple specimen.
Each arrow indicates the compositional spot analysis at different spots.
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Figure 8-56. Diffusion couple results of Ce/VC/Fe coatings taken at different regions. (a) The
coating layer was intact. (b) The coating was detached from the T91 substrate. (c¢) The coating
was split up after the test.

Another diffusion couple test with the specimen which has approximately 6 pm thick uniform
coating was performed (Figure 8-57). The average lengths of the inter-diffusion zone between
T91 and Ce were 85 um and 3 pum, respectively. This indicates 96 % reduction in the inter-

diffusion zone between the T91 steel and Ce. In addition, the coating layer was intact after the
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test and there was no detachment between the coating and the T91 substrate (Figure 8-58).
Furthermore, no Ce and Fe atoms diffused toward each side, since the coating layer blocked the
diffusion of Ce as well as Fe atoms effectively.

Coating
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.

Figure 8-57. BSE micrograph of cross-section images after diffusion couple experiment at 550
°C for 50 h. (a) T91/Ce and (b) Ce/VC/T91. The coating was deposited at 400 °C.
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Figure 8-58. Enlarged BSE cross-section image of Ce/VC/T91 diffusion couple specimen. Each
arrow indicates the compositional spot analysis at different spots.
Figure 8-59 shows enlarged BSE cross-section images of Ce/VC/T91 diffusion couple specimen

taken at different area of the specimen. The coating prohibited the inter-diffusion between Ce
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and T91 substrate effectively at most area (Figure 8-59a and b), while small amount of Ce atoms
diffused toward the coating and T91. At one spot, Ce atoms diffused through the coating which
has thinner coating depth, and racking occurred afterward.

(b)’

Figure 8-59. Enlarged BSE cross-section images of Ce/VC/T91 diffusion couple specimen. (a
and b) The coating inhibited the inter-diffusion between Ce and T91 steel. (¢) Small amount of
Ce diffused toward the coating and T91. (d) Ce atoms diffused through the coating which has
thinner coating depth. Cracking occurred afterward.

Figure 8-60 shows the BSE micrograph of cross-sectional image of samples after a diffusion
couple experiment at 550 °C for 50 h. An annealing temperature of 550 °C was adopted based on
the normal operating temperature at which the fuel/cladding interface could be exposed. The
average lengths of the inter-diffusion zone between T91 and Ce before the coating process were
approximately 40 um (Figure 8-60a). However, after the deposition of the coating on the
cladding material, there was a decrease in inter-diffusion (figure 8-60b). However, it is not
enough to mitigate FCCI since it is clearly seen that Fe atoms diffused toward Ce sheet, while Ce

atoms was not detected in the Fe substrate. This indicates that 5 pm thick coating was effective
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to inhibit Ce diffusion toward Fe, but still need further improvement to inhibit Fe diffusion

toward Ce.
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Figure 8-60. BSE micrograph of cross-sectional images of samples after diffusion couple
experiment at 550 °C for 50 h. (a) T91/Ce and (b) T91/VC/Ce. The coating was deposited at 500
°C.

Figure 8-61 shows the BSE micrograph of cross-sectional image of samples after a diffusion
couple experiment at 550 °C for 50 h. An annealing temperature of 550 °C was adopted based on
the normal operating temperature at which the fuel/cladding interface could be exposed. The
average lengths of the inter-diffusion zone between T91 and Ce before the coating process were
approximately 50 um (Figure 8-61a). Especially, Extensive Fe atoms were diffused toward Ce
area. However, after the deposition of the coating on the cladding material, there was a decrease
in inter-diffusion (figure 8-61b). However, it is not enough to mitigate FCCI since it is clearly
seen that Fe atoms diffused toward Ce sheet, while Ce atoms was not detected in the Fe substrate
(yellow dashed line in Figure 8-62). This indicates that 8 pm thick coating was effective to
inhibit Ce diffusion toward Fe, but still need further improvement to inhibit Fe diffusion toward
Ce.
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Figure 8-61. BSE micrograph of cross-sectional images of samples after diffusion couple
experiment at 550 °C for 50 h. (a) T91/Ce and (b) T91/VC/Ce. The coating was deposited at 500
°C.

Figure 8-62. Enlarged BSE micrograph of cross-sectional images of T91/VC/Ce pack.
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8.2.2. Diffusion Couple Studies at Aggresive Operating Temperature of SFR

Figure 8-63 shows diffusion couple test result of coated (Ce/coating/HT9) and uncoated
(Ce/HT9) specimens annealed at 690 °C for 100 h. The width of inter-diffusion zone in the
sample coated at 500 °C was approximately 35 um (Figure 8-63a) and it mainly consists of Ce
and Fe, while uncoated specimen has the inter-diffusion width of 160 um (Figure 8-63b). It can
be clearly identified that Ce actively diffuses into HT9 steel in uncoated specimen and the
eutectic-melted structure on the Ce side was also observed due to higher annealing temperature.
However, the diffusion couple result with the sample coated at 500 °C shows that the interaction
zone decreased significantly. In the future, diffusion couple test annealed at temperature lower
than eutectic temperature of Ce, which is 592 °C, will be also performed in order to validate the

functionality of the coating as a FCCI barrier under normal operating condition of the SFR.
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Figure 8-63. SEM cross sectional images and EDS line scan profiles of diffusion couple
experiments with (a and c) coated and (b and d) uncoated specimens annealed at 690 °C for 100
h.
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9. Atomistic modeling

A. Energetics and ground state properties of ordered V>C structures

As a first step in determining the general diffusion behavior of extrinsic defects in V,C, we studied
self-diffusion within the material’s ordered phases. According to X-ray diffraction studies of
nearly stoichiometric V,C at low temperatures [28-30], there are two distinct ordered phases,
known as a and P’. The P’ phase (space group P31m) has vanadium atoms arranged on a
hexagonal lattice with the carbon atoms preferentially occupying half of the octahedral interstitial
sites. This is in contrast to the high-temperature disordered B phase of V,C in which the site
occupation is random. At around 800°C, V,C undergoes a hexagonal-orthorhombic transformation
to the a phase (space group Pbcn). The transformation is characterized by a small distortion ~1.1%
of the vanadium sublattice and a reordering of the occupied octahedral sites [28]. Ignoring the
small distortion of the vanadium sublattice, the a and B’ phases differ only in the arrangement of

carbon atoms within the carbon sublattice.
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Figure 9-1. Cohesive energies of all symmetry inequivalent configurations of carbon atoms in V,C for a 36-atom cell
calculated using density functional theory.

To see how the specific carbon ordering influences the energy of a given V,C structure, we looked
at all possible configurations of occupied octahedral interstitial sites within a 36-atom cell. Once
symmetry equivalent structures were eliminated, we then relaxed the remaining structures to their
ground state using density functional theory (DFT). The ground state energies of these structures
along with their space group designation are shown in Fig. 9-1. Out of the tens of different
structures, six stood out as having significantly lower energy (~0.1 eV/atom) than the remaining
structures. The relative energies of these six structures along with the structure corresponding to
the a phase, whose symmetry is incommensurate with the specific 36-atom cell, are plotted in Fig.
9-2. The figure shows that the energy difference between these seven structures is small ~7.3 meV.
Interestingly, the figure also shows that the experimentally determined ground state structure of

V,C, namely the a phase, does not correspond to the lowest energy structure in our DFT
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calculations. Instead, the lowest energy structure belongs to the space group Pnnm. This
conclusion is independent of the DFT functional, LDA vs. GGA-PBE, used in the calculation.

8 o phase B' phase
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Figure 9-2. Relative energies of the six lowest-energy structures from Fig. 1 along with the structure belonging to the
a phase (space group Pbcn) which is not commensurate with lattice used to generate the other structures.

The relaxed lattice parameters and cohesive energies for the lowest energy structure, shown in Fig.
9-2, and the a and B’ phases of V,C are given in Table 9-1. Cohesive energies calculated using
both GGA-PBE and LDA functionals are provided to show that the energy ranking of the structures
is independent of the specific functional used in the calculation. However, the lattice constants
calculated using the GGA-PBE functional are in better agreement with experiment and therefore
all calculations for the remainder of this work use this functional. To determine if the specific
ordering of carbon atoms influences the self-diffusion behavior of V,C, we have included the
lowest-energy structure (space group Pnnm) in addition to the a and B’ phases in our calculations.
Schematic drawings of the unit cells for each of the three structures are shown in Fig. 9-3. Note
that the B’ phase is the only one of the three structures for which the density of carbon atoms is not

the same between neighboring close-packed planes.
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Figure 9-3. Unit cells of three ordered V,C structures including (a) the low-energy orthorhombic
structure belonging to space group Pnnm, (b) the o phase and (c) the ’ phase. Lattice planes within
the carbon sublattice are highlighted to show the different site occupations.

The calculated electronic band structure and density of states (DOS) for the a phase of V,C is
shown in Fig. 9-4. There is considerable band overlap at the Fermi energy which is in agreement

with the experimental fact that early transition metal carbides are all good electrical conductors

78



[31]. The electronic band structure and DOS for the B’ phase and the other low-energy
orthorhombic structure exhibit similar behavior.

Table 9-1. Lattice constants and cohesive energies for the a and B’ phases of V,C and the low-energy structure
belonging to space group Pnnm (see Fig.9-2). Theoretical results are obtained at zero temperature.

Space group

(phase) Pnnm Pbcn (o) P31m (B’)
Lattice type orthorhombic orthorhombic hexagonal
Prototype anti CaCl, C-FeoN e-Fe,N
a(A) 4.534 45517 455 4577°  457°  454° 4495 4551" 5008 5.005¢
b (A) 5.733° 57317 5.745* 5742 5.742° 5.726° 5.628° 4.735 - -
c(A) 5.037" 5035 503" 5.037° 5.026° 50319 4.929° 5.032° 4535 45512
EEPA (eV/atom) -9.5566 -9.5554 -9.5496
EFBE (eV/atom) -10.5428 -10.5404 -10.5348
Ezp (meV/atom) 72.4 71.3 73.3
"This work (VASP-PBE) “Expt. from Ref. [32]° Expt. from Ref. [28] “Expt. from Ref. [6] 4VASP-

PBE from Ref. [34] “‘CASTEP-PBE from Ref. [35] {CASTEP-PBE from Ref.[36] *Expt. from Ref.[37]

The zero-temperature elastic constants for the three different V,C structures are given in Table 9-
2. Values from previous theoretical works are given for the a phase. No other theoretical results
could be found for the B’ phase. To the best of our knowledge, no experimental values exist for
the single crystal elastic constants of either of the ordered V,C phases. The bulk modulus K and
shear modulus G for the aggregate V,C crystal are estimated using the Voigt-Reuss-Hill

approximation [32]. The Young’s modulus E and Poisson ratio v can then be calculated from the

3G
3K+G

well-known relations 1=i+i and v =l(1— ) . These moduli from our DFT
E 3G 9K 2

calculations for all three V,C structures as well as from other theoretical works for the o phase are
given in Table 9-2.
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Figure 9-4. Electronic band structure and density of states (DOS) for the o phase of V,C calculated using density
functional theory. The Fermi energy is set to zero.

Figure 9-5 shows the theoretical phonon DOS for all three of the ordered V,C structures calculated
based on the relaxed lattice parameters in Table 1. Each of the DOS decays to zero as the phonon
frequency approaches zero indicating no unstable modes. Thus, the three ordered V,C structures
are mechanically stable. Zero point vibrational energy corrections to the total energy are calculated
from [39]

@ h
Ezp = f g(a))dea) (D
0

where g(w) is the normalized phonon DOS. The zero point corrections to the cohesive energies
for each of the three V,C structures are given in Table I. Inclusion of the zero point energy reduces
the energy difference between the two orthorhombic to ~1 meV, while the ’ phase, which has the
highest value of E;p, becomes even further removed energetically from the two orthorhombic

structures.

TABLE 9-2. Zero-temperature elastic constants and elastic moduli for the three different ordered V,C structures.
Elastic moduli are estimated using the Voigt-Reuss-Hill approximation [32].

Space group (phase) Pnnm Pbcn (o) P31m ()
¢11 (GPa) 434 414 393 452 400 419
¢25 (GPa) 402 356 381 450 383 419
¢33 (GPa) 437 392 410 493 414 426
¢12 (GPa) 155 190 181 207 182 174
¢15 (GPa) 143 118 122 146 120 149
¢s5 (GPa) 122 211 189 205 189 149
Caq (GPa) 157 112 107 122 110 123
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¢ss (GPa) 90 112 125 143 130 142

ce6 (GPa) 80 78 131 161 135 142
K (GPa) 235 244 250 279 242 245
G (GPa) 118 100 118 140 121 133
E (GPa) 302 264 303 359 311 338
v 0.285 0.320 0.290 0.290 0.286 0.270
Reference This work This work Ref. [7] Ref. [8] Ref. [9] This work

VASP-PBE VASP-PBE VASP-PBE CASTEP-PBE CASTEP-PBE VASP-PBE

To see whether the carbon ordering affects the intrinsic defect and self-diffusion behavior in V,C,
we have included the low-energy orthorhombic structure predicted by DFT in addition to the o
and B’ phases in our calculations. The unit cells for these structures are shown in Fig. 9-3. Note
that the B’ phase is unique as the density of carbon atoms differs between neighboring planes along
the close-packed direction.

25

0 _ | =

frequency (THz)
s >
\

W

5 I

Figure 9-5. Theoretical phonon and density of states (DOS) for the (a) low-energy structure belonging to space group
Pnnm, (b) the a phase of V,C and (c) the B’ phase of V,C.

B. Vacancies in ordered structures of V,C

As a first step towards investigating the self-diffusion behavior of V,C, we calculated the
formation energies of intrinsic defects most likely to aid in diffusion. Since the self-diffusion of
each chemical species is thought to occur within their own respective sublattices, the only relevant
defects to consider are vacancies. The formation energy at zero-temperature for a neutral defect X
is given by [40-43]

AE/[X] = ELX] - Elbulk] + ) )

J
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where E[X] is the total energy of the cell with the defect, E[bulk] is the total energy of the perfect
cell, n; is the number of atoms of chemical species j that are removed (n; > 0) or added (n; < 0)
to the cell and y; is the energy of the atomic reservoir to which the atom is removed or added. In
this work, p; is taken to be the cohesive energy per atom of either bcc vanadium or carbon graphite.
Strictly speaking, the quantity measured in experiments is the formation enthalpy AHg, but all
calculations have been performed at zero pressure in which case AHy = AEy.

S .
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Figure 9-6. Calculated vacancy formation energies as a function of the number of atoms in the supercell for the (a)
low-energy structure belonging to space group Pnnm, (b) the o phase of V,C and (c) the §~ phase of V,C.

Figure 9-5 shows the convergence of the carbon and vanadium vacancy formation energies with
respect to supercell size for the each of the three V,C structures. The values listed in Table III were
found by extrapolating linear fits of the calculated formation energies as N~! — 0. The similarity
of the formation energies among the three structures indicates that the carbon arrangement has
only a small effect on the overall interatomic bond strength. As the B’ phase has two unique carbon
sites, we denote the carbon atom lying in the high-density plane as C’ and the carbon in the low-
density plane as C. The vacancy formation energies for the two different carbon atoms, AE¢[v(]
and AE¢[v,/], approach a common value as the supercell size increases, thus indicating a single

unique carbon vacancy formation energy for large systems.

Table 9-3. Vacancy formation energies for the three different ordered V,C structures calculated using density
functional theory.

Space group (phase) Pnnm Pbcn (o) P31m (B’)
AEf[vc] (eV) 2.51 2.59 2.56
AEf[vcr] (eV) - - 2.56
AEf[vy] (eV) 4.22 431 4.27

C. Vacancy-assisted self-diffusion of vanadium in V>,C
Ignoring the small distortions in the two orthorhombic structures, the vanadium atoms in V,C form

an almost perfect scp sublattice. It is assumed that vanadium self-diffusion occurs exclusively on
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the vanadium sublattice by a standard vacancy-assisted mechanism. As mentioned in the
introduction, the former assumption is based on experimental evidence that the metal atom
diffusivity in transition metal carbides in independent of carbon concentration. Following from
this point, we further assume no net displacement of carbon atoms occurs as a result of vanadium
atom migration. That is to say the carbon arrangements before and after vanadium migration are
identical. Considering only the first nearest-neighbor shell, a vanadium may either migrate within
its own basal plane (jump A) or into one of the two adjacent planes (jump B) as shown in Fig. 9-

7(a). The in-plane D, and out-of-plane D) self-diffusion coefficients for vanadium are given by

m

1 . AES\ x AEg.lj 2
DL:ZCU foZUi exp kT dJ_,i+foZvj exp\ — kT dJ_,j

i J

Do — 1C i AEg}i e
=3 vfBz V; €xp T kT ) G

L

3)

where C,, is the concentration of thermal vacancies on the vanadium sublattice, v;" are the effective
frequencies, AE)’; and AEg"; are the vacancy migration energies for jumps of type A and B,
respectively, dii and dﬁ,i are the in-plane and out-of-plane squared displacements and the f’s are
the correlation factors. The subscripts i and j denote the index of the migrating atom. In the
expression for D, the first sum is taken over the six nearest-neighbor vanadium atoms within the
basal plane of the vacancy and the second sum is taken over the six nearest-neighbor vanadium
atoms in the two adjacent planes. In the expression for D), the sum is taken over only the six
nearest-neighbor vanadium atoms in the two adjacent planes; jumps within the same basal plane

do not contribute to Dy.

(a) (b)

Figure 9-7. In-plane (A) and out-of-plane (B) jumps for vanadium to a nearest-neighbor site within the vanadium
sublattice (a) without octahedral sites shown and (b) with octahedral sites shown. Vanadium atoms are shown as large
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(red) spheres, while octahedral sites are shown as small (brown) spheres. In V,C, only half of the octahedral sites are
occupied by carbon.

The concentration of vacancies on the vanadium sublattice follows an Arrhenius dependence C,, =
exp(AS}’ /k) exp (—AE 7/kT), where ASy i and AEj are the vibrational entropy and energies of
vacancy formation. The calculated AE; values for a single vanadium vacancy have been given in

Table III. The vibrational entropy of a harmonic solid composed of N atoms is given by [34]

e[ owfigfonlig) ] wf-en()) @

where g(w) is the phonon density of states, which is obtained by diagonalization of the dynamical
matrix on a 15X15X15 mesh of phonon wave vectors. The expression for AS¢ b js analogous to
Eq. 2 for AE and requires calculating S vib for three systems: a perfect V,C supercell, the same
supercell containing a single vanadium vacancy and a supercell of bcc vanadium. For the perfect
and defect systems, the supercell sizes used in the dynamical matrix calculations are 2X2x4 (96
atoms) for the Pnnm structure, 2X2X2 (96 atoms) for the o phase and 2X2X2 (72 atoms) for the

B’ phase. For bcc vanadium, a 4X4x4 conventional supercell is used. Calculated values of AS/ ib

for the three structures are given in Table IV.
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Figure 9-8. Theoretical minimum energy paths (MEPs) for vanadium vacancy migration for (a) in-plane (jump A) and
(b) out-of-plane (jump B) migration for the B’ phase calculated using the climbing-image nudged elastic band method.
Different colors correspond to MEPs for different migrating vanadium atoms.

The migration energy is defined as AE™ = ETS — E'S where ET* is the energy of the saddle point
along the minimum energy path (MEP) between the two end states and E'S is the energy of the
initial state. For the vacancy mechanism considered here, the initial state corresponds to a supercell
with a vanadium vacancy, while the final state corresponds to moving one of the 12 nearest-
neighbor vanadium atoms to the vacancy site. CI-NEB calculations are performed on a set of
interpolated image structures for each of the 12 initial and final state pairs. We find that the

migration energies converge rapidly with respect to supercell size; migration energies for a 71-

84



atom supercell for the B’ phase and 95-atom supercells for the two orthorhombic structures are
converged to within 0.05 eV.

Carbon atoms at the octahedral sites, see Fig. 9-7(b), impact the local environments of the
migrating vanadium atoms, which can result in large differences in the shape of the MEPs and
corresponding migration energies for jumps of the same type. Table IV gives the values for AE}"
and AEJ' for the three V,C structures considered in this work. For the B’ phase, AE}" are found to
vary by 0.15 eV, while AE}" is found to vary by as much as 2.65 eV. The other two orthorhombic
structures show similar variation in AE}", whereas the variation in AER* for the structure belonging
to space group Pnnm is ~1 eV more than either the B’ phase or the o phase, see Table 9-4. This
difference can be attributed to the differing arrangements of carbon atoms in the three V,C
structures. Three distinct groups of MEPs are observed for jump B as shown in Fig. 9-8(b). This
is also true of the two orthorhombic structures whose MEPs are not shown.

Table 9-4. Formation entropies AS;“’ , energies of migration AEY and AEf; and effective frequencies v* for the

vacancy-assisted vanadium self-diffusion mechanism for the three different ordered V,C structures calculated using
density functional theory.

Space group (phase) Pnnm Pbcn (o) P31m (B’)
ASP™® (k) 4.15 5.40 5.16
2.71 2.64 2.75
2.71 2.64 2.81
2.84 2.71 2.86
AE]" (eV)
2.84 2.72 2.87
2.86 2.80 2.87
2.86 2.82 2.90
1.24 1.47 1.57
2.09 1.98 1.66
2.09 1.99 1.69
AEL! (eV)
2.10 2.00 2.10
2.11 2.02 2.11
4.83 4.03 421
v, (THz) 9.0-10.4 8.1-10.6 7.7-11.3
vg (THz) 5.6-13.2 5.5-11.2 5.3-11.5
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The effective frequencies v* for an N-atom system are calculated from [45-47]

3N-3 3N—4
o= [ o/
i=1 j=1

where the w; and w; are the normal mode frequencies for the initial and transition states,

respectively. The product over the transition state frequencies is reduced by one relative to the
initial state due to the presence of an imaginary mode along the migration direction. We
approximate the normal mode frequencies for the entire system by those of the migrating atom
only. This is the Einstein (independent oscillator) approximation. Eq. 5 simplifies greatly as the
migrating atom contributes only three normal modes to the initial state and two modes to the
transition state; the third mode of the transition state is imaginary and does not enter into Eq. 5.
The v* are calculated for each of the 12 MEPs determined by the CI-NEB calculations. Again we

use the supercell with the same dimensions as those used in the calculation of ASy b and AE™. The

ranges of v* for jumps A and B are given in Table 9-4.

Table9-5. Correlation factors for vacancy-assisted self-diffusion in an Acp lattice taken from Ref. [38] for a range of
typical ratios for the jump frequencies w, /wp encountered for the V,C system.

T (K™) Wa/Wp fax fox (f82)
1000 9.25E-04 0.9224 0.6466
1200 3.02E-03 0.9219 0.6470
1400 7.02E-03 0.9210 0.6479
1600 1.32E-02 0.9195 0.6492
1800 2.17E-02 0.9175 0.6511
2000 3.21E-02 0.9151 0.6534
2200 4.44E-02 0.9122 0.6561
2400 5.80E-02 0.9090 0.6592
2600 7.29E-02 0.9055 0.6625
2800 8.85E-02 0.9018 0.6660
3000 1.05E-01 0.8981 0.6697

The correlation factors f for vacancy-assisted diffusion in an Acp lattice have been calculated
elsewhere [21] and are a function of the ratios of jump frequencies w, = v exp (—AE;*/kT) and
wg = v exp(— AER'/kT). Table VII gives the correlation factors and ratio of jump frequencies
over a temperature range of 1000 to 2800 K, where the jump frequencies are representative of
those calculated for V self-diffusion in V,C in that temperature range. The difference in fz, and

f5z 1s negligible for the ranges of jump frequencies considered. The self-diffusion coefficients D
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and Dy in Eq. 3 are calculated using the values for AE¢[vy ], AS/ b AEQ, AEF, v} and v} listed in
Tables 9-3, 4 and 5. The average values of w, /wg are used to calculate the correlation factors. The
resultant D, and D; are then fit to an Arrhenius expression of the form D = D, exp(— Q/kT). The
fitted activation energies  and diffusion prefactors D, for D, and D, are given in Table VI for
each of the three ordered V,C structures. Experimental values for Q and D, for metal atom
diffusion in cubic NbCy and TiCy are also given.

Table 9-6. Activation energies Q and diffusion prefactors D for vacancy-assisted vanadium self-diffusion for the
three different ordered V,C structures calculated using density functional theory. Experimental values for Nb in cubic
NbC, and Ti in cubic TiC, are given for comparison.

This work  This work (a This work (B’ Nb in NbCy Ti in TiCy
(Pnnm) phase) phase) (expt. [22]) (expt. [23])
Q, (kcal/mol) 126.3 134.7 135.9
140.0+2.4 176.4£3.6
Qy (kcal/mol) 126.1 134.2 136.2
Dy, (cm?/s) 0.04 0.20 0.33
4.54%285 4367392
Do (cm?/s) 0.17 0.73 1.17

D. Interstitial self-diffusion of carbon in V>C

In each of the V,C structures, carbon atoms fill half of the available octahedral interstitial sites,
while the other half are vacant. Because the concentration of such structural vacancies dwarfs the
concentration of thermal vacancies, we expect carbon self-diffusion to occur through migration of
carbon atoms to nearest-neighbor vacant octahedral sites. Altogether the octahedral interstitial sites
form a simple hexagonal lattice (ignoring the small distortions for the two orthorhombic structures).
Octahedral sites share faces with neighboring octahedral sites in adjacent basal planes, but share
edges with neighboring octahedral sites within the same basal plane, see Fig. 9-9(a). Tetrahedral

sites share faces with neighboring octahedral sites within the same basal plane, see Fig. 9-9(b).
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Figure 9-9. Coordination polyhedra for the (a) octahedral and (b) tetrahedral interstitial sites for the §’ phase of V,C.
Carbon atoms occupy octahedral sites surrounded by brown octahedra, while blue octahedra surround empty sites. All
tetrahedral sites are vacant.

It has been argued that in close-packed structures migrating atoms will pass through faces of
connecting polyhedra rather than edges due to the larger effective “window” provided by the faces
[51,52]. An octahedral-tetrahedral-octahedral (O-T-O) mechanism was proposed [53-54] in which
the migrating atom temporarily occupies a nearest-neighbor tetrahedral site before advancing to a
vacant octahedral site within the same basal plane. However, no direct evidence of the actual
carbon self-diffusion mechanism has been given for V,C. Therefore, we consider a direct
octahedral-octahedral (O-O) mechanism in addition to the O-T-O mechanism in our DFT
calculations as it is not clear which is energetically favorable. Between basal planes the octahedral
sites share faces and so a direct O-O jump mechanism is almost certain. In total, we consider two
0O-0 and one O-T-O jumps: an O-O jump within the same basal plane (jump A), an O-O jump
from one basal plane to another (jump B) and an O-T-O jump in which the two octahedral sites
share the same basal plane (jump C). These jumps are shown in Fig. 9-10 for the simple hexagonal
lattice of octahedral sites found in V,C.

(b)

Figure 9-10. Octahedral-octahedral, labeled A and B, and octahedral-tetrahedral-octahedral, labeled C, site jumps
considered as likely migration paths for carbon self-diffusion in V,C (a) without and (b) with the vanadium atoms
shown. Only half of the octahedral sites are occupied by carbon atoms, while all tetrahedral sites are vacant. Vanadium
atoms are shown as large (red) spheres, octahedral sites as medium-sized (brown) spheres and tetrahedral sites as
small (white) spheres.

Based on our DFT calculations, the energy cost of a carbon occupying a tetrahedral site is greater
(by ~2 eV) than the migration energy for the in-plane O-O mechanism (jump A). This is true for
all three of the ordered V,C structures used in this work. Therefore, the contribution of the O-T-O
mechanism (jump C) to the self-diffusion coefficient of carbon is negligible and in-plane self-
diffusion of carbon will occur via the O-O mechanism (jump A). In light of this, the in-plane D,

and out-of-plane D, self-diffusion coefficients for interstitial diffusion of carbon are given by
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where C,, ; and C, are the fractions of vacant octahedral sites surrounding the migrating carbon
atom within the same basal plane and in the adjacent basal planes, respectively, v; are the effective
frequencies, AE); and AEg"; are the migration energies for jumps of type A and B, respectively
and the f”’s are the correlation factors. In the expression for D, , the sum is taken over all possible
jumps of type A. Similarly, the sum in the expression for Dy is taken over jumps of type B. Jumps
of type B do not contribute to D, while jumps of type A do not contribute to D). For the ’ phase,
C,1 = 1 for the low-density carbon plane and C,,;, = 1/2 for the high-density plane. C,,;, = 2/3

for the two orthorhombic structures and C,,; = 1 for all three structures.
4
n (b)
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Figure 9-11. Theoretical minimum energy transition paths for carbon interstitial migration (a) in-plane (jump A) and
(b) out-of-plane (jump B) for the B’ phase calculated using the climbing-image nudged elastic band method. Different
colors correspond to MEPs for different migrating carbon atoms.

For the B’ phase, there are six possible A jumps for the low-density plane of carbon atoms and
three possible A jumps for the high-density plane. There are two possible B jumps for both the
low- and high-density planes. The converged MEPs for these jumps are shown in Fig. 9-11. As
can be seen from the figure, the MEPs for both the low- and high-density planes are similar for
each jump type. As in the case of the CI-NEB calculations for vanadium migration, the saddle
points for carbon migration converge rapidly with respect to supercell size. Migration energies for
a 72-atom supercell for the B’ phase and 96-atom supercells for the two orthorhombic structures
are converged to within 0.05 eV. The migration energies AE;* and AER* and ranges for the
effective frequencies v, and vg are given in Table VII for all three ordered V,C structures
considered in this work. The v* for carbon self-diffusion are calculated in the same manner and

using the same supercell sizes used in the calculations of the v* for vanadium self-diffusion. The
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tetrahedral site energies AET" are also given in Table 9-7 for comparison, though they are not used

in the calculation of D .

Table 9-7. Migration energies AEY' and AER and effective frequencies v* for carbon self-diffusion for each of the
three ordered V,C structures calculated using density functional theory. The tetrahedral site energy for the O-T-O
mechanism AE{ is given for comparison.

Space group (phase) Pnnm Pbcn (o) P31m (B’)

4.37 (low density)

4.06 4.12 ) )
4.03 (high density)
4.06 416 4.37 (lf)w densi.ty)
4.09 (high density)
AEI (eV) 4.09 4.0 4.41 (low density)
4.19 (high density)
4.09 4.38 4.41 (low density)
4.43 (low density)
4.43 (low density)
3.56 348 3.23 (lf)w densifty)
3.37 (high density)
AER! (eV)
3.23 (low density)
3.56 3.51 ) )
3.38 (high density)
5.83 (low density)
AEM™ (eV 6.06 5.78
¢ (V) 6.31 (high density)
. 23.3-27.0 (low density)
v, (THz) 19.4-20.0 21.1-26.0 . .
19.9-20.9 (high density)
21.0-21.7 (low densit
vi (THz) 17.9-18.3 21.3-22.0 (low density)

20.5-21.1 (high density)

The correlation factors f for interstitial diffusion in concentrated interstitial alloys, like carbides,
nitrides and hydrides, have not been determined and it is out of this scope of this work to do so.
The vanadium and carbon atoms do not share a common sublattice: one is /4cp while the other is
simple hexagonal. This is in contrast to fcc interstitial compounds, where the octahedral interstitial
sites also form an fcc lattice. In that case, the correlation factor for interstitial self-diffusion will
lie between that for pure vacancy-assisted diffusion and unity. Because there is not a simple one-
to-one correspondence for Acp, we instead set the correlation factors to unity. The self-diffusion

coefficients given in Eq. 7 are calculated using the results in Table IX and then fit to an Arrhenius
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expression D = D, exp(— Q/kT). The activation energies Q and diffusion prefactors D, from

these fits are given in Table 9-8.

Table 9-8. Activation energies Q and diffusion prefactors D for carbon self-diffusion for each of the three ordered
V,C structures calculated using density functional theory. Experimental values for C in disordered cubic V¢Cs and C
in NbCy ges are given for comparison.

This work This work This work C in V4C;s C in NbCy g63
(Pnnm) (a phase) (B’ phase) (expt. [26]) (expt. [27])
101.3 (low densit
0, (kJ/mol) 93.8 96.2 (low density)
93.9 (high density)
85.0+0.5 100.4£2.2
74.5 (low densit
0 (kI/mol) 82.1 80.5 (low density)
77.8 (high density)
3.0E-02 (low densit
Dy, (cm?/s) 1.6E-02 1.7E-02 (low density)
’ 1.2E-02 (high density)
2.651033 2.5911%7
9.8E-03 (low densit
Do,y (em2/s) 8.4E-03 1.0E-02 (low density)

9.6E-03 (high density)

E. Formation energies of extrinsic defects in VoC

As a first step to determining the diffusion behavior of solute atoms in V,C, the defect formation
energies are calculated to determine the site preference for each atomic species. The elements
chosen for the calculations are U representing a major component of the fuel, Nd and Ce
representing typical fission products and Fe and Ni representing major components of the cladding.
The most likely sites for a solute atom to occupy are a vanadium site or one of the vacant octahedral
interstitial sites. Electronic structure calculations show V,C is metallic (see Sec. A), so the defects
will be charge neutral. The formation energy for a neutral defect X is given by Eq. 2. The chemical
potentials used in our calculations are those of the pure elements in their ground state crystal
structures: bcc V, fce Ni, bee Fe, fcc Ce, dhcp (double hexagonal close-packed) Nd and
orthorhombic U.

Table 9-9. Theoretical equilibrium lattice constants, cohesive energies and magnetic moments for elemental Ni, Fe,
Ce, Nd and U, which represent typical fuel, fission product and cladding components, respectively. Deltas signify

percent differences from experiment.

Ni Fe (o) Ce (o) Nd (o) U (o)

Structure fee bce fee Dhep ortho
a(A) 3.517 2.835 4.713 3.708 2.802
A -0.19% -1.11% -2.82% 1.35% -1.80%
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b (A) - - - - 5.843

A } - - - -0.45%
c(A) - - - 11.906 4.905
A - - - 0.92% -1.01%
E, (eV/atom) -5.468 -8.237 -5.923 -4.713 -11.138
mag (ug) 0.62 2.23 - - -
A 2.30% 0.50% - - -

The equilibrium properties of the ground state crystals of the elemental solids listed above as well
as their high-temperature allotropes were calculated using both GGA-PBE and LDA exchange-
correlation functionals. The GGA-PBE functional correctly predicts the relative energies of each
of the allotropes for each element, whereas LDA incorrectly predicts fcc Fe to have a lower energy
than bcc Fe. Overall the GGA-PBE functional provides better agreement with experiment and is
therefore used in the remainder of the calculations on extrinsic defects and solute diffusion. The
calculated values for the zero-temperature equilibrium properties for the ground state structure of
each element along with their differences from experiment are given in Table 9-9. The calculated
magnetic moments for the ferromagnetic elements (Fe and Ni) are also provided along with their

differences from experiment.
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Figure 9-12. Defect formation energies for X (=Nd, Ce, U, Ni, Fe) on a vanadium site versus the number of atoms in
the supercell for the (a) B’ phase, (b) o phase and (c¢) other low-energy orthorhombic structure (SG: Pnnm) calculated

using density functional theory.

Because the DFT calculations are periodic, the defect atom will interact with its images in
neighboring cells. Fortunately, the host material is metallic and so long-range electrostatic
interactions will be screened fairly effectively over short distances. This leads to rapid convergence
of the defect formation energies with respect to supercell size. Calculated defect energies plotted
against the total number of atoms in the supercell are shown in Fig. 9-12 for the vanadium site
defect location and in Fig. 9-13 for the interstitial site defect location. Supercells containing ~100

atoms are large enough to converge the defect formation energies to within 0.1 eV.
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Fig 9-13. Defect formation energies for X (=Nd, Ce, U, Ni, Fe) on an empty octahedral interstitial site versus the
number of atoms in the supercell for the (a) B’ phase, (b) o phase and (c) other low-energy orthorhombic structure
(SG: Pnnm) calculated using density functional theory.

The defect formation energies for both the vanadium and interstitial site locations are plotted in
Fig. 9-14 as a function of the radius of the defect atom, where the radius is determined based on
the calculated equilibrium lattice constants in Table IX. For all atomic species, the vanadium site
is energetically favored over the interstitial site. In general, larger defect atoms lead to larger
formation energies with the largest atom Nd having a formation energy ~4 times more than the
smallest atom Fe for the vanadium site location. The exceptions to this trend are Fe and Ni for the
interstitial site location, where the formation energy actually decreases going from the smaller Fe
atom to the larger Ni atom, and U and Ce for the vanadium site location, where the formation
energy decreases going from the smaller U atom to the larger Ce atom. The latter instance is only
observed for the orthorhombic V,C structure with Pnnm symmetry.

Fe Ni u Ce Nd Fe Ni u Ce Nd Fe Ni u Ce Nd

defect location

2 —@— interstitial site

—a&— vanadium site

1.22 1.24 1.4 1.6 1.8 2 122 1.24 1.4 1.6 1.8 2 122 1.24 1.4 1.6 1.8 2
atomic radius (A) atomic radius (A) atomic radius (A)

(2) (b) (©)

Fig 9-14. Defect formation energies as a function of the radius of the defect atom for the (a) f’ phase, (b) a phase and
(c) other low-energy orthorhombic structure (SG: Pnnm) calculated using density functional theory.

The next step towards determining the solute diffusion behavior will be to calculate the minimum
energy paths for the different jumps that can occur between the defect atom and a vanadium site
vacancy. Since the vanadium sublattice is scp for the B’ phase and approximately Acp for the two
orthorhombic systems, these calculations will make us of the work done on impurity diffusion in
Mg [29] as well as the general first-principles method for calculation of diffusion coefficients
described in Refs. [30-33].
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