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IMPROVED STABILITY OF REFRACTORY MATERIALS
N HIGH TEMPERATURE STEAM

GOVERNMENT SUPPORT
5 This invention was made in part with Government support under contract DOE

Grant No. DE-EE0006671. The Government has certain rights m the mvention.

RELATED APPLECATIONS
This application claims priority to the Provisional Patent Application Number
10 62/420,596 filed on 11 November 2016, the teachings of which are incorporated herein by

reference in thelr entireties.

BACKGROUND
{6661} Cracking, slag, corrosion, and oxidation arc common failure mechanisms for high
15 temperature materials. Ceramic refractory materials are often used in high temperature and
chemically hostile environments. Silicon-based ceramics, such as, e.g., SiC and SisNy
coniposites, have been used as high-temperatiwe structural materials for chemical reactors
and heat exchangers. At high temperatuores in the presence of water vapor, SiC will oxidize
and degrade, so there is often a need to utilize an environmentally resistant coating over the
20 protective silica scale. Mullite or porcelamite is a rare silicate mineral that can exist as two
stoichiometric forms, 3ALGL2510; or 2ALG; SiG,. Chemical Vapor Deposition (CVD) has
been used to form a mullite coating or a mullite-alumina coating over the silica scale to
protect it from degradation by high temperature steam.
[6602]  However, at least one problem associated with a mullite-almina coating formed
25 by CVD is that the coating formed by CVD 18 porouns. The porosity of the coating formed by
CVD allows high temperature steam to get into the pores and react with the 5iC or SNy,

thereby oxadizing and degrading the ceramic.

BRIEF SUMMARY OF THE DISCLOSURE

30 [6003] The present invention relates, i part, to a discovery of a method for using atomic

layer deposition (ALD) to improve the stability of refractory materials i high temperature
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steamy, and compositions produced by the method. The disclosed method and compositions
provide unexpected advantages. The invention inrer alia includes the following, alone or in
combination. In accordance with the present invenion there is provided a method wherein
ALD is used to deposit alumina ALD films, mullite ALD films, and/or hybrid mullite-ahimina
films as conformal coatings with no pores or micro-cracks created during deposition on
sihcon-based ceramics.  The disclosed process for using ALD s a desirable and highly
controliable method to deposit these filros. ALD generates very conformal thin fils that are
chemically bonded to the substrate surface, making delamination of the film unlikely. The
growth of these films are sclf-limiting by natore which allows for significant control over the
final thickness and stoichiometry of the film. This disclosure represents the first achieved

example of ALD deposited mullite coatings.

[0004] Disclosed herein is a conformal film less than 15 nanometers thick on a surface of a
ceramic substrate, the conformal flm comprising alumina and silicon dioxide 1 an
approximate ratio of 3 AbOsto 2 510, In one embodiment of the mvention, the
conformal film has a thickness of from about one nanometer to about 4 nanometers. The
ceramnic substrate may comprise, for example, carbide, 51C, or zirconia, ZrG;. In contrast
to coatings of mullite produced by prior art CVD methods, the 3ALO; 2510, film disclosed
herein in one embodiment is produced by Atomic Layer Deposition, and is conformal and
non-porous of substantially pinhole free.  Therefore, the herein disclosed conformal fitms
are configured to be used as an environmental barrier to protect the ceramic substrate from
oxidation, for exarple, when exposed to high temperature steam.  An example of a
conformal film disclosed heremn i3 a conformal filim of silicon dioxide formed by ALD as an
mter-layer positioned between two thin layers of alumina deposited by ALD.

[6605] In onc embodiment of the invention, the conformal film is formed by atomic layer
deposition using approximately one cycle of alumina for every 2 cycles of silicon digxide.
The disclosed conformal film can cover a ceramic substrate comprising a particle, and
wherein the conformal film encapsulates the particle as a uniform coating. In another
embodiment, the ceramic substrate comprises a particle, and the conformal film encapsulates
the particle as a plorality of well-distributed islands of conformal filin across the surface of
the ceramic particle. Non-limiting examples of a suitable ceramic substrate for use in an

embodiment of the mvention include sthicon carbide, SiC, Zwconda, Ze0,, aluminum
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carbide, ALC,, boron carbide, B.C, alommum mitride, AIN, silicon mitride, S13N,, and born

nitride, BN.

BRIEF DESCRIPTION OF THE DRAWINGS
[6006¢] Embodinents of the invention are further described hereinafier with reference to the

accompanying drawings, in which:

FIG. 1 s a graphical representation of the improvement in oxidation resistance of
nine different ALD-filin coatings versus uncoated SiC.

FIG. 2A is a graphical representation of the oxidation resistance of alumina film
coating of different thickness at increasing temperature versus uncoated SiC.

FIG. 2B 15 a graphical representation of the oxidation resistance of mullite filin
coating of different thickness at increasing temperature versus uncoated SiC and
sandwiched mullite and alomina film.

FIG. 3 is a bar graph representing vacaney formation energies for candidate barrier
materials.

FIG. 4A shows TEM Emages of 51 cycles mullite ALD on 7r(0; nanoparticles.
FIG. 4B also shows TEM Images of 51 cycles mullite ALD on ZrO, nanoparticles.
FEG. 5 shows X-ray diffraction spectra for 100 cycles nwllite ALD on SiC particles

before anneal (fop) and after anneal (bottom).

DBETAILED DESCRIPTION

[6607] It will be understood that the particular embodiments of the invention are shown hy
way of lustration and not as Hmitations of the invention. At the outset, the invention is
described m s broadest gverall aspects, with a more detailed description following.

[6608]  Disclosed herein are thin film barriers covering the surfaces of sintered high
temperature cerammic parts to improve oXidation/corrosion resistance of the ceramic parts to
high temperature stearn. We developed the thin film barriers using Atomic Layer Deposition
(ALD), using particle substrates as a test case.  ALD coatings are dense and can be
crystalized vsing a high teroperature anneal. These coatings also allow the use of minimal
amounts of precursor to generate conformal coatings with no pores or micro-cracks created

during deposition. Because ALD invoives surface-limited reactions and chemically reactive
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sites on the substrate, it deposits filros that are wniformly chemically bonded to the substrate,
and thus are less likely to de-bond from thermal cycling.

[6669] Atomic Layer Deposition {ALD), a thin film deposition technique, 1s a self-limiting
surface reaction that deposits uniform layers of the desired precursor onto the particles
surface. This is done by fluidizing the particles and adding tweo different precursors in
seguence such that therve are two reactions occurring. In ALD, the addition of ALG; o the
reaction typically utiizes trimethyialuminium (TMA) and water as precursors, adding first
TMA, then water, then TMA, and so on.  One addition of TMA plus one addition of water
comprises one cycle. The veaction proceeds m a fluidized bed reactor 1o help ensure coating
of all surfaces. Dimethylaluminom (DMA) can also be used.

[0010] The film can be engineered to have desired thickness, composition, and crystal
structure. Mullite, an alominostlcate material that can take on a variety of phase
comapositions based on stoichiometry, was deposited via ALD with the desired crystal
structure and stoichiometry. Mullite is a stoichiometric combination of alumma and silica
that forms a unique phase. We focused on 3:2 mullite (3 ALG;: 2 Si0,), because it is the
most stable mullite phase.  With no more than routine experimentation, using the ALD
methodology disclosed hercin, one could also produce a conformal thin film comprising
other stoichiometric combinations of alurina and silica, e.g., 2ALO:: 1 8510, . As desceribed
below, frorm our analysis, we concluded that 1 cycle alumina to 2 cycles sifica is the ideal
cycle deposition ratio for producing 3: 2 mulilite (3 AlGs 1 2 5i0,). However, other cycle
ratios stadied produced films with a range of compositions such as, 1 ALO;: 1 510, with a 1
cycle alumina to 3 cycles silica ratio; and 13 ALGs: 1 Sid; with a 1 cycle almina to 1 cycle
sihica ratio. These results indicate that the film composition can be tuned to very specific
ratios by controlling only the cycle ratio of the two chemistries during deposition.

Varying the cycle ratios would be expected to produce other useful filims.

[6011] The protective properties of the films were analyzed using thermogravimetric
analysis. ALD coated particles were exposed to high temperature steam while mass gain/loss
associated with reaction was monitored. The stabilization of SiC was modeled to predict
performance of target materials and identify other promising materials. Oxidation and
corrosion were modeled with Density Functional Theory (DFT) to determine the energy

barriers requoired to make these reactions significant at high temperature (> 1000°C). This
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modehing has identified boron nitride as another promising barrier material that could be

deposited via ALD.

[6612] We sought to produce coated SiC containment materials that provide for at least a

25% reduction in the reactivity with 30 vol % steam as compared to pure SiC at S00°C.
Protocol and Resulis

[6013] A thin, dense, crystalline mullite coating was deposited on zirconia and silicon
carbide particles via a novel approach using atomic layer deposition {ALD). The
compositions of the filims were confirmed with mdactively coupled plasma optical emission
spectroscopy (ICP), and the conformity and clemental dispersion of the films were
characterized with transmission electron micropscopy {TEM) and energy dispersive X-ray
spectroscopy (EDS), respectively. The deposited films were shown to conformally adhere to
the particle surface with a thickness consistent with a deposition rate of approximately one
angstrom per cycle (1 A/eyele). The elemental amount of aluminum relative to silicon in the
film was determined to be 2.68:1, which agrees closely with the ratio of stable 3.2 mullite
(2.88:1). A high-terperature anncal done at 1500°C for 5 hours was used to crystalize the
filrns, and X-ray diffraction {(XRD) confirmed the formation of a mullite phase. This

represents the first achieved example of ALD deposited mullite coatings.
Summary of Experimental Results

[6614] FIG. 1 shows the improvemeni in oxidation resistance of nine different ALD-film
coatings versus that of uncoated SiC. Seven out of the nine coatings tested exceeded the

Department of Energy (DOE) target of a 25% woprovement.

16815] Oxidation resistance was quantificd by measuring the mass gamn of materials under
high-temperature stearg conditions in 2 thermo-gravimetric analyzer. Although we originally
tested the coatings at 300°C, we found that testing at 1000°C produced clearer vesuits, that
18, less noise, and would better represent the true water-splitting environment.  Uncoated and
coated SiC particies were exposed to high temperature steam at 1000°C for 20 hours with an
evaporation rate of 3 g/hour. All samples exhibited a mass gain, which we attribute to the

growth of silicon dioxide on the particle surface.

[6016] Many films that were tested; and the best performing film was a 10 nm alwmina

film. Further, due to trends noted in the data, we believe that the most promising film

PCT/US2017/061021
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composition comprises alternating layers of mullite and alumina ALD films.

16817] Research on the ideal conditions for particle Solar Thermal Water Sphitting
(5TWS) systerns indicates that very high process temperatures are required to produce
meaningful quantities of hydrogen. This necessitates the usc of ceramic reactor materials, as
no reasonably-priced metallic materials can withstand temperatures above 1350°C. Silicon
carbide seemns to be the most promising material identified thas far. However, silicon carbide
degrades under oxidizing environments to form sificon dioxide, which diminishes the

structural and thermal integrity of the material

[6018] To address this problem, we investigated the use of thin films on the surface of $iC
particles to slow the oxidation process. We tested the performance of films of alumina,

mullite and boron nitride in preventing oxidation of the underlying ceramic.

{6019] The performance of ALD coated SiC in a high temperature steam environment
was analyzed using thermogravirmetric analysis (TGA). A NETSZCH 5TA 449 F1 Jupiter
mstroment with an attached water vapor generator was used to produce the humid
environment. Uncoated SiC particles and ALD coated 51C carbide particles were exposed to
high temperature stearn at 1000°C for 20 hours. Water vapor was introduced to the sample
chamber once the temperature had reached 1000°C. In all of these experiments mass
loss/gain of the sample was monitored over the course of the stearn exposure. Mass gain

during these experiments is attributed to silica growth on the surface due to oxidation.

{6020] The resulis in FIG. 2A and FIG. 2B show that the thickness of the film will
improve oxidation resistance of the vnderlying SiC as the film is grown thicker. Itis
expected that there is an ideal thickness wherein thicker filmos no longer impact the oxidation
resistance. Mullite ALD filios are expected to have more desirable mechanical properties
over long term exposure. Therefore, in short term tests it is expected that mullite will not be
exactly comparable to alumina in tevms of oxidation resistance. By coupling mullite films

with alumina films, the performance of the best performing alumina film was achicved.

[6621] The results of our vecent TGA studies affirm that significant improvements can be
obtamed by applying thin films of alumina and mulhite. The best performing coating to date
shows a 649% mprovement over uncoated SiC. The performance of mullite has matched the
performance of alumina, allowing the films to benefit fror the ideal thermal propertics of

mullite without sacrificing performance.
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16622 FIG. 2A shows the mass loss/gaim corves of alurnina ALD films varying from 2 nm
to 7.5 nm thick, and that of uncoated SiC. FIG. 2B shows the mass loss/gam curves of
roullite ALD and hybrid mudhite/alumina Sl These results encourage us to continue to
study the use of ALD coatings to improve the oxidation resistance of ceramics suited for use
m STWS reactors and high-temperatine heat exchangers. Farther work will be focosed on

maproving these filins and applying them to 5iC tubes.

16023] Modeling the structure of Mullite: Mullite is a stoichiometric combination of
alumina and silica that forms a unique phasc. We focused on the most stable mullite phase,
3:2 mullite (3 ALGs: 2 516,). Mullite forms a guasi-orthorhombic erystal structure due to
the location of vacancies i the lattice that cause the crystal structure to distort away from

the perfect orthorhombic stracture.

[6624] There are seven distinet types of sites m a muolite vnt cell and fowr of those sites
are partially cccupied.  This partial occupancy has been thoroughly established.  However,
the fondamental understanding of how these random vacancies effect matenial properties
such as thermal stability and diffusivity would be important in developing strategies for

designing materials with superior barrier properties.

{60257 The largest challenge associated with performing quantum chemical calculations for
materials like muollite is the partial occupancy of lattice sites. Because these types of
calculations cannot be performed with partial atoms or with atons occupying the same sites,
we must expand the vnit cell used for the calculations to allow for enough lattice sites that
can account for the probahility of occupancy. The smallest computational cell that preserves
the stoichiometry of 3:2 mullite has 192 atomic sites wherein over 50% of them are randomly
partially occupied. In order to gencrate structures that are truly randornly occupicd, we have
developed a generalized Mounte-Carlo approach for filling the lattice locations and
determining where vacancies have occmred. Each structure is generated based on the
probability of occupancy for the type of lattice site. Once the structure is assembled, it is
screened for the correct stoichiometry and overlapping atoms. Using this approach for
generating computational cells aliows us to be able to examine a range of structural

characteristics that can statistically occur based on occupancy probabilities.

[60626] The Monte-Carlo script was used to generate 300 unique structures which were all

relaxed vsing DFT. The mitial relaxation was performed with a gamma poimnt calculation and
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then the final energy was extracted with a single point energy calculation with a 3x3x3 K-
point cxpansion. Energy cutoff and k-point expansion studics were performed on a
representative stroctore to ensure that the calculation settings and the computational
approach gave accurate and converged results. The range i energies of the 300 cells
examined was approximately 24 ¢V, which indicates that there are certain structural
characteristics that resolt in very high energy stroctures.  In order 1o extract what those
characteristics are, 5 factors were identified to examine using a general linear model fit and
ANOVA. This statistical approach allows unimportant factors to be screened out until only
statistically significant results remain. The effects of broken Si-O bonds, broken Al-O bonds,
over-coordmnation of Al and 53, and the clustering of Si within the lattice were considered.
The statistics show that the nuher of broken Si-O bonds and Si-clustering impact whether
or not the cell s a high energy structure. The impact of Si-O bonds is larger due to the
tetrahedral bonding nature of the aluminum and sihcon atorns. Because it bas only 3 valence
electrons, aluminum must form a dative bond with oxygen in order to occupy a tetrahedral
site. Because Sihas 4 valence electrons, when the $1-0 bond is broken, it forms a Si radical
and has a much higher energy penalty than does breaking the dative bond on the tetrahedral

aluminom,

[6327] Predicting the Performance of Barrier Materials: Many nitride materials
possess desirable thermal properties for these applications. Silicon nitride, SNy, 1s not
thermally stable above 1850 °C, but # is a candidate for ALD encapsulation with a conformal
film comprising alumma and/or silicon dioxide.  Initial calculations were focused on
alurninur nitride (AIN) and boron nitride (BN) along with mullite and alumina. Both of
these nitride materials can be deposited using an embodiment of our method of ALD. AIN is
a promising candidate materials due to its high temperature stability, high theoretical thermal
conductivity, and its similar crystal structure to 5iC. However, AIN reacts with water to
form ammonia, and therefore the use of AIN as a barrier would motivate the need for a
multi-layer barrier. BN also has ideal thermal stability and thermal conductivity for our
apphcations, and when exposed to oxidative environrnents at high temperatures forms a
glassy oxide layer that is self-limited and would prevent further oxidation from occurring.
BN forms a cubic crystal structure in the desired operating range of 1000 to 1500°C. This

structure is not a perfect match to the wurtzite phase of S#C, and therefore may mtroduce

PCT/US2017/061021
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some mechanical weakness in the coating. There is also the potential to mtercalate water

molecules between crystal layers of BN at these temperatures.

[6028] The modeling of coating stability includes oxygen vacancy formation, and ion
diffusion through the material lattice. Diffusion of oxygen through most metal oxides is
known to occur via a vacancy mediated mechanism. This type of diffusion requires the
generation of now oxygen vacancics within the lattice, and then the migration of oxygen
atoms through those vacancies during diffusion. Determining if oxygen diffusion is likely to
be significant at high temperatores requires calculation of oxygen vacancy formation energics
as well as oxygen hopping energy barriers. Vacancy formation encrgics were calculated for
mullite (& unique oxygen environments), alumina, AIN, and BN. These vacancy formation
energies are tabulated m FIG. 3. A high vacancy formation energy is ideal for stabilization
of high temperature ceramics because this would contribute to slowing the diffusion of
oxygen to the underlying material.

[6629]  To calculate a barrier for the hopping event in the lattice transition state, scarching
methods are used. These methods will gencrate the appropriate structures to modef a
reaction and search for the minimom encrgy pathway. These methods can be used to find the
energy harrier of a hopping cvent m diffusion by modeling the movement of the atom
through the lattice in a user-set amount of steps. These calculations have been implemented
1o determine the energy barrier for oxygen diffusion through the four (4) candidate materials.
For mullite and alumina, the calculations modeled a simple vacancy/oxygen switch in the
lattice. For the mtride materials, an oxygen filbng a nitrogen vacancy was first modeled,
tollowed by an on exchange reaction between the oxygen and mitrogen atoms in the lattice.
{6630} A direct comparison of the oxygen hopping energies for candidate barrier materials
10 cach other, and also a general encrgy value that would characterize an active reaction for
our temperature range, allowed us to determine what materials were the moost promasing.
[6031] As stated above, previous experimental studies used Chemical Vapor Deposition
{CVD) and plasma-spraying to deposit mullite layers onto SiC. With CVD-deposited
mullite, the majority of the lavers contained a large amount of pores and micro-cracks, yet
the coating was stifl protective due to a thin dense layer of mullite at is interface with the
SiC substrate. However, failure of the prior art coatings has been observed. The failure of

the CVD coatings was due to de-bonding from the substrate, probably caused by thermal

PCT/US2017/061021
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shock associated with removing the samples to ambient conditions with no controlled cool
down.
[6632] Depositing mullite with ALD according to owr disclosed methods will produce
films with all the positive characteristics determined by this previous experimental work.
Iraportantdy, ALD coatings will be dense and can be crystalized using a high temperature
anneal. These coatings will also allow the vse of minimal amounts of precursor to gencrate
conformal coatings with no pores or micro-cracks generated during deposition. Because
ALD involves surface-limited reactions and chemically reactive sites on the substrate, i
deposits fils that are sniformly chemically bonded to the substrate and thus less likely to
de-bond from thermal cycling.
(00331 A goal of ouwr work was to deposit mullite thin conformal films by ALD that will
provide wdeal characteristics for environmental barriers. We discovered that the use of ALD
allowed us to deposit thin, conformal coatings with inherent control of the stoichiometry of
the final flim by conwolling the nomber of cycles of alumima and silica. This control allowed
enough tenability to generate films with the most stable phase of muldlite, 3ALG;: 28510, In
one embodiment of the disclosed film, the ratio of alumimim atoms to silicon atoms is

approximately 3 aluminum atoms to 1 silicon atom.

16634} Research Methods: Zirconia and silicon carbide particles were coated in a
vibrating thidized bed reactor. The system consisted of a gas delivery system controlled by
LabView™, a reactor tube heated in a vertical furnace, a vibration generation system, a DAQ
interfaced with LabView ™ and in-situ mass spectrometry. The vibration generator was
used to overcome mter-particke forces and improve fluidization. High purity nitrogen gas,
controlled by a mass flow controller, was used to purge away unreacted precursors. A
Baratron capacitance manometer was mnstalled at the exit of the reaction zone to monitor the
dosing pressure. A quadrupole mass spectrometer (Stanford Research Systems) was
connected to the outlet of the reactor to monitor the progress of each half- reaction.

[3(:35] Ziwconia nano-particies were obtained from US Rescarch Nanomaterials {Houston,
Texas). These particles have an average particle size of 40 nm and a specific surface area of
11.9 m¥/g. Silicon carbide a-phase particies were obtained from Alfa Aesar (Chicago,

Hhinois). These particles have a reported size of 2 wm, and a specific surface arca of 10 m’/g.

10
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[6836] The ALD reactor was encased in a clamshell furnace at 300°C and the gas delivery
lines were kept at approximately 100°C. A deposition temperature of 300°C was used to
stay within the ALD window for both chemistries and avoid thermal cycling of the reactor
during deposttion. TMA and TDMAS were procured from Sigma Aldrich (St. Louis,
Missourt} and dosed from SurePak ™ bottles. DI water and hydrogen peroxide (Macron
Fine Chemicals) were dosed from stainless steel sample cylinders. Hydrogen peroxide 30%
was diluted by half in deionized water. A dosing pressure of 2 torr for each precursor was
used, resulting in exposure times of 2 minutes for TMA, 1 mimute for TDMAS and 3 minutes
for water and H,G,. The resulting coated particles were annealed for 5 howrs at 1500°C
under inert flow,

[60637] Based on the surface reactions taking place during each dose, the reaction can be
monitored with mass spectrometry. The extent of reaction can be monitored by observing the
increase of byproducts in the efffuent stream. The surface is saturated and the seit-limiting
reaction complete when breakthrough of the precursor molecule is observed. Methane,
dimethy! aluminum, dimethylamine, Hy(,, and water were tracked to monitor mullite
depuosition.

[G038]  Inductively coupled plasma optical emission spectrometry {ICP-OES) (Thermo
Scientific ARL 3410+) was used to determine the deposition rate of each chemustry and
calculate the stoichiometry of the resulting layer. Transmission electron microscopy (FEI
Tecnai Spirit BioTwi) and scanning electron microscopy/energy dispersive spectroscopy
(JEOL ISM-6480LYV with EIXS) were used to image the resulting filos and determine
elemental dispersion of the films.  X-ray diffraction (Bruker D2 Phaser} and BET analysis
{Micromeretics Gemini V) were used to analyze crystallinity and loss of surface area caused
by high teraperature anneal. The particles were ramoped to 1500°C and held for 3 hours
under inert in a CM tabe furnace to crystaiize the coatings.

[6039] Mullite ALD had not been developed prior to owr work, disclosed herein. Our
approach was to break down the deposition into layers of alumina and silica deposited in
such a way as to achieve the desired stoichiometry. Trimethyl aluminum/water was used to
deposit aloming; and tris(dimethylamino jsflane/hydrogen peroxide was used to deposit
oxide layers. The lavering of the alumina and silica to create mullite was accomplished via 4

separate self-limiting ALD half-reactions (ABCD) performed cyclically. These reactions
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occur on OH™ reactive sites inherent to the substrate surface. The half reactions summarized

below are valid for steady state deposition after initial nucleation of ALD.

1 FETCEFN 3 AT ST % N 3 Y ES e ST 20K 4
4l AIGH + QHOH - SI0AHCH T+ OF,
_ TetEr ¥ 3 r¥ 5. T

{}:‘.’SE .s"ii‘b&a&; -+ f‘f;kﬂ' —% .."%Q(}&e + {a&a._§

[B1] AI0 - SE{N{CH LY Y HO ~ A0 — SIOH + HN{CH).
152] SO~ SN = CHY +H,G — AlG -~ SO BN = (X,

[G040] nital deposition studies were carried out on a zirconia substrate to facilitate the use
of ICP and EDS to characterize the aluminum and silicon presence in the ALD coating. The
dissolution of the entire sample needed for ICP and the penetration depth of EDS would
roake both of these methods unable to distinguish film from bulk. Zirconia was used because
it does not contain either alominuim or siicon in significant amounts, and has a significant
concentration of surface OH* species to facilitate the use of these ALD chemistries.

16041] Mass spectrometry was used to mon#or the progress of cach half reaction.
Dimethyl alominum is the most common form of TMA after the mass spectrometer ionizer
due to fracturing of the molecule, and as such, the strongest signal to track during the
reactions. When TMA is reacting with the substrate surface the byproduct expected 1s
methane (reaction A).  The extent of the half reaction can be tracked by the increase of
methane. The reaction is complete when there are no longer reactive sites on the surface that
TMA can reach. This event correlates with a breakthrough of the TMA molecule. The same
methane byproduct is observed during the second half reaction (reaction B), and
breakthrough of water would indicate completion of the second half reaction. These trends
can clearly be scen in the mass spectroscopy trace associated with TMA/HO cycles.

[6842] For the silica chemstry, the byproduct of the reaction (dimethyl amine) s also the
strongest signal observed for TIDMAS since large molecules tend o fracture in the jonizer.

An mitial mcrease in dimethyl amine indicates the surface reaction {reaction ) is proceeding.

12
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A subsequent decrease and then leveling of the dimethyl amine signal indicates the reaction is
coraplete and the precursor is the only source of the fragment.

[6043] Clear water breakthrough correlated with the completion of the second half
reaction {reaction D).

[6644] Three different cycle ratios were explored in an attempt to control the
stoichiometry of the vesulting film to match that of 2:2 mullite.  Based on deposition rates
tor each chemstry, the ideal ratio was proposed to be 1 cycle alaming o 3 cycles silica to
produce the ideal alumina to silicon ratio for 3:2 mullite. However, this ratio was shown to
deposit moore silica than what is needed {or the 3:2 stoichiometry. To adjust the
stoichiometry cycle, ratios of 1 cycle alumina to 1 cycle silica, and 1 cycle alumina to 2
cycles sitica were used, and analyzed with ICP.  From the analysis, we concluded that §
cycle alomina to 2 cycles silica is the ideal deposition ratio.

[00645] EDS and TEM were used to characterize the dispersity and conformity of the
deposited mullite.  EDS showed that the alomina and silica were both well-dispersed over
the entire particle indicating that the films were uniform in composition across the particle
surface. Using TEM we were able to visualize the ALD layers separate from the underlymg
zirconia particle, as shown in FEG. 4 A and FIG. 4 B. VIG. 44 shows TEM Images of
51 cycles mullite ALD on ZrG, nanoparticles. FIG. 4B also shows TEM Images of 51
cycles mudlite ALD on Zr(O; nanoparticles.  The fibms were deposited in a conformal layer
and appeared to have thicknesses of approximately 5 nm, correlating well to the expected
deposition rate of approximately one angstrom per cycle (1 fi/@j@iﬂ).

[0046] To explore the effects of a high temperature anneal on the crystalline phase of the
coating, mullite ALD was repeated on SiC particles. It is known that a ZrSi04 phase will
form at high temperatures when zirconia and silica are present in the material, and prevent
the formation of a mullite phase.  SiC particles were chosen because the nullite/SiC system
may be a way to stabilize SiCC in oxidative environments. A 10 nm film of mullite ALD was
deposited on these particles and annealed at 1500°C in order to crystalize the film. SEM
micrographs showed the formation of mullite whiskers after the anneal, indicating that the
film was crystalizing mto a mullite phase.

[6047] X-ray diffraction spectra for 100 cycles of mullite ALD on SiC particies (FIG. 5)
was used to confirm the formation of a distinct mullite phase. The XRD spectra of the

particles before anncal (FIG. 5 top), shows peaks only for the SiC substrate.  After
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amnealing (¥4, 5 botiom), there are visible peaks that correspond 1o the formation of
crystalline phases. Specifically, there are strong indicators that mullite has formed, but peaks
for silica and alumina are also present.

[6048] BET analysis was used to determine changes in the specific surface area of the
particles after deposition and after high temperature anneal. The particles appeared to have a
stall decrease in surface area after the film was deposited. This is most likely due to ALD
encapsulating sitica clusters generated during normal oxidation of SiC in air. After
annealing, the specific surface area was reduced by approximately 50%. This larger change

can be attributed to the densification of the film during crystallization.

[00491 Non-limiting examples of other embodiments of the mvention include: a ceramic
substrate comprising a silicon carbide component coated with the conformal film comprising
alumina and silicon dioxide; a ceramic substrate comprising a sihcon carbide tobe coated on
at least one of the inside and the outsile surfaces of the tube with the conformal film
comprising alumina and silicon dioxide; a siticon carbide tube coated on the mside surface of
the tube with the conformal fim comprising alumina and sibcon dioxide; a silicon carbide
heat exchanger tube and a microchannel device each formed of silicon carbide and
conformally coated on at least one surface with a film comprising alumina and silicon
dioxide deposited by ALD accordimg to the disclosed methods.

[0050] The disclosed mullite ALD filros can potentially be used to enhance muclear reactor
safety. Tristructural-isotropic fuel particles are tripie-coated spherical or pelict-shaped
particles of waninm fuel, less than about one millimeter in diameter.  To contain the nuclear
fuel, the tiny uranium center is coated by a layer of carbon, which is coated by silicon
carbide, covered by an outer shell of carbon.  The particles arc then fabricated mio fuel
pellets. The miple layer coating helps protect nuclear fuel at and above the high
teroperatures which may occur in a reactor melt-down. Another promising use for an ALD
conformal thin filin comprising alumina and silicon dioxide according to our disclosure, is
on the SiC layer surrounding or encapsulating a wrantam fuel pellet, wherein the 3iC layer
comprises an inner surface and an outer surface and 18 coated with the conformal film on at
least one of the nner surface and the outer surface. The reaction of steam with SiC can
potentially deteriorate the foel pellets. An ALD mullite coating may help to reduce

oxidation of the SiC in the fuel pellet with steam.
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16351] Conclusions: Based on our results and analysis, it can be concluded that thin
conformal mullite films were generated on the swrface of particles via a novel ALD method
with highly controllable stoichiometry. Fims were genevated at thicknesses of 5 and 10 nim,
however the use of ALD allowed for the desired thickness to be casily controlled. These
films were confirmed, by EDS, to be evenly dispersed over the surface of the particle, and
the formation of a mullite phase was visible with XRD after heat treatment at 1500°C. The
tikos appeared to he intact atier high femperature exposure with small amounts of mullite
whiskers forming, and, due to the densification of the film, a significant reduction of specific

surface area.

[6052] Features, mtegers, characteristics, compounds, chemical moietics or groups
described m conjunction with a particular aspect, embodiment or exaraple of the mvention
are to be understood to be applicable to any other aspect, embodiment or example described
herein unless imcompatible therewith. All of the features disclosed in this specification
(including the accompanying drawings), and/or all of the steps of any method or process so
disclosed, may be combined i any combination, except combinations where at least some of
such features and/or steps are mutually exclusive.  The drawings in the Figures are not
necessarily to scale.  The invention is not restricted to the details of any foregoing
embodiments. The mvention extends to any novel one, or any novel combination, of the
teatures disclosed in this specification (ncluding any accompanying drawings), or to any

novel one, or any novel combination, of the steps of any method or process so disclosed.

FQUIVALENTS

[68653] While this invention has been particularly shown and described with references to
preferred embodiments thereof, it will be understood by those skilled in the art that variouns
changes in form and details may be made therein without departing from the scope of the

mvention.
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What is clatmed is:

1.

10.

11

A conformal film less than 15 nanometers thick on a surface of a ceramic substrate,
the conformal film comprising alomina and silicon dioxide in an approximate ratio of 3

[-‘\1203 o 2 SIO’?

The conformal film of Claim 1, wherein the conformal film has a thickness of from
about one nanometer to about 4 nanometers.

The conformal film of Claim 1 and Claim 2, wherein the ratio of alummum atons to
silicon atoms is approximately 3 aluminom atoms fo 1 silicon atom.

~

The conformal film of Claims 1, 2, and 3, whercin the ceramic substrate comprises

silicon carbade, $i1C.

The conformal film of Claims 1, 2, and 3, wherein the ceramic substrate comprises

zirconia, Zr0s.

The conformal filbm of Clairns 1, 2, and 3, wherein the ceramic substrate comprises

alpminom carbide, ALC.

The conformal filim of Claims 1, 2, and 3, whercin the ceramic substrate comprises

boron carbide, B,C.

The conformal film of Claims 1, 2, and 3, wherein the ceramic substrate is chosen

from aluminium nitride, AIN, and silicon nitride, SNy,

The conformal film of Claims 1, 2, and 3, wherein the ceramic substrate comprises

boron nitride, BN,

The conformal filim of any of the preceding claims wheremn the conformal film is

substantially pinhole free.

The conformal film of any of the preceding claims wherein the conformal film is

formed by atoniic layer deposition.
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12

13.

14.

16.

18.

The conformal film of any of the preceding claims wherein a conformal film of silicon
dioxde s formed by atormc layer deposition as an inter-layer positioned between two

thin layers of alwmina deposited by atomic layer deposition

The conformal film of any of the preceding claims wherein the conformal film is
formed by atonc layer deposition and s configired to be used as an environmental

harrier to protect the ceramic substrate from oxidation.

The conformal fim of Claims 1, 2, 3, and 4, wherein the ceramic substrate comprises
a silicon carbide component coated with the conformal film comprising alumina and

silicon dioxide.

The conformal film of Claims 1, 2, 3, 4, and 14, wherein the ceramic substrate
comprises a silicon carbide tobe coated on at Jeast one of the nside and the cutside

surfaces of the tube with the conformal Sl comprising alumina and silicon dioxide.
The conformal film of Claims 1. 2, 3, 4, 14, and 15, wherein the ceramic substrate
comprises a siicon carbide tube coated on the mside surface of the tube with the

conformal film cormprising alumina and silicon dioxide.

The conformal film of Clazms 1, 2, 3, 4, 14, 15, and 16, wherein the ceranuc

substrate comprises a silicon carbide heat exchanger tube.

The conformal film of Claims 1, 2, 3, 4, and 14, wheremn the ceramic substrate

conprises a microchanne] device comprising silicon carbide.

The conformal film of Clanms 2 through 11, wherein the ceramic substrate comprises

a particle and the conformal film encapsulates the particle as a uniform coating.
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P

21

22.

24.

S,

The contormal ilro of Clairos 2 through 11, wherein the ceramic substrate comprises a
particle and the conformal film encapsulates the particle as a plurality of well-distributed

slands of conformal film across the surface of the ceramic particke.

The conformal film of any of the preceding claims, wherein the conformal film is
formed by atonmic layer deposition, using approximately one cycle of alumina for every 2

cycles of sihcon dioxide.

The conformal film of any of Claim 1 to Claim 20, wherem the conformal film is
formed by atomic layer deposition, using approximately one cycle of alumina for every 2

cycles of silicon dioxide.

A conformal film less than 15 nanometers thick on a surface of a ceramic substrate,
the conformal film formed by atomic layer deposition and comprising alumina and

silicon diogide in an approximate ratio of 1 ALG;: 1 S510..

A conformal film of any of clanms 1, 2, 3, 4, 10, 11, 13, 14, 21, and 23, wherein the
ceramic substrate comprises a silicon carbide layer surrounding or encapsulating a
wraninm fuel pellet, and the silicon carbide layer comprises an inner surface and an outer
surface and 18 coated with the conformal film on at least one of the inner surface and the

outer surface.
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