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Abstract

Chemical vapor deposition (CVD) is an importanhi@que for surface modification of
powders through either grafting or deposition wh& and coatings. The efficiency of this
complex process primarily depends on appropriattacd between the reactive gas phase and
the solid particles to be treated. Based on tlggirement, the first part of this review focuses
on the ways to ensure such contact and particuterifhe formation of fluidized beds.
Combination of constraints due to both fluidizataord chemical vapor deposition leads to the
definition of different types of reactors as amreaiative to classical fluidized beds, such as
spouted beds, circulating beds operating in turiiided fast-transport regimes or vibro-
fluidized beds. They operate under thermal but plasma activation of the reactive gas and
their design mainly depends on the type of powttetse treated. Modeling of both reactors
and operating conditions is a valuable tool foransthnding and optimizing these complex
processes and materials. In the second part aéthew, the state of the art on materials
produced by fluidized bed chemical vapor deposiisopresented. Beyond pioneering
applications in the nuclear power industry, appicradomains, such as heterogeneous

catalysis, microelectronics, photovoltaics and grtbn against wear, oxidation and heat are
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potentially concerned by processes involving chaimiapor deposition on powders.
Moreover, simple and reduced cost FBCVD processesevthe material to coat is immersed
in the FB, allow the production of coatings for aistwith different wear, oxidation and
corrosion resistance. Finally, large-scale productf advanced nanomaterials is a promising

area for the future extension and developmentisftéthnique.
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1. Introduction

Modification of surface properties of powders taet used as solid process materials in
industrial applications, through either graftingdeposition of films or coatings, is an area of
science and technology which interests numeroldstiéabrication of monolithic or

composite parts, mechanics, transport (vehiclettra and motors), catalysis, energy
production, microelectronics, optoelectronics,Uegsindustry, etc. The properties required for
engineering structures are protection against samg oxidation or wear, biocompatibility,
wetting, adhesion, durability, catalytic activitpughness, etc. Surface treatments of particles
are applied through various techniques, either stgth as sol—gel and impregnation, or dry,
such as pyrolysis and chemical vapor depositiondC\Choosing the most appropriate
depends on the requirements of the surface treatameihon the characteristics of the particles
to be coated, such as shape, density, porosityasid size distribution. Dry techniques
involving surface modification of powders imply thse of a reactive gas phase. In this case,
a complex process prevails, composed of two elemhpndcesses taking place
simultaneously: (i) mixing of powders in such a whagt their entire surface is presented to
the reactive gas phase and (ii) either homogeneohsterogeneous gas—solid chemical
reactions. Fluidization is a well-known particleatment process among all those used to
meet the requirement of gas—solid contactIflfjas been traditionally used for several
decades in very large units of petroleum and minedastries. On the other hand, gas—solid
reactions are often used in the context of var@U® processes: those involving either
halogen or organometallic chemistry ensuring robuslexible, low temperature operation,
respectively, or even those involving plasma atitiva taking thus advantage of non-
equilibrium plasmas providing active species at temperatures compatible with a wide

range of substrate materials. Therefore, the as$ociof such mature techniques, namely



fluidized bed chemical vapor deposition (FBCVDEeipected to lead to innovative, flexible

and cost-effective particle treatment processes [2]

Fig. 1 presents the evolution of published papers dealitiyCVD on—mainly fluidized
powders as a function of the year of publicatiome histogram and the curve illustrate the
percentage (left) and the cumulated percentaghet)yigespectively, for a sample of 150
papers. Although this amount is not exhaustiveait be considered as representative of the
scientific and technical production in this fietdthe open literature and in patents. The
period covered in this diagram concerns the ye@834-142004. Only a limited number of
publications are available for period 1960-198@ ey essentially deal with particle
coatings for nuclear applications as discussed. [ates indicates that CVD on powders is a
relatively new technique. During its childhood (098990), its extension was relatively slow
since yearly published documents up to 1994 werelmnée double of those published in
1981, with an exception in 1991 when, interestinglymerous reports were published which
aimed at applications other than nuclear.

Fig. 1. Numbers of papers dealing with CVD on porsdes a function of the year of
publication. The histogram illustrates the percgatéeft) and the curve the cumulated
percentage (right) for a sample of 150 papers.
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Since 1994 and especially since 2000, the slopbdéamme steeper. Trends in the first
months of 2005 (not reported) are compatible wittse observed in this figure. Indeed,
process and material investigations on the prelyauentioned application domains, also
including the use of CVD for the production of paws, for example, ultrapure silicon, and
for the surface treatment of bulk pieces immerseal FB, are far from being exhaustive.
They concern rather thick and continuous depositdemse (non-porous) powders. The
numerous experimental and theoretical studies padd on this topic improved the
understanding of various undesirable phenomenarieguduring deposition, such as bed
clogging and formation of parasitic fines. Howewtg recent strong rise in the volume of the
scientific and technical literature in this fieklmainly attributed to new classes of materials
for which large-scale production through a reliabdproducible and robust process is a
necessary condition of development. In generah sigev trends in powder processing by
CVD concern deposition of nanometric films on povedeonsisting of particles which
present one or more of the following charactesstineso- or micro-porosity, submicron size,
wide size distribution or shape factor much lessitbne. Production of supported catalysts on
particles is a domain where CVD on powders canryiztty replace more traditional, wet
methods like liquid impregnation, which prevailsyaalays for the production of such
materials. This field of application is of greatarest to industry and can hardly be
overestimated: in the USA, the “catalysis indusis/the largest single economic activity,
with an annual turnover in solid catalysts as safcéround US$ 7 billion [3]The importance
of nanomaterials for society and economy is fonesedecome extremely strong in the
future. Among them, carbon nanotubes (CNTSs), inigue material, whose wide application
development is critically dependent on the avdilgbdf methods for low-cost, large-scale
production. It will be shown below that FBCVD ipeomising response to this limitation,

which also restricts fundamental research on CNifisreno-objects in general.

However, the extension of the application of CVDpanwders to these and other new
domains of nanotechnology requires additional lpaidts of the process to be overcome.
These can be summed up as individual particlenreat, efficient gas—solid mixing and
confinement of submicron powders, while for insnaperating at sub-atmospheric pressure,
in continuous mode, with a bed whose charactesistie continuously modified during the
operation. Such constraints require appropriatetoe@esign and finely tuned operating

conditions.



The present review aims to provide informationgsist the chemical engineer and the
materials scientist to meet these constraints.rm#euscript is organized as follows: first, the
different ways to induce an efficient contact beswe gas and particles will be presented and
discussed, followed by the basic principles ofdization and the classification of powders as
a function of their behavior in a FBCVD reactor.enhthe constraints on FBs brought about
by the simultaneous operation of CVD will be depeld. This will lead to the presentation of
the different types of CVD reactors for depositmnpowders, and for their surface treatment.
This first part, essentially dealing with chemieabineering aspects, will be completed with a
detailed presentation of modeling of FBCVD reactond processes. The second and third
parts will develop the state of the art on matemabduced by FBCVD. The organization of
the second part will be based on the differentiagppbn domains, namely surface treatment
of powders for the preparation of supported cats)ys wear, oxidation and heat resistant
materials, of materials for microelectronics andtpkioltaics, of nuclear fuel and finally for
new materials. The fourth part mainly focuses @nuke of FBCVD reactors for the coating

of bulk parts, mainly for the formation of wear atwtrosion resistant protective coatings on
metals. Finally, the fabrication of powders (inchginano-objects; e.g. nanotubes) by CVD

is discussed, before providing concluding remarks.

2. Gas-powder contactors and CVD processes: chemica
engineering aspects

2.1. Ways to ensure gas—solid contact in CVD on parles

Ensuring efficient contact between the gas phaddtangrowing surface in CVD processes is
rarely a problem for deposition on flat substrafeslifferent situation prevails when
deposition is attempted on the entire availabléserof a piece lying on a support. CVD on
powders corresponds to this latter case. The teahsolutions developed to face this
situation are shown schematically in FigaBlapted from ref. [4]The simplest ones are fixed
bed and flat hearth, where gas flows, respectithipugh and over powders whose particles
do not move relative to each other. In this cddbgei gas flow rate is sufficiently low, the gas
merely percolates through the void species betileestationary particles. This mode of gas

solid contact has often been used for CVD processested mainly to catalyst preparation



and CNT synthesis (see refs. f5}d [6]and references therein) and recently to grafting
metalorganic species in mesoporous silicafigwever, there are numerous drawbacks
related to these simple solutions: (i) as in treeaaf chemical vapor infiltration, diffusion
limitations may affect the efficient contact betwehe gas reactants and the inner particles;
(ii) it is impossible to perform deposition on thetire surface of each particle due to contact
points among them and with the reactor walls; {ien high growth rates and/or high
thickness is aimed, clogging phenomena can ocwfjrgally, due to the previous
drawbacks, the scale-up of these processes isgmalic. An improvement of this situation is
to impose a movement to the particles of the powelative to each other. Fig.d&picts
technical solutions that have been used to indelegive particles movement. These are
rotary cylinders, pneumatic conveying, vertical mngvbeds and fluidized beds. In such
cases, it is expected that each particle will preis entire surface to the gaseous reactants
during the process. The use of rotary cylindriealctors has been reported for the deposition
of tungsten carbide (WC) on fine titanium nitrideN) powders [8] However, strong thermal
gradients detrimental to the control of the processto deposit quality often occur in such

reactors.

Fig. 2. Contacting modes for CVD on powders in ga$id reactors. Adapted from ref. [4]
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The most frequently employed method to treat powtdgrCVD is by maintaining them in a
FB regime. Through this technique, a bed of sddidiples over a gas-distributing plate (often

called the grid), is made to behave like a liqudlassing gas through it at a flow rate above



a certain critical value [1)]Compared with deposition on flat surfaces (waféFBCVD
presents considerable differences. Indeed, in dcdensure satisfactory uniformity of
deposits on each wafer and from wafer to wafer troassical industrial CVD processes,
especially those running under low pressure, agarozed in terms of temperature, pressure
and gas flow rates so as to be limited by surfagetics. In fluidized bed deposition, the
situation is drastically different. Substrates pog/ders and often (micro-)porous, resulting in
extremely high available growth surface to heat@dme ratios (S/V) in the deposition area.
Fig. 3illustrates this trend [9]The histogram reports typical S/V values for aptweric
pressure single wafer and low pressure multi-wiaigustrial reactors, for laboratory scale
fluidised-bed reactors operating with non-porous aith porous powders (specific surface
area of 1 and 160 7y, respectively), and for industrial reactorstfue chemical vapor
infiltration of pyrolytic carbon. It can be noticélgat the S/V ratios for these processes extend
over 6 orders of magnitude. CVD on flat surfacessdoot exceed $@n?, to be compared
with FBCVD for which this ratio is between“and 3 x 16m™. As expected, S/V for
chemical vapor infiltration (CVI) is very high, bittis still more than 100 times lower than

FBCVD on porous particles.

Fig. 3. Typical values of growth area per heatddme in the deposition region for different
CVD processes [9]
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Although Fig. 3provides trends rather than precise values, i$ dhestrate why surface
reactions are so extended that gaseous precursovey often totally consumed a few
centimeters after their entrance into the fluidibed reactor in a laboratory scale contactor.
Fortunately, the vigorous mixing of the particlésays compensates for this potential source
of error, and ensures uniform deposition. Due &tigh degree of gas—solid mixing,
diffusive phenomena only occur near the boundardmibbles, which may be formed by the
fluidizing gas, and mass transfer rates are maiofwective, ensuring homogeneous
deposition. A further consequence of the high degfecontact between gases, powders and
reactor walls in FBCVD, in contrast with classi€fD processes, is that fluidized contactors
intrinsically lead to high heat transfer rates stleasuring isothermal conditions both radially
and axially in the bed [10]

Due to these intrinsic advantages, FBCVD has bgtmsively used for deposition on
particles [9] However, the evolution of technological requirertsen terms of: (i) types of
powders to be treated, (ii) properties of use @deavironmental constraints means new
techniques have been proposed in the open literatun patents to ensure deposition on
powders. Based on this situation, the basic priesipf classical fluidised-bed CVD reactors
will be first presented in this part. Then, the stoaints imposed either by the CVD process or
by the powders to be treated will be developedtanhnical solutions to face these new
situations will be reviewed. Finally, modeling o¥/D fluidised-bed reactors as a tool to

understand and optimize processes and materidlbemMdriefly discussed.

2.2. Basic principles of fluidization and of powdeiclassification

The behavior of a fluidised-bed reactor is so caxphat, according to Geldart it.is more
difficult to predict it than to calculate the aral/time of a space probe traveling to Saturn
([10], p. 11)! This difficulty is systematically pointedit in the numerous books dedicated to
fluidization [1], [4], [10], [11] and_[12] In essence, the behavior of the bed dependseon th

particle characteristics and on gas velocity. Lawfrates correspond to a fixed bed. At

higher velocity, fluidization takes place and gatigrgives rise to heterogeneous systems,
characterized by gas bubbles which form at theobotif the bed, just above the distributor,
travel through the bed, grow, coalesce and thest latithe upper surface. These two regimes
are separated by a third one, characterized byrmgeneous situation for which practically
no influence of bubbles has to be taken into accdsd expansion is initiated in this latter

regime, which corresponds to the minimum fluidiaatvelocity,Un. For gas velocities



higher tharlJ, the drag force on an individual particle excetndsforce exerted by gravity,
thus leading to fluidization. The morphology of erticle bed, which is representative of the
different fluidization regimes, is schematicallipgtrated in the upper part of Figaj.

Crossing of the bed by the gas flow results inesgure dropAP) through the bed\P
variations with gas velocity provide essential mfi@ation on the characteristics of the bed.
For this reason, the hydrodynamic behavior of #teef is investigated b&P measurements
between the bottom and the top of the bed. Sudhti@rs are schematically reported in the
lower part of Fig. &). In zone (a), corresponding to low gas velqditg bed is fixed andP

is proportional to gas velocityd is the gas velocity at the intersection point leswthis
straight line and the plateau observed during itaition (zone c), for whicAP equals the
weight of particles per unit area. Measurementfopmeed at increasing and decreasing flow
rates lead to the hysteresis observed in zonel(e)fo lower interparticle forces for
defluidization conditions. For this reason, measwets ofU; performed in practice at
decreasing flow rates. For velocities higher thanterminal velocity of particleaP

decreases due to powder entrainment. Optimum aperadnditions for laboratory scale
contactors generally correspond to three or fones thdJy,s and to a quantity of powders
yielding a ratio between the height of the staéd bnd the diameter of the reactor of between
2 and 4.

Fig. 4. Pressure drop—gas velocity relationshipyatteristic of fluidized-bed reactors (lower
part) and schematics of the contacting form ofpgbeder by the gas, representative of the

different domains in this relationship (upper part)
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The situation described above holds for ideallidfzable particles. However, the behavior of
a fluidization system is closely dependent on tteperties of the solid particles, such as size,
density, cohesiveness or the amount of very fimégbes (fines) they often contain.
Consequently, data obtained for one powder carmotskd for others with different
properties. To limit the need for systematic expental investigations, Geldart classified
powders into four different groups characterizedh®sir density and mean diameters [13]
This classification is schematically presentedim B, focused on conditions prevailing for

fluidization with a gas rather than with a liquid.

Fig. 5. Powder classification diagram as a functbthe mean particle size of the powder
and of the difference between the density of thedsy and that of the fluidizing gas.
Adapted from ref. [13]
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The powders easiest to fluidize belong to ground B. Group A gathers particles with
small mean size (20—1506n) and/or low particle volumic mass (less than atfog/cn?).

Group B contains most powders composed of partighesse mean size and density range
between 40 and 5Q0m, and 1-4 g/cf respectively, sand being the most typical maitefia
this group. Group D corresponds to particles whiehlarge; i.e. whose diameter exceeds
800um, and/or very dense. Finally, group C contains¢ens which are in anyway cohesive,
due (i) to very small particles size (typicallyseban 2Qum, but this limit is rapidly shifted to
larger particles size with decreasing density déifee between the particles and the fluidizing
gas), (ii) to strong electrostatic charges anlt@iithe presence in the bed of very wet or
sticky materials. It is worth noting that, in Gettisclassification, groups C and A, and
groups A and B are separated by transitional resgiather than by sharp boundaries. The
presence of such transitional zones, especiallydest groups C and A, implies it is a priori
difficult to classify such particles and, as di#éat rules govern fluidization of the two groups,
to control their fluidizability. Hence, it is oftamecessary to experimentally determine the

fluidization behavior for each of these particudases.

2.3. Behavior of powders in FBCVD reactors, advanckclassifications

A typical example of FBCVD process involving groAgaerable) powders concerns the
preparation of supported catalysts on porous past{6] In this case, as the powder is
generally easy to fluidize and the deposit consitlispersed aggregates, FBCVD can be

conveniently performed with respect to the constsiimposed by CVD itself as discussed in



Section 2.4Powders of this group are only slightly cohesivel, consequently, their beds
expand considerably at velocities betwékn and the velocity at which bubbling begins. One
of the best studied FBCVD processes in group Bddike) particles is ultrapure silicon
synthesis on 100m silicon particles, as a new way to produce ebeitrgrade silicon for the
microelectronic industry [14Bed expansion is low and the bed collapses rapitden the

gas supplied is cut off.

In fact, there are few differences in a fluidizestitwith regard to CVD processes between
powders belonging to groups A and B. The main srfermation of smaller bubbles at higher
U/Un¢ values for fluidized beds composed of group A persdn comparison with those of
group B. Consequently, gas—solid contact is betittre former case, which favors
homogeneous deposits on powders and reduces bipngpasgaseous reactants. This
advantage of group A over group B powders is furdmanced by the fact that, in most
cases, bed expansion is higher for group A, whéshilts in an increase of residence time of
gas in the bed, and consequently of the gas rdaatanversion into deposit. Nevertheless,
for small diameter group A powders; i.e. for thegech are close to group C, risks of
channeling exist for low/Uy ratios, which can lead to the drawbacks charattenf fixed

beds, in particular plugging of the bed during Cujerations.

A typical FBCVD process on group D (spoutable) ighas concerns the coating of
radioactive particles by pyrolytic carbon and sificcarbide in order to obtain spherical fuel
elements with high qualification yield, i.e. unifioy defect-free coating on each particle [15]
Beds composed of group D powders generally presgot low expansion and poor gas—
solid contact. Consequently, in this case, pawicfiliidization techniques, such as spouted
beds are often used. As shown below, for this telclyy, the gas distributor grid is replaced

by a cone, generating a spout of gas through ttieles.

In some cases, including commercial powders, tredistribution of the particles is not
narrow enough for them to be classified in a siggddart group. Hence, if fluidization
conditions correspond to the main population ofipi@s, larger ones may remain at the
bottom part of the bed, and at the same time fimeg be elutriated This situation will lead

to heterogeneous deposits; i.e. thicker depositarger particles, and to loss of a fraction of
the smallest particles. To overcome these drawbgglseving is often performed prior to
deposition if modification of the characteristidsie starting material is allowed and (ii)

technical solutions are applied at the exit ofrdector, such as the addition of cyclones



allowing part of the fines to return to the bedj/an the addition of filters preventing the

fines from contaminating the upstream setup oetheronment.

The flourishing of nanotechnologies has led tormmdasing demand for processes involving
CVD on group C (cohesive) powders [1H]7], [18], [19], [20], [21], [22] and_[23] For these

powders, the interparticle forces including elestatic and Van der Waals attraction are often

greater than the forces exerted by the fluid. Coueastly, either powders do not fluidize at all
or particle agglomeration can occur, with agglortesaeaching sizes of several millimeters.
Even if a kind of fluidization can be achieved e tatter case, formation of such
agglomerates reduces the contact surface betwegtlgmand gas, limits mass transfer of
reactants and prevents uniform deposition on eadikidual particle. Moreover, the
agglomerates are consolidated by deposition bothein external part and into the open
pores. To face these problems, fluidization caadsested, for example, by mechanical
stirring or vibration. Alternatively, powders caa treated in dilute phase contactors, such as

circulating fluidized beds, as detailed in Sect2oh

More precise criteria to classify particles haverbamtroduced by Molerus [24By also

taking into account the nature of powders, i.et aohard, and the adhesive or cohesive
forces between the particles, the author derivadiiig conditions which result in a
classification of powders that is equivalent to deinition given by Geldart [13With this
new classification, the separation between powdegsoups A and C is attributed solely to
the fact that free particle motion is suppressethbydominance of cohesive forces in group
C.

More recently, Goossens investigated the abilitpaders to fluidize depending on the gas
flow around each particle by considering the Regia@nd Archimedes adimensional
numbers [25]Such ability is controlled by the competitionweéen laminar and turbulent
flows around each particle. For flow around smaltigles, typically those of Geldart's group
C, laminar flow effects are largely predominantrougbulent ones. Such effects are unable
to break the local cohesion between neighboringgbes and consequently fluidization of
each isolated particle is not possible. For floausud bigger particles, typically those of
Geldart's group A, some strong turbulent effectspmesent allowing the dissociation of
clusters of particles temporarily formed by log#krparticle forces within the fluidized mass,
thus leading to gentle fluidization. Moreover, Gesiss considered more precisely the

transition regime between groups C and A: in analeigh Dry et al._ [26] he added a domain



between those of these two groups, named AC. Foltphis classification, for AC powders,
the turbulent flow effects around each particlesamall but sufficiently strong to generate a
loose structure of partially contacting particlaghwn the fluidized mass. He finally pointed
that interparticle forces can be larger than stechttar soft particles, irregular ones and
particles with specific adsorption properties toe fluidizing gas. This is a valuable remark in
view of FBCVD for the processing of nanomaterialssh as filaments or nanotubes (see
Section 3.5

In conclusion, optimum conditions for FBCVD processan be achieved more easily for
Geldart A and B powders. CVD treatments on groypl@ders can a priori be performed in
spouted-bed reactors. Difficulties arise when phasi of groups AC and especially C have to

be treated.

2.4. Constraints on fluidized bed due to the CVD pcess

Besides limitations due to the handling of powdbesnselves, additional constraints appear
due to simultaneous CVD operation. These consgainse from: (i) imposed CVD operating
conditions and especially pressure and temperdigreide deposition on the reactor walls
and on or in the gas distributor, (iii) cloggingtbé bed due to high deposition rates and/or to
low-quality fluidization, (iv) homogeneous nucleatiand (v) handling of the CVD

precursors.

Conventional CVD processes on massive substrates operate at reduced pressure to allow
the diffusion coefficient in the gas phase to lgmiicantly enhanced, hence leading to the
control of the process by heterogeneous chemieatims. Consequently, uniform growth
rates are expected at every point on the surfatlatafubstrates as well as efficient diffusion
into submicronic trenches or infiltration into paspreforms. In contrast to this situation,
most fluidised-bed contactors operate at atmosplpegissure. This is not a drawback for
FBCVD processes since the motion of the gas areantl particle is enhanced by the
vigorous movements of particles in the bed. Howeapplications exist for which deposition
is also required to occur inside porous partidieshat case, diffusion through the pores
depends more on the operating pressure than oeldtere movement of the particles, and
deposition at reduced pressure is necessary. g typically the case of supported catalyst
preparations; i.e. catalytic metallic nanopartideposited on and inside porous supports [6]
Few studies deal with fluidization under reduceelpure ([27and_[28]and references



therein) and, as a result, the behavior of fluidibeds under these conditions is not well-
known. A practical low limit for the operation dtifidized beds is 7.3 kPa; below this value
fluidization quality is degraded due to heterogerseloehavior between the top and bottom
parts of the bed. Finally, for low-pressure opemtcontamination of the vacuum system by
elutriated particles must be prevented by addimy@piate filters. The filtering equipment
most commonly used are centrifugal separators ¢ogd), inertial filters or separators by
sedimentation for particle diameters higher thaprbOand, for particle diameters lower than
10 um, electrofilters and bag filters [29} is worth noting that, on the laboratory scale,

cyclones have a poor efficiency and electrofilemnes difficult to tune.

Another important parameter is the operating teatpee. Numerous conventional fluidized
beds operate above ambient temperature. For tlesactors, the vigorous mixing of the
particles by the gas flow ensures isothermal cardit This situation is hardly influenced by
chemical reactions occurring in the bed, sincentla¢inertia and vigorous mixing often
compensate any endo- or exothermicity of reactiBus. for spouted beds and dilute-phase
contactors, such as circulating or vertical movinglized beds, radial heterogeneities in
temperature may occur, particularly for large-ditaneeactors. Moreover, the calorific
capacity of powders in large-diameter reactors emesompensate for the cooling induced

by the inlet gas flow and it is often necessargreheat the carrier gas.

The design and positioning of the grid is crititaFBCVD owing to the risk of plugging up.
This question was recently dealt with_in f8jd is schematically illustrated by the flow chart
of Fig. & This figure resumes information from literatuesearch and personal experience. It
shows that plugging of the grid is subjected tost@ints which are more severe when either
one or both of the following situations occur:tfig powders to be fluidized either belong to
group C or present a wide particle size distributioth large amounts of fines, or are
fluidized in the form of agglomerates and (ii) metganic (MO) precursors are used in the
CVD process. The first point involves the use stribbutors or frits with reduced apertures
(holes or porosity, respectively). The second aweally involves moderate or low operating
temperatures and, consequently smooth temperatatigegts. Considering the isothermal
conditions, which prevail in fluidized beds, thstdibutor in such a case must be placed at a
position where: (i) temperature is both lower thizatt of deposition or decomposition of the
precursor and higher than that of condensatiomlolireation of the precursor and (i) the

fluidized bed is in the deposition zone. In som&esathese constraints cannot be satisfied and



it is necessary to inject the precursor directlyhie bed just above the distributor [36t to
use appropriate reactor design not containing aidyoy other support to maintain the
particles in the deposition zone [31]

Fig. 6. Flow chart illustrating the factors leaditogthe plugging of the distributor in FBCVD
reactors, and the possible solutions to this prableep, andTcond deposition and precursor
condensation temperature, respectively [32]
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Another specificity of some FBCVD processes isteglao the possibility of bed

agglomeration during deposition. This unwanted pin@non occurs when deposition rates
are high and/or when the fluidization quality, tlee intensity of particle mixing due to gas
flow, is poor. Indeed, continuous deposits may poedan increase in surface cohesiveness of
particles, which could be due to deposited cherhestbispecies making the particles sticky

[33]. This increase in particle cohesiveness can beredég by using thermal and pressure



drop measurements through the bed @ [33] When the interparticles cohesive forces
become higher than the disintegration force, deipgnoh the intensity of particles
movements, clogging speeds up and aggregatesdeadidify. When such problems occur,
the critical operating range must be determine@iims of initial molar fraction of reactants,
temperature and flow rate, to optimize the fluitima hydrodynamics. An efficient way to
follow and try to prevent clogging is to monitor-tine both the differential pressure drop of
the bed and the temperature profile along the iresazbne. Moreover, in the particular case
of silicon deposition from silane Sitbr disilane SiHe, undesirable fine particles form above
the fluidized bed in the colder upstream zone$efaquipment [33hnd_[34] These parasitic
fines are composed of oily brown hydrogenatedailicT heir amount was found to be
proportional to the percentage of reactive gas neimgunconverted in the fluidized bed. The
mechanisms recognized most often involve homogenpolymerization due to the existence
of thermal gradients in the upper regions of th€¥B reactor [14] The main drawback of

such powdering is the risk of contamination of bleel.

Particular characteristics of the CVD precursoruti@lso be taken into account for the
design of a FBCVD reactor. Generally speaking,entbal precursor must meet a number of
requirements to be successful [2&id [36] such as: (i) good volatility, (i) adequate thetm
stability, especially during the gas-phase transgiay high purity, (iv) clean decomposition,
avoiding the contamination of the resulting mate(ig absence of, or reduced toxicity: this
also applies to the decomposition products, (uwvemient and high yield preparation
protocol and (vii) sufficient stability during staye. Toxicity and/or stability of the precursor
can involve some severe constraints for runningptbeess safely, among which careful
checking of apparatus sealing or use of a glovefboseposition, use of integrated systems
for in situ generation of the precursor and/orpggfic sensors. Concerning precursor
volatility, it will impose the choice of specifietivery systems [37]Generally speaking,
delivery of gases via mass flow controllers antiqpfid precursors via the use of mass flow
controllers and bubblers is commonly used in CVBcpsses. Delivery of solid precursors
through specially designed sublimators is less comdue to the often high sublimation
temperatures and to unstable and unreliable precflosv rates to the CVD reactor. In that
case, isothermicity should be ensured from theimabor to the distributor grid to avoid any
precursor condensation. As for deposition on fldistrates, methods combining the
principles of both liquid and solid state delivéigve been developed for liquid or hard-to-

sublime compounds, whereby droplets or spray sfeetively, pure precursor and precursor-



containing solutions are injected directly in tH&dVD reactor [38] Careful tuning of the
solution flow is needed to allow quick solvent vepation and production of homogeneous
deposits. Additional constraints may arise fromhlggrrier gas flow rates, sometimes
necessary for fluidization, that will cool down theecursor and thereby affect the deposition
quality. Pre-heating of the gases before the psecutelivery system should then be
performed. Finally, if reactive gases are usedssisaprecursor decomposition, special care
should be taken in the design of the reactant inletder to avoid precursor decomposition
before the bed or on the distributor grid. Solusigneviously mentioned about grid

positioning and precursor injection in the vicinttiythe grid also apply here.

2.5. Types of reactor for performing CVD on powders

The choice of the FBCVD reactor is mainly relatedhe type of powder to be treated. In
some particular cases, the CVD operating conditinag also influence the technical

solutions selected.

2.5.1. Classical FBCVD reactors

A typical FBCVD reactor is schematically preseniteéig. 7[33]. It is used to deposit silicon
from SiH,, either to protect powders against corrosion édation [39]and_[40] or to

produce ultrapure silicon for microelectronic oopdvoltaic uses [34]The 5.3 cm diameter
stainless steel reactor contains an expanded faeelsection to allow particles entrained by
the gas flow to drop back into the bed, a gasiligior and water-cooled distributor flanges to
prevent any premature decomposition of the precuide thermal profile along the
apparatus is measured by several thermocouplastiixa thin rod as illustrated in Figand
connected to a computer. A fast response diffeabptessure transducer monitors the
pressure drop between the top and the bottom pftite reactor. The fluidization quality can
thus be followed all along experiments. Outletwedfits are treated using a cyclone and a bag
filter, to collect elutriated particles or finegfioed during experiments; the hydrogen content
of the gas phase is measured by a catharometeeci®ato a computer. A vacuum pump
associated with an absolute pressure gauge allparstion under reduced pressure, down to
1.3 kPa.



Fig. 7. Typical FBCVD setup used for the depositdsilicon from SiH. Adapted from ref.
[33].
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2.5.2. Spouted-bed reactors

Beyond the different solutions to the problem gbation on the grid and its subsequent
plugging that have been mentioned in the previeesian, a radical approach would be to
design a reactor which does not contain any griotleer support to maintain the particles in
the deposition zone. In the mid fifties, Mathur &idhler were the first to propose such a

setup, characterized as “Canadian fluidization'actually better known as spouted-bed (SB)



reactor [41] Fig. 8illustrates the principle of operation of a SB dine SB reactor that has
been used by Juarez for doping NiCoCrAlYTa powaeétk rhenium and ruthenium [42]

Fig. 8. Left: schematic representation of the spduged. Right: SBCVD reactor used by
Juarez for the deposition of Re and Ru on the serfd NiCoCrAlYTa powders [42]
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Spouting consists in forcing a jet of gas verticalpwards through the mass of solid particles.
The high-velocity jet causes a stream of solidss® rapidly upwards in a hollowed central
core or spout within the bed. The particles, haveamrhed somewhat above the bed level, fall
back onto the annular space between the spoutanmbhtainer wall and travel downwards
as a packed bed. The gas flares out into the asmslit travels upwards. Thus, a systematic
cyclic pattern of solids movement is establishetth wifective contact between the gas and
the solids [43]Most SB reactors are cylindrical with a conicasé. However, entirely

conical reactors have also been proposed for philyaid chemical operations where vigorous
contact is needed to avoid dead zones in the bedxample, when the solid is sticky and
tends to fuse [44]Particle flow in a SB has been visualized (€38],[[42], [45] and_[46) and
has recently been simulated by Kawaguchi et al. [47




SB reactors were originally developed as a metboddhieving contact between Geldart
group D solid particles and gas. They are usetfopn either physical operations ([43id
references therein) including coating and granoteff48] and references therein) and
chemical operations, such as pyrolysis ([48 references therein), oxidation [50]
combustion [51pr polymerization [52] They present several advantages over the fluddize

bed, concerning both physical and chemical (incigdCVD) operations:

I. Easy construction, such as the non-requiremiatdistributor grid or any other

sophisticated gas distributor.

ii. A lower pressure drop than in a fluidized b&tis point concerns industrial scale reactors
for which the pressure loss of the gas crossingligtebutor may be considerable. In such
cases, input pressure of the gas has to be rdialiigh, leading to increased technical

problems.

lii. Possibility to process powders which are difiit to handle, e.g. sticky, with a wide

particle size distribution, thermally sensitivetibose that must be vigorously mixed with the
gas phase [44]

iv. Shorter residence time of the gaseous by-prisdinan in fluidized-bed reactors leading to

decreased side-reactions.

Like fluidised-bed reactors [53]54], [55] and_[56] spouted beds are compatible with other-

than-thermal activation sources. For example, pdalseating of the particles in a SB was
reported by Horio et al. [57Finally, like fluidized beds, SBs can be usedeicycling mode
[48]. However, SBs also present severe drawbacks,agiblipassing of gas, attrition or less
isothermal operation than FBs. Moreover, while sgnas a well-established gas—solid
contacting technique for coarse group D particBs operating with fine particles have

received little attention, although spouting oftjde sizes as small as 90-10® has been
reported in some cases [3]45], [58] and_[59]

2.5.3. Specific technologies

Fine and ultrafine powders are difficult to fluidim conventional FB and SB CVD reactors.
This is due to the formation of agglomerates, @fotels and of defluidization zones.

Performing CVD in such configurations often leaol$hte stabilization of agglomerates and to



partial or total agglomeration of the bed, instehdeposition on the entire surface of each
individual particle. Solutions, such as the additid coarse particles that are used to improve
the behavior of the powders in simpler FB reactarsnot necessarily be applied to CVD
processes. Consequently, alternative reactor amafigns have been proposed in the
literature for the deposition on such ultrafine pens. These configurations will be presented
later. However, it should be pointed out here thaparticle sizes lower thanbn,

fluidization of and a fortiori deposition on thetea surface of individual particles remains an

unsolved problem essentially due to elutriation nthe low fluidizability of powders.

A first approach to the problem of fluidizationfafe particles is to use vibro-fluidised-bed
reactors, as schematically presented in F{§03 [61], [62], [63], [64] and_[65] By breaking

channels and cracks, vibration improves the flyiditbeds. Moreover, for group C powders,

Unt decreases as the vibration strength is incredisguiactice, an assembly with one or two
eccentric motors is fixed to the reactor. The nme#rye connected to a vibrator, which ensures
vertical, horizontal or twisting vibrations witheljuencies between 15 and 60 Hz and
amplitudes of several millimeters. In some cadessd two parameters control the size of the
agglomerates. Vibro-fluidized bed technology implo®stly equipment and heavy industrial

infrastructures. Moreover, uniform vibrations aldhg reactor are difficult to achieve.



Fig. 9. Scheme of the vibro-fluidized-bed reacteedifor the preparation of oxide
superconductive composite particles. Adapted frem[65].
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A simpler method to activate fluidization during D\6perations is to use mechanical stirrers
inside the bed instead of vibrators that are |latatéside the reactors, as presented in Fig. 10
[61], [66] and_[67] Various geometries of stirrers are possible, sischcraper or cage stirrers
[68], and helical or comb-like paddles [611 this case, technical difficulties must be

overcome, such as the establishment of a leakebrerection between the rotating axis of the

stirrer and the reactor. Another problem is linkedide deposition on the rotating parts and
the subsequent potential contamination of the leedtd the risk of delamination of these
undesirable deposits. This drawback has been nptrticular by Kimura et al. [69For this
reason, the authors replaced this technology lgadirig type FBCVD system [70T heir

setup is schematically illustrated_in Fig.. 14 this scheme, the authors divided the behavior
of the particles into three different zones intbactor, namely |, Il and 1ll. CVD was
performed in zone lll, where powders were dilutd aallisions among the particles seldom
appeared to occur. Although the authors perfornggabsition on very small agglomerates in
this configuration, it was still not possible tosene deposition on each individual particle.
Moreover, since this zone of the reactor does aokespond to the fluidized bed, it can hardly
be in isothermal conditions both in radial and bdieections. Also, due to the reduced
guantity of powders in the floating zone: (i) corsien of reactants is low and (i) the yield of

the process in terms of treated powders per uné ts also poor.



Fig. 10. SBCVD reactor used to deposit SiC on cardmated ceramic beads. Adapted from
ref. [71]




Fig. 11. Schematic illustration of the experimesttiup used for the synthesis of AIN/SIC
composite powders by floating-type fluidized CVDdapted from ref. [70]
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An alternative way to perform CVD on fine powderghancreased productivity is the use of

=l

moving bed contactors. Golman and Shinohara apfhiedolution both in counter-current
and in co-current configurations; i.e. by feedihg gas from the bottom and from the top,
respectively, while feeding the powder from the o] and_[73] Fig. 12presents the two
setups that have been used by these authors. Tiheathentage of this configuration is the

increase of the productivity in terms of treatedvders. However, it also involves some



drawbacks. As in the case of floating type FBCVBcters, since the contactor works in a
dilute regime, operation cannot be isothermal amversion of reactants is incomplete. In
addition, the residence time of the particles endleposition zone is intrinsically short,
implying only small amounts of deposited materiad @onsequently limiting this
configuration to specific applications. To avoidtehtion of fines and to control residence
time better, Golman and Shinohara pre-agglomertatsd submicronic particles intograins of
several hundred microns. Finally, a technologicabfem concerns the control of the powder

feeding rate from the source tank: vibration of tdwek can help.

Fig. 12. Schemes of counter current moving bed C¥4ztors. Adapted from refs. [7&)
and_[73](b).
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Residence time in the deposition zone can be iserkd particles are re-circulated in a

closed system. This can be achieved in a so-cailtedlating fluidised-bed reactor, as

represented in Fig. 13ypically, this kind of reactor consists of atal tube in which the

powder is in a fast fluidization regime. The tub@ssociated with an oversized cyclone,

which ensures the capture and recycling of pasgjaihich are re-introduced in the bottom of

the reactor by a dip leg, while gases are evacuhtedgh the upper part of the cyclone. The

fast fluidization regime is generally characteribgda much diluted upward solid flow in the

tube center and a fluctuating downward flow of jgéet at the tube walls. This intense

longitudinal back mixing allows a flat vertical tperature profile, but radial temperature

gradients can exist due to the high degree ofidiltdnd the coexistence of opposite gas

flows. Additionally, this fluidization regime ensg some steady agglomerates of relatively

uniform size. The design and tuning of such proeesse far from trivial. The main



technological difficulties concern the filtering thfe finest particles at the top of the reactor
and the re-introduction of particles at the botwithe bed, where agglomeration may occur,

particularly for cohesive ultrafine powders.

Fig. 13. Circulating bed CVD reactor (right, adapteom ref. [53), and suggested flow
structure for fast fluidization conditions (lefdapted from ref. [74]
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A final technological solution to perform CVD oretentire surface of fine-6 um) particles
involves the use of a rotating drum CVD reactoripped with a specially designed comb-
like guide_[8] Although properly speaking fluidization does potur in this setup, gas—solid
contact can be reached fairly efficiently througl simultaneous consideration of particle
density and diameter and rotation velocity of ta&ctor. To temporarily limit particle
agglomeration and particle sticking to the reauwtalls, the authors claim that the use of a
fixed comb-like guide can recirculate and homogenie batch and de-agglomerate the
powders by exerting sufficient shear on them. Havelioth operation in continuous mode

and trapping of particles at the exit appear arpdidficult.



2.5.4. PECVD and other activated technologies

Most of the technologies mentioned above use thesintvation of chemical deposition
reactions. However, if coatings of particular m&tracture or composition are needed, or
when deposition on temperature-sensitive substatesgjuired, plasma-enhanced (PE)
decomposition of the precursors is often used. hewehe combination of FB and plasma is
a recent field of research [2}s for thermal CVD, several families of FB-PEC\pbcesses
exist, classified as a function of the operatingspure (atmospheric or under vacuum), the
operating temperature (ambient or high temperatmd)the type of gas-particle contactors
(conventional FB, circulating FB, spouted bed, mptdrum, etc.). A review of PECVD on
powders has been performed by Karches §f] additional information can be found in refs.
[1] and [2] Such operations are most often performed undierces pressure of typically
0.1-2 kPa. A specific problem of FB-PECVD processdkat plasmas hardly penetrate a
dense (fixed or even fluidized) bed. It can be @b in some cases by increasing power
density typically to 10 W/cfin the case of pure argon. The risk is the creatfchot spots

and the local melting of particles. For this reagbe plasma is usually generated in a position
in the reactor where a dilute phase exists: freebivea classical fluidized bed [75} riser in

a circulating fluidized bed [S3From this point of view, the use of a rotatingrdrmay

appear interesting, and has already been test8pa(fi2l references therein).

A recent application dealing with this technologythe encapsulation of 1%@n SiC particles

by 1 um thick alumina film in a circulating PECVD reacigperating at low temperature and
low pressure (0.4—0.9 kPa) with the aim to imprtheshardness and the chemical stability of
the powders used as abrasive materials [6¢ deposition of nitride films (TiN and38Si,)

on group D inert particles (silica and corundumaumarc PECVD spouted-bed reactor
operating under atmospheric pressure and relaigletamperature (600—900 K) has also

been reported, as illustrated in Fig.[2 The plasma generator is located at the conical
bottom part of the reactor and the plasma jetésl #s the spouted gas. This plasma discharge
combines the effects of thermal plasma (excitatibheavy species) and of out-of-

equilibrium plasma (generation of electrons, extapecies and radicals and ions at low

temperature).

Fig. 14. Arc PECVD spouted-bed reactor used by Bemnet al. for the deposition of nitride

films on group D particles. Adapted from ref..[2]
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Finally, Bretagnol et al. reported a cold plasmadized bed process used to modify the
surface properties of polymeric powders [Adkewise, Guo et al. developed a technique for
depositing polymer coatings on powders of variamess[78] Such cold plasma processes
find applications in biotechnology. Also, to prepanaterials for use as deuterium—tritium
containing targets in inertial confinement fusioperiments, Theobald et al. coated a limited
number of 1 mm polyalphamethylstyrene microshefisumorphous hydrogenated carbon
films [79] and_[80] In their study, they used a reactor composewofgarts: the upper one
where active species are generated by remote plasated in a helical resonator coil and
the lower one where such microshells are placedgan under agitation that is either
piezoelectric or with a solenoid. Precursors usetbvirans-2-butene and plasma-activated
hydrogen. Dense, 60 thick coatings were thus obtained, with low scefeoughness, at a
deposition rate of 1.8m/h [81]

2.6. Modeling of FBCVD reactors

The most direct route to analyse and even to préukcinfluence of operating conditions on
the behavior and efficiency of chemical processesadeling. Such numerical tools are

particularly valuable during scale-up phases.



Models of FB contactors have existed since theéesixhe first generation of models, named
bubbling bed models, was based on the two-phaseythihe bed is generally assumed to

contain a bubble phase corresponding to gas bulybleich particles are present in small

amounts and an emulsion phase representing thefriwt bed [82][83] and_[84] Either

plug flow or perfectly mixed conditions are postathin each region, and interphase gas
transfers are most often evaluated from overallsthasance, involving empirically
determined mass transfer coefficients [F5}r instance, the main assumptions of Kato and
Wen's mode] [82&re the following: (i) the FB is isothermal, (iubbles are growing as they
ascend through the bed and their diameter is @aiifrom an empirical correlation (iii) the
FB is represented by a series of compartments)dight of which being equal to the mean
diameter of the bubbles at the corresponding leaeillustrated in Fig. 15iv) each
compartment is composed of two phases, the bulbtaisgpcorresponding to the bubbles and
their surrounding cloud of particles, and the emonlphase, corresponding to the rest of the
bed, (v) the gas is taken to be perfectly mixedaoh phase and (vi) mass transfer exists
between these two phases in each compartmentuistified through an empirical mass

transfer coefficient.

Fig. 15. The FB as represented by the Kato and Waatel. Adapted from ref. [82]

® @
ST
1 1




Several groups of authors theoretically analysedrtfiuence of gas flow rate variations
induced by non-equimolar chemical reactions ocngrim a FB. Indeed, chemical reactions
will affect the general gas flow and local massdgfars in the FB. Consequently, the
equations of the classical bubbling bed models eshodified to take these phenomena
into consideration. In the case of FBCVD, Caustat.eassumed that an increase in the total
number of gaseous molecules due to CVD reactiomduzes additional mass transfer from
the emulsion (where heterogeneous reactions mostlyr) towards bubbles, leading to an
increase of bubble diameters [86]

The application of such models to FBCVD processesdnly been achieved for silicon
deposition from Sigland SiHs [85]. The reason for such exclusivity is that, as fassical
CVD processes, modeling requires access to the genmemus and heterogeneous chemical
mechanisms involved and to the corresponding liadaws. Silj pyrolysis is certainly the
most mastered of all CVD chemical systems. Thgigicularly true when organized in a FB,
since two groups of authors have established spédaifetic laws for SiH homogeneous and
heterogeneous decomposition in a_FB [&d{l [88]

Lai et al. [89] Furusawa et al. [84nd Li et al. [90were the first to adapt a classical FB
model to account for Siflecomposition, considering, as appropriate, ntickeacoagulation
and catching of fines in the bed [90heir aim was to understand how the fines anméat
and to predict the influence of operating condsiom the percentage of fines formed during
deposition so as to decrease this unwanted parpsitduction. The authors concluded that
fines proceed from homogeneous reactions insidedbéles in the bed and that their

formation increases with the inlet silane conceigneand with the bed voidage.

Caussat et al. modified four classical FB modelsyrder to progress in understanding the
phenomena of clogging and fines formation [9ijs worth noting that in this work, a
complete homogeneous kinetic scheme was considaiedjng the prediction of local
concentrations of Siildisilane SiHg, silylene SiH, tri-SisHg and tetra-silane 3il;o and their
contribution to the deposits formed along the beigltt, in good agreement with experiments.
For instance, the evolution of the silicon depositiate along the bed height calculated from
the Kato and Wen model is given_in Fig. ITtese curves show that only the first half of the
bed is efficient for deposition, due to the higledfic surface area offered by the bed
particles. From this original result, it was dedilitieat an increase in the deposition rate of the

process could be obtained without exceeding thie@rivalue of agglomeration, by using



distributed injection of silane. However, this gooaf authors showed that such classical FB
models are unable to correctly represent highlgtrea chemical processes involving intense
contributions of unsaturated species, such as¥W,Gilicon deposition from SlHg [85]. In
that case, the strong assumptions and the numeradisquate empirical coefficients

governing these models lead to imprecise results.

Fig. 16. Silicon deposition rate along the bed heaalculated from the Kato and Wen model.
Adapted from ref. [91]
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Due to these intrinsic limitations, new generatioh&B models have been under
development for several years, often based on eridn-Eulerian representation, leading to
the so-called two fluid hydrodynamics models. Tammily of models treats the gas and solid
phases of the FB as two continuous and fully irdegtrating media. Such models solve mass,
momentum and energy balance equations for bothakend solid phases in a given number
of cells standing for the bed [92[oday, several commercial multiphase computatitinial
dynamics (CFD) codes, such as CFX, Fluent, MFIX,arilable to represent FB contactors
[93]. As illustrated in Fig. 1,7such models today provide very complete and isgive

results concerning the hydrodynamic behavior of lIRBeed the local gas and solid velocities
and the transient bubbling phenomenon can be peediby such approaches. These CFD
codes undoubtedly hold the greatest potentialdturé FB modeling.



Fig. 17. Gas velocity field in a FB calculated hg {CFD code Fluent. Adapted from ref. [94]
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However, the computational costs involved in sygbraaches remain currently high,
especially for 3D simulations, and numerous intd@spects of FB (particle interactions,
relative motion between phases, etc.) are not atayrrepresented, due to the complexity of
the phenomena involved. For these reasons, tod®ys@Rulations mostly deal with pure
hydrodynamic studies and rarely treat thermal gnatdi or reactive mass transfers inside FB.
Despite these limitations, Guenther et al. [S2¢ceeded in adapting the kinetic scheme of
Caussat et al. [91hgain for the case of silicon deposition from SiH the two-fluid
hydrodynamic model MFIX. They thus calculated logas velocities, bed voidage and mass
fraction profiles everywhere in the FB in transieanditions. A good agreement was
obtained with the corresponding experimental res#inally, volumetric optical properties
(spectral absorption, scattering and extinctiorffaments) of differently expanded narrow-
path fluidized beds of a photocatalyst obtaineglagma-deposition of titania onto quartz
sand, relevant for photoreactor design purpose® determined by using a unidirectional

and unidimensional (1DD) model for the solutiortlté radiative transfer equation [95]



3. Materials produced by fluidized bed CVD

3.1. Supported catalysts

The preparation of a supported catalyst consistiepositing an active phase (metal, oxide,
etc.) on an “inert”, preferably high surface amsalid porous support that is often a powder.
The dispersion of the active phase; i.e. the tagtween surface atoms and bulk atoms of the
deposited material, is a key parameter to obtain &etive catalysts. The higher the
dispersion of a given quantity of the metal, thghler its catalytic performance. It is therefore
desirable to process catalysts in the form of nartapes or sub-monolayers deposited on a
given support, also considering the fact that tle¢ahcatalyst is often expensive. Various
synthetic routes can be used to produce such sgg86Hh the most common being liquid
phase impregnation, ion exchange or deposition#gmtaton. A common point
characterizing these techniques is that they mayensironmentally harmful liquid solvents.
Moreover, corresponding processes involve sevepbkssuch as drying, oxidation or
reduction, potentially leading to reduced reprotility of the prepared materials.
Consequently, the development of flexible (a few &ps during the process) and solvent-
free techniques have received increasing attedtioimg the last decade. Those involving
preparation from the gas phase and particularly @#bbecoming well established methods

for catalyst preparation [6]

Generally speaking, two gas phase methods carsbagliished for the preparation of
supported catalysts: batch and continuous. Thedoowonsists in gas phase adsorption of the
precursor on the support followed by a thermaltinesmt in order to obtain the active catalyst.
This method, called gas phase impregnation-decoitiqro$GPI-D) is well suited for the
production of highly dispersed, low loading cat&y®7] In most studies reported, several
cycles are carried out to increase the amountepdsited metal. The growth of aggregates
should be the dominant phenomenon when the firgtliséy/cle is completed. Although this
method does not fit with the classically acceptefinition of CVD, it is worth mentioning

the IUPAC recommendations defining chemical vamgrasition asleposition taking place

by adsorption or reaction from the gas phaG®l1-D is by far the most used for catalyst
preparation from a gas phase. For the continucateps (also called CVD process), the
precursor vapors are simultaneously adsorbed asuhg®osed on the heated support. The
main advantage of CVD processes lies in the pd#gitm control the particle size for a given

metal loading by adjusting the precursor vaporguresy which governs the nucleation rate.



While several studies deal with the fixed bed tégqin, the use of a fluidized bed has proved
its efficiency to simultaneously achieve narrowtritisition of the particle size on the surface

of the grains and homogeneous dispersion on théevaunface of the porous support.

Compared with the conventional wet impregnationhods, the absence of any solvent favors
the diffusion of the precursor inside the pores pettludes the drying step during which
redistribution of the active phase can take placklitionally, the use of reactive
organometallic complexes as metal precursors pesvath efficient way to produce often
clean deposits at low temperatures, and thus &rohtgh dispersion of the active phase on
the support. Of course, drawbacks do exist in C\&Seldl processes. Among others, one can
mention the difficulty to optimize the process, ulihican be attributed to the sheer number
tunable parameters, and the possible toxicity e€yrsors and decomposition products. This

point can be restrictive for catalyst manufacturdlee industrial scale.

3.1.1. Catalytic performance of CVD-FB prepared magrials

The advantages of CVD over liquid phase impregngtimcedure for catalyst preparation
often result in better catalytic activity [98P9], [100], [101], [102], [103], [104] and_[105]
Table 1presents selected examples of catalytic studieg @PI-D or CVD catalysts. These

catalysts have been used in several catalyticiogescof industrial interest, such as
hydroformylation, carbonylation or hydrogenatio®§l. Thus, a Co/Si@catalyst was
prepared by a sequential GPI-D technique from tgarmmetallic [Co(acag))precursor. The
complex was firstly adsorbed at 453 K and 6—10 tuiRder nitrogen on a fixed bed of silica,
preheated to 873 K and then was decomposed undesden. This catalyst was found to be
three times more active for ethylene hydroformyplatinan a classically impregnated catalyst
prepared from cobalt nitrate [98[his result was directly correlated to the smagderticle

size obtained with the gas phase process: 4.3 ne386 (w/w) Co/Si@(GPI-D) and

11.3 nm for a 4% (w/w) Co/Sidimpregnated).

Table 1.

Representative examples of catalytic studies uSMD or GPI-D catalysts

Metal Particle size Catalytic
Catalytic system loading Reaction y

S Ref.
(%) (nm) activity



Metal

Catalytic system loading Particle size Reaction Ca;a_lytlc Ref.

(%) (nm) activity
Co/Sio, [98]
GPI-D ([Co(acag)) 5 4.3 Ethylene GPI-D > imp.
Impregnation .
(Co(NOy),-6H0) 4 11.3 Hydrofomylation (x2)
Mo carbide/A}O3 100
CVD (MoCls + GHe) 1-6 1.4 CO, reduction CVD > imp.
Impregnation
((NHz)2(MoOy) + CH,) (x20)
Rh/AC [991
CVD ([RhCI(CQO}].) 2 4-5 (Cl free) | Acetic acid CVD > imp.
Impregnation 4-5

2 remainin Hydrocarbonylation
(RhC-3H,0) (C|) g | Hy y

101], [102],
Rh-Sn/SiQ 103], [104
and [105]

Rh 1- GPI-
GPI-D ([Sn(CH)4)) Sn/Rh 25 NO/H, .

0.45 D > coimp.
Co-impregnation Rh 1-
(RhCk-3H,0-SnC}) SZ’SRh - (x6)

Molybdenum carbide catalysts were prepared on alaroy using a vapor mixture of Maogl
CsHs and H under low pressure. The activity of this GPI-Datgdt in the reduction of CO
was shown to be 20 times higher than that of a ba#pum carbide catalyst prepared by
impregnation [10Q]XPS measurements revealed that the oxidatioa staholybdenum

changes from Il for the GPI-D carbide to IV for ihgpregnated one.

Rhodium supported CVD catalysts were prepared tivaded carbon (AC) from
[RhCI(CO)], in a FB reactor [99]The temperature of precursor decomposition wasddo



significantly decrease upon addition of hydrogethggas phase. In addition, ligand
hydrogenation decreased the amount of impuritiesarfinal deposit. It is worth mentioning
that, in contrast to the GPI-D process, this oeg-§&§VD process involves reactions with fast
kinetics, which do not allow the identification thie intermediate rhodium surface species.
The presence of metallic rhodium in all the samples evidenced by XRD and XPS
analyses. A mean particle size of 4-5 nm was meddor 2% (w/w) Rh/AC. These CVD
Rh/AC catalysts were found to be efficient for thyelrocarbonylation of acetic acid into
higher acids at 20 MPa and 493 K [99]

Iwasawa and co-workers prepared Rh-SniSi@alysts that have proved to be very active in
NO/H; and ketone hydrogenation reactions [1(102], [103], [104] and_[105] The Rh/SiQ

catalyst (mean patrticle size 2.5 nm) was prepayasdi impregnation from rhodium

chloride, followed by a reduction step. Then, GPH®D)Sn(CH;),4] was performed at low
pressure and at 423 K. The vapors of [Sr{gJHeact exclusively with the rhodium
aggregates and two molecules of methane per tia esslved. By further reduction at 573 K
under hydrogen, two more molecules of methane ¥oeneed, leading to surfaces free from
residual carbon. The rhodium loading was kept &b {4/w), while the Sn/Rh ratio was
varied from O to 1. Mean particle sizes of 2.5 ah8 nm were measured for Sn/Rh ratios in
the Rh-Sn/Si@catalyst equal to 0.45 and to 0.90, respectivihg structure of these
catalysts was also studied by EXAFS as a functfdheoSn/Rh ratio. The Sn atoms in the
bimetallic aggregates remained located at thelfiygr as long as the Sn/Rh ratio remains
lower than 0.4; above this value Sn atoms intratie Rh metal particles. These two different
environments confer different reactivity to theatgs$t. For example, in the NOJHeaction
optimum activity was reached for Sn/Rh = 0.4 [1@#{d for ketone hydrogenation [1G8F
best results were obtained with a Sn/Rh = 0.2héncese of co-impregnated catalysts the
particular Rh-Sn bimetallic surface structure (3n#R0.4) is not present and these catalysts
are six-fold less active than that obtained by GR#the NO/H reaction [107]

The higher catalytic activity or selectivity is dagher to a better control of the purity of the
deposited active phase or, more generally, totetdispersion; i.e. to smaller particle sizes.
It is also important to remember that the homoggradithe deposit is a key factor for the
catalytic activity of the final material. This isgicularly true for CVD catalysts, or for
bimetallic catalysts in the case of GPI-D. If areet fluidization regime is not reached, the

deposit will not be homogeneous and the dispersidhe active phase will be poor. The



result will be a moderately active catalyst. Thisweported recently in the case of platinum
deposited on activated carbon granules [108ihis study, the catalytic activity of Pt/AC,
prepared by FB-CVD or liquid impregnation, for iftory acid oxidation was reported. Due
to the poor fluidization of the carbon support, th&persion of the CVD catalyst (10 wt.%)
was lower than that obtained for the impregnatedpdas (25 wt.%). The platinum carbon
supported catalysts prepared by incipient wetrmapsagnation showed superior performance

compared with the catalyst prepared by CVD.

3.1.2. Some important statements and phenomena lied to CVD
preparation of supported catalysts

The main characteristics of the supported catéfygthave to be controlled during CVD
preparation are the purity of the deposit and thpeatsion of the active phase. To do so,
several key parameters of the FBCVD process hate taken into consideration. The
procedure for CVD production of supported catalgsts be divided into three steps: (i) the
choice of the precursor, (ii) the choice of themarpand (iii) the design of the CVD reactor.
Additionally, several phenomena have to be consitlés ensure the controlled growth of
nanoparticles or sub-monolayers. These phenomeaiavitd the interfacial reactivity, which

will govern both the nucleation and growth stepthefdeposit, as well as its chemical nature.

3.1.2.1. Selection of the precursor and of the supp

The choice of the metal precursor for catalyst @ragon is mainly governed by the well-
known general criteria that have already beendigieSection 2.4For this specific
application metalorganic precursors are very ofteed and special care should be taken
concerning their volatility and thermal stabilitpder transport conditions, clean
decomposition and reduced-toxicity. Preparatioa wfell dispersed supported catalyst by
FBCVD also requires several particular substratgaxtteristics, such as: (i) high surface
area, (ii) physical properties (density, mean pktsize and size distribution) allowing
convenient fluidization, (iii) inertness in the pessing temperature and (iv) appropriate
surface chemistry and morphology. Of particulaeigst is the fluidization quality since the
active phase; i.e. the deposited material is ptesesmall amounts (generally less than 5%,
w/w) and consequently poor fluidization will ineaitly induce strong inhomogeneities in the
final material. Finally, it is worth noting thatelow amounts of deposited materials

associated with the high reactivity of metalorgasomplexes lead, most of the time, to



complete precursor decomposition in the bed ofigastalso reducing the risk of bed

agglomeration.

3.1.2.2. Design of the FBCVD reactor

As previously stated, the design of the FBCVD reais also of importance. Fig. 1as
adapted from ref. [11G§nd schematically illustrates a FBCVD reactor vintiernal diameter
(i.d.) 5 cm that was built for one-step processihgetal catalyst. Due to the low volatility of
many metalorganic complexes, the reactor was degdigmoperate under low pressure (1.3—
13.3 kPa) with a sublimator. This part of the react not necessary when working with
liquid precursors, where a classical bubbler candssl. Information concerning the
fluidization of powders under reduced pressure weperted [111]and have been discussed
in Section 2.4In this setup, reactive gases, such adH30 or H, can be introduced to assist
precursor decomposition. These reactants are ptdfeintroduced in the vicinity of the
distributor in order to avoid a premature decomjmsiof the precursor. Moreover, the
sublimator and the fluidized bed are heated bydifferent heating glass jackets, allowing a
fine tuning of both precursor and deposition terapges. The sublimator temperature can be
regulated between 263 and 423 K and the temperatuhe fluidized bed between 293 and
513 K. An additional advantage of the glass sedupat it allows visual observation of the
fluidized bed, and consequently a more preciserabat operations during the experiments.
If necessary, the catalyst obtained can be remfreedthe column under inert atmosphere.
On-line analysis of the decomposition productdss aossible by coupling the reactor with a
mass spectrometer or gas chromatograph. The ggmecadure to prepare metal supported
catalyst was reported in ref. [110]



Fig. 18. Schematic illustration of a fluidized-b&WD reactor used for the preparation of

supported metal catalysts. Adapted from ref. [110]
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3.1.2.3. Role of the substrate surface and of thag phase on the dispersion
and the chemical nature of the active phase

Generally speaking, the deposition of sub-monokgerdispersed nanoparticles involves two
main steps: nucleation and growth. During the rataba step, the first nuclei of the solid
active phase are formed; these nuclei presentdmgbific surfaces and high surface energies,
and hence may be unstable. Below a certain critigeleus size, due to the predominance of
highly energetic surface atoms, the free enerdgrofiation is noticeably higher than that of
the corresponding macroscopic phase and the nusléosrmodynamically unstable. Above
this critical size, solid particles can grow. Aatioig to the deposition conditions, this growth
step will be mainly controlled by interface anddiffusion phenomena. Consequently, the
role of surface chemistry occurring between the Qdf€cursor and the substrate, as well as
the physical properties of the bulk gas-phase argial parameters that have to be taken into
account to control the nucleation and growth stépke process. The role of surface defects
and of surface reactive groups, that of autocatabftenomena as well as the role of the
supersaturation thus have to be taken into acdowtntrol both the nucleation step and the

nature of the deposit.



Interfacial reactivity is governed by the reactsies of the substrate and the coordination
sphere of the precursor; i.e. the nature of theltigand couple. This reactivity plays a
crucial role on nanoparticle nucleation rate. ladtef discussing here the influence of the
nature of the ligands on the nucleation step, wief@dus on surface reactivity; i.e. the
surface properties of the powder that will be usetthe process. The various reactive sites
that can be found on the surface of the more comsnbstrates are: (i) the reactive surface
functions, (ii) the surface defects and, in additfii) the anchoring sites on the deposited
nanoparticles, which can induce autocatalytic ¢ffef€inally, from a kinetic point of view,
the nucleation rate and thus the final dispersiche catalyst is also correlated to the

supersaturation ratio.

In the preparation of catalysts, the substrated ase often oxides with a high surface area,
such as alumina, silica, titania, magnesia andosiluminates. In addition, such surfaces
contain hydroxyl groups whose density strongly aejseon the nature of the oxide itself and
on the experimental conditions in which deposii®narried out. Different kinds of —OH
groups can be encountered on gl/isurface, such as terminal M—OH, geminal M(@H)
bridging Mu-OH)M or M3(us-OH) functions_[6] Studies carried out on porous catalyst
supports showed that, according to the material-tBH concentration can vary from 1 to 15
—OH/nnf. If activated carbons (ACs) are used as supparious surface oxygenated groups
have been identified [112pdditionally, for a given powder, pre-treatmeande performed
and, depending on the operating conditions, nateefperature and pressure, the surface
density of the oxygen-containing groups can drazaliyi change. For example, complete
dehydroxylation of silica is possible, after treatits above 1000 K. High temperature can
also significantly affect the structure of the miteand in addition modify its acid—base
properties. If the substrate presents crystalldgcajaces with no functional surface groups,
potential reactive sites for precursor anchorageadafect sites on the surface. Classical theory
does refer to edges, kinks or adatoms. Various arechl, physical and chemical methods
can be used to increase the amount of such sitee atirface, and hence improve the

anchoring and nucleation processes.

The influence of the concentration of surface rieaggroups on the dispersion of the active
phase, and thus on nucleation has been unambigudersionstrated in the case of platinum

deposition on carbon [113]114]and [115] The surface chemistry of activated carbon

substrates affects the Pt dispersion of the cdgali?$ dispersion increases with the amount of



oxygen-bearing groups. After oxidizing treatmenthad support with nitric acid, the
concentration of the surface reactive groups irsgeaignificantly, as measured by £O
evolution from temperature-programmed decomposgigueriments performed on the
substrates: 132f&mol/g for the original AC and 464@nol/g for the HNQ treated sample.
Consequently, a mean particle size of 9 nm has imesasured for a 2% (w/w) Pt/AC whereas
it decreases to 3.5 nm for a 2% (w/w) Pt/AC-oxleeting more efficient nucleation; i.e. a
higher nucleation rate. A similar behavior was obsé for platinum deposition from
[Pt(CHs)2(COD)] on carbon nanospheres where small partizessvere measured on nitric

acid oxidized carbon nanospheres as shown in tiv mkErograph in Fig. 19

Fig. 19. Platinum nanoparticles deposited on car@mospheres [116]

In particular cases, autocatalytic processes thaepnvolving mainly active surface species
or sites generated by the deposition procedure NVghalying the deposition of rhodium on
silica from [RhCI(COj]; in the presence of controlled amounts of hydraggreactive gas, it
was demonstrated by on-line mass spectrometry igods that an autocatalytic process,
which should involve hydrido-rhodium surface speciccurs and enhances the growth rate
of the particles [117]With regard to such autocatalytic phenomena, itarth mentioning
that, as in catalysis, their kinetics or their @bitity to occur will increase when depositing

potentially reactive noble metals with respectegs|reactive non-noble metals.



The supersaturation parameter also plays an imgaxiée. From a thermodynamic point of
view, when the pressure of a vapor phase is inetelgyond the liquid—vapor coexistence
value, a state of supersaturation of the vaporelsaattained. In CVD, the supersaturation is
due to the initial gas composition and supersatmas assumed to be proportional to feed
rate (Rfd) at a constant temperature. The supeetatn parameter can be define as the ratio
of some particular partial pressure (around amitgiplanar surface of the CVD deposit) to
the corresponding equilibrium partial pressure (tie@ growing surface) [118]119], [120],
[121] and [122] The CVD process for catalyst production is chizmamed by a weak

supersaturation regime associated with the formatdfaritical nuclei. In the case of platinum
deposition on silica, Hierso et al. have demonstrdhe crucial role of a high supersaturation
regime in order to obtain a high nucleation ratthwegard to the growth rate [123hdeed,

for a high supersaturation of the [Pt{feOD)] precursor obtained at a sublimation
temperature of 468 K corresponding to a saturatapor pressure of 4 Pa, a mean particle
size of 2-6 nm was measured whereas for lower sapggtion obtained at a sublimation
temperature of 402 K corresponding to saturatiggovg@ressure of 0.5 Pa, the mean particle
size was measured to be around 60 nm. The combifextts of autocatalysis and
supersaturation on the dispersion of the final dé@oe depicted in Fig. 2@ can be
concluded that very high metal dispersion will i¢ained with precursors presenting high
vapor pressures allowing high supersaturation angrone to autocatalytic phenomena. In
contrast, a precursor with low partial pressure @nothe to autocatalysis will produce large

particles.



Fig. 20. Schematic of the combined effect of autagtic phenomena and supersaturation on

the dispersion of the final deposited material.
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In conclusion, it appears that the control of tigpersion of the active phase on the support is
a complex task and that several phenomena shoublikba into account. Some general
statements or rules of thumb can be noted: foreaticn: (i) the higher the supersaturation,
the higher the nucleation rate, (ii) reactive stefaites lower the surface free-energy of the
active phase, act as preferred nucleation sitesharsdcontribute to increasing the nucleation
rate and (iii) in general high temperatures lovirer tucleation rate by increasing the critical
size of the germ. For growth: (i) the higher thpexgaturation the higher the growth rate, but
this can become limited by diffusion processes (@pdutocatalytic phenomena contribute to

an increase of the growth rate.

3.2. Wear, oxidation and temperature-resistant mateals

CVD in fluidized beds and in the other types oftemtors mentioned has been developed
since the 1980s in view of either modifying surfaceperties of powders or producing
composite raw materials for the manufacture of lpidlces or coatings with improved
mechanical or chemical performance (e.q. [12425], [126], [127] and_ [128]. The studies
carried out in this context can be divided into types: (i) micro-engineering of powders

through a coating treatment in view of subsequesparation of bulk pieces or coatings and

(i) use of the FB as a medium for the in situ euabf substrates which are either



freestanding or most often suspended in the bathwel Characteristic examples of the
process conditions and the microstructures obtaanedjiven below for the first type, while

the second one will be treated in a separate seotithis paper.

Chen and Chen reported the need to improve thewetting between particles, such as
Al,03 and SiC that are most often used as reinforcemeXitbased metal matrix composites
[129]. Such poor wetting between matrix and reinforcetngedeleterious to the optimum
crack propagation in the composite material andireg severe processing conditions to face
it [130]. The authors proposed a surface treatment okih&rcing particles (ceramic
powders of mean size 250n) by FBCVD of Ni and Cu layers on their surfacéldide
precursors were used in this study; they were peepia situ in a packed bed of metal
particulate while the ceramic substrates were iteid. The operating temperature was
between 773 and 973 K. The deposition rate of NAb@3; was estimated to be

7.7 mg cm? h™* which favorably compares with that of electrolBplating, namely

4.2 mg cm? h*. Higher deposition rates were reported for Cu ts©Aand even on SiC,
while deposition of Ni on SiC required the highegerating temperature. It is worth noting

that a review of former FBCVD investigations; before 1996, is reported in this paper.

In order to increase sinterability of;8i, and therefore to take advantage of its excellent
properties as a bulk material, Hanabusa et alacepl the sintering additives that are used in
the conventional sintering process for the productif commercial N4 by SgN, ultrafine
powder applied on the surface of fingNgi particles [131] The authors used a specially
designed FBCVD reactor to accelerate homogeneatlsation reactions and optimized

CVD conditions to form the ultrafine powder on twe fine particles. They presented results
of sintering tests illustrating the feasibility thieir process for the preparation of other

functional composite materials with convenientesiability.

In another application, to prepare friction surlat@ automotive parts, coatings containing
dispersed particles (e.g. oxides, carbides, narateborides) were deposited on a substrate.
Prior to their deposition on the substrate, thestgles were first coated with a layer of
substrate material. In this context, Miyake eiratestigated different techniques including
CVD, to coat TiC-based powders by Al [125hen, they laid these powders on Al alloy and
finally melted them with high-energy sources, sashaser, plasma or electron beams. The

authors claimed that the wear-out of such a cogtirgared with Al-coated particles and of



an object in contact with this coating were lesstthat of a coating prepared with uncoated

particles.

The abrasive performance of TiC and of TiNsNgj SiC or SIAION (acronym for a ceramic
that contains silicon, aluminium, oxygen and nigopgwas investigated by Dierssen et al.
who used FBCVD to prepare improved granular abeasiaterials [124]The inventors
coated SiC particles with an integral, durableglgiror multicomponent surface layer of the
above materials. As in previous examples, metalralds were used as precursors, some of
which were prepared in situ. Reactive gases, ssitti-g, H, or CQ, were fed separately to
minimize premature decomposition or reactions. iftkended applications were coated and

non-woven abrasive products and abrasive wheels.

The synthesis of AIN/SiC composite powders in vigvihigh-temperature structural and
corrosion-resistance applications was investightedimura et al. using a reactive AlSl

NH3 gas phase [70]n this case, treatment of fine (less than ajievwy powders was required
and for this reason, a floating-type FBCVD confaion was used. It was found that the
mean diameter of SiC particles was increased fr@@ 0n in the as-received state to 4m
after flotation. The authors concluded that, altitoagglomeration was promoted by floating,
particles agglomerating to5 um can be floated by the floating-type FB and theyied out
that this size agglomerate is less than one-tefritiab obtained with conventional FBs.
Following this work, the composite ratio can betcolted by the aluminum precursor (AKI
feed rate and by the flow rate of the gas mixtordlbtation of the SiC powder, but not by
the reaction temperature, as raw materials arelyneested, being left unreacted at lower
temperatures. It was claimed by the authors that ayprocess for the preparation of
nanodispersed composite, non-oxide materials cagsgdaworably with more traditional ones
like mechanical mixing because contamination fromatmosphere and the mixing apparatus
can be prevented. Formation of agglomerates thrlughzation of submicron powders was

also reported by Tsugeki et al. [13##}d [133] The authors presented a comparative study of

sintered bodies af-Al ,Os—TiN composites prepared either by FBCVD of TiNsuth
submicronu-Al O3 particles or by mechanically mixing constituentyolers. They found that
the electroconductivity of the material preparedhsy former route is higher and
consequently claimed the superior efficiency of FBECVD process for the preparation of
composite ceramic powders. Also, in a patent byhdius and Haafkens, a process is

presented for using FBCVD to apply an evenly distiéd ceramic coating of TiN or SiC on



powdery particles of ADs and/or SiC, and for producing steel objects byesing powdery
steel with approximately 10 wt.% TiN or SiC coatddmina_[134] The inventors claim that
such a process allows the preparation of metabjeats with improved density. Beyond the
interest per se for the presented process, thention also reviews different patents in the

field of particle processing.

Vahlas and co-workers also investigated alternatiehe mechanical mixing routes with the
aim of adding a small quantity of platinum grouptat® such as ruthenium and rhenium to
the surface of NiCoCrAlYTa powders for the improwerhof the oxidation resistance of the

corresponding bond coats applied to gas turbingesland vanes [3142] and_[135] In

order to avoid clogging of the distributor due lte smooth temperature gradients in the
reactor they used a spouted bed instead of aZkddbed. The first problem that these authors
had to face was that the raw commercial powderstiieated were not prepared in view of
fluidization operations: they were relatively sm@Verage diameter 28n) and presented a
large size distribution (extreme diameters obsef/68 and 55@m) as well as a high

density (7.7 g/cr). For these reasons, it was necessary to invéstigeir spouting behavior
prior to CVD treatments. Fig. dllustrates the evolution of the pressure didpacross the
bed as a function of gas velocity in the spoutetl B&e presence of a plateau reveals
convenient spouting conditions. However, the cgoesliing value ofAP is approximately
1500 Pa, to be compared to the theoretddabf 1800 Pa due to the apparent bed weight. This
difference was attributed to the loss of part ef powders due to elutriation and electrostatic
fixing on the reactor walls [32]n this figure, it can be noted that, due tolthead particle

size distribution of the powdend,s corresponds to a range of velocities, includedHer
investigated conditions between 0.021 and 0.029 Tivs evolution ofAP as a function of
time for three different gas velocities, lower dmngher tharJ,s and in the range &dsis

also presented in this figure. The lowest standaxdation of these fluctuations is observed
for superficial velocities close 1d,,s. This behavior corresponds to a satisfactory fhaition,
the powder behaving like a homogeneous mediumvélocities higher thabl,s, the
fluctuations of pressure drop become more significand they reveal a periodicity, probably
due to the existence of plugging sequences. Fovajasities lower that),s, the standard
deviations are the highest, indicating that theibadhstable, because of preferential random

gas channels.



Fig. 21.AP vs.U at decreasing gas velocity for as received (@)cdad sieved (triangles)
powders foH/D = 1.5. Temporary fluctuationsP(t), characteristic of three regimeslof
lower than, equal to and higher thidrs [32]. Insert Typical curve for spouted beds [136]
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Once convenient spouting conditions were approgdhecauthors adapted different
MOCVD processes for the deposition of Ru and Regubis-cyclopentadienyl ruthenium and

decacarbonyl di-rhenium, respectively [2t]d [137] Fig. 22illustrates homogeneously

distributed Ru (a) and Re (b) grains, depositeatrabspheric pressure on the surface of
NiCoCrAlYTa particles. The Ru grains were deposae873 K in the presence o kh the
input gas, while the Re grains were deposited 4tka8



Fig. 22. Bright field TEM micrographs of homogensiyudistributed Ru (a) [314dnd Re (b)
[135] grains, deposited on the surface of NiCoCrAlY T#ipkes.

fa)

(b}

Sintering of the Ru- and Re-doped powders subjectegiclic oxidation between ambient
and 1323 K in air. Fig. 28hows the weight gain as a function of the nunalbdrh cycles for
the sintered coupons prepared from the as-recainddrom the Ru-doped powders. It
appears that the weight gain of the as-receivegleain higher probably due to a more severe
spallation of the superficial oxide. Indeed, théhavior is confirmed in the optical
micrographs of the two samples, where partial apat of the oxide, allowing the surface of
the alloy to be further exposed to air is obserfeedhe coupon made from as-received
powders. In contrast, the entire surface of thedBped sample is covered by a continuous
oxide layer, confirming the improved oxidation sgance of this new material. Beyond the
beneficial role of Ru on the adherence of the ahantayer, it was shown in this way that
spouted bed MOCVD is an efficient method for thpidg of commercial powders by
different elements in view of their subsequent mppilon as bond coats in turbine blades and

vanes.



Fig. 23. Weight gain per unit surface vs. numbet bfcycles between ambient and 1323 K in
air for sintered NiCoCrAIYTA coupons prepared frasireceived (triangles) and Ru-doped
(squares) powders. Optical micrographs of the taugpons after 900 cycles. An alumina
coating has been grown on their surface. Spallaitidhe developed alumina coating is
shown on the surface of the undoped (referencepleamevealing poor protection function of
the as-received NiCoCrAlYTa powders. In contrdst, dlumina coating grown on the surface
of the 1 wt.% Ru-doped sample (right) maintainsrtsgrity [42]
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The use of FBCVD in powder metallurgy for the prggi@n of bulk materials with improved
properties was suggested by Williams et al. [138 authors demonstrated the ability to
coat 12um tungsten particles with pure and alloyed Ni, ke @o films starting from

hass gain / unit surface (mglcm2)

carbonyl precursors. Liquid-phase sintering of éheemposite powders provided materials
with improved mechanical properties and narrowenenpredictable statistical property
distributions. A first application of this procesgiroute was the replacement of the depleted
uranium in kinetic energy penetrator applicatiorise use of sintered pieces made of
composite powders prepared by FBCVD of Hf- and d$dx coatings on micronic tungsten
particles was proposed by two research groupsimotie United States [22nd one in Japan
[139]. Itagaki et al. provided details on the processihthe coatings on the powders, while
Stiglich et al. on the performance of the matetigkrestingly, Itagaki reported that W



powders are easily fluidized at room temperatuetdithe existence of tungsten oxide YO
on the particle surface. At high temperature, pincpperty was degraded because of the

sublimation of the oxide occurring at 1100 K. lder to make a stable fluidized bed at high
temperature, corresponding to the deposition cmmditof the coating, the authors proposed

pre-coating at 900 K and forced mixing.

More recently, Toth reported on the productionaeigh-coated hard powders for hard metals
of novel properties [8hnd_[140] In view of improving TiN-coated tungsten carbidebalt
based cutting tools, the authors proposed a noa&dnmal consisting of an engineered
homogeneous cellular structure whose interconneotegh tungsten carbide-cobalt shells
each contain a wear-resistant core (e.g. TiN). Tdh@iyn that the coating is found throughout
the tool, combining the strength, heat resistamcetaughness of cemented carbides with the
chemical and abrasion wear resistance of hardesriastand that, consequently such tools
can be reused many times. This concept was exeéetpbf/ the deposition of WC on 3ifm
porous TiN powders in a recirculating fast fluidiseed CVD reactor, followed by
mechanical mixing with Co powders before sintefibdQ]. Alternatively, the use of a

rotating CVD reaction vessel for the depositiosoéh materials was also proposed by Toth
[8]. In order to solve the problem of the agglomeratbthe powder, the author suggested
tilting the reactor and installing a fixed combediguide: (i) to recirculate and homogenize the

batch and (ii) to apply sufficient shear to the pewto deagglomerate it.

Fig. 24illustrates the sintered structure of CVD procdgseigh-coated hard powder (left)

and the microstructure of the material obtainedyposed of WC coated AD3; micronic
particles sintered with Co as a binder. The medadupiroperties of these processed materials
were found to be promising, with high combinatiehsoughness (4000-5000 MPa),
hardness/wear resistance (30005000 Vicker's He@)Jight weight (5-10 g/c

However, these preliminary investigations reveaedimber of points that must be overcome
for the process to be industrialized. They essintizeet those mentioned in the paragraph
dealing with the particular technologies that carapplied for the treatment of Geldart's
group C powders, i.e. the fluidization of fine pawsl which tend to form agglomerates and
the elutriation of fines in combination with theghitemperature deposition and the use of

aggressive precursors, such as fluorides in theepterocess.



Fig. 24. Schematics of the sintered structure obDQW¥ocessed tough-coated hard powder
(left) and SEM micrograph of the material obtainesinposed of WC coated A); micronic

particles sintered with Co as a binder. Adaptethfidtp://www.allomet.net/what_tchp.html
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Based on a similar technology, marketed by Powdehnee Sun Valley, CA, Biswas et al.
investigated the use of microencapsulated microrereged thermal spray powders for
thermal barriers and wear resistant coatings isediengines [141]These coatings are
composed of a plasma sprayed functionally gradstésyconsisting of a porous
Al,0O4/TiO2/MgO insulating layer graded into a cermet weaistast topcoat. The raw
materials were prepared by coating,20 Al,O; powders either with TigdMgO by using the
corresponding isopropoxides, or with a WC bonddayel a Co binder. WC was produced by
first depositing metallic tungsten from decompasitof [W(CO}] followed by carburization
in the presence of CHCobalt was deposited by decomposition of JC®)]. Raw materials
were also prepared by either depositing WC andrCd-8um TiN powders or by coating
WC powders of similar size with cobalt. Preliminaegults revealed that the TiN/WC/Co
coatings performed extremely well in wear resistagied that the coated alumina
microsphere material shows promise for providingvecost thermal barrier coating material



through optimization of the plasma spraying prodesacrease alumina sphere retention in

the coating and material deposition efficiency #adability.

The works reported in this paragraph reveal thatemous possibilities are provided by
microengineering of powders prior to their useaas materials for the preparation of hard
and oxidation resistant bulk pieces and coatingsh$®ossibilities are far from being
completely explored yet. Consequently, differergtables in the FBCVD processes involved
have not been completely solved, and the link betwgocessing conditions and materials
performance is still weak. These points most oflemcern: (i) fluidization of powders that,
due to either their density, and/or their size /antheir size distribution belong to group C or
are out of Geldart's classification, (ii) elimirati— at least temporarily — of the formation of
agglomerates, (iii) use of aggressive chemicalsh sis fluorides, (iv) use of high operating
temperatures and (v) risks of clogging either tee or the distributor. Finally, the above
mentioned works also revealed that solutions cafotyed to resolve these problems provided
different technological aspects (for example, wosk@otection and environmental concerns)
and scientific disciplines (such as surface scicagmnometallic chemistry, crystal growth,

process engineering, ...) are considered.

3.3. Microelectronic and photovoltaic applications

The massive synthesis of solar grade or even sedhimbor grade polysilicon was one of the
first applications of the FBCVD process [8@ommercial production of polycrystalline
silicon was originally conducted by hydrogen redutof trichlorosilane SiHGlwithin a
Siemens bell jar reactor. In this conventional pssg silicon is deposited on silicon filaments
at high temperature (1423 K), forming dense paly@ii rods. Several disadvantages have
been identified in this process, such as: (i) Ibertnal efficiency and high electrical costs
because of the need to cool the bell jar, (ii) leactor capacity due to the relatively small
reaction interface and (iii) unavoidable batch agiens [142] In the eighties, the increasing
demand for high purity silicon led to the developinef a reaction path starting from SiH
instead of SIHG Indeed, Siljis available at higher purity, it does not leaadoorosive by-
products and it reacts at lower temperatures attuhigher conversion rates than SikCl
[142]. Thus, the Komatsu process employing SitHa bell jar reactor similar to the Siemens
one was developed. At the same time, the ideayily @apFBCVD process emerged, due to its
intrinsic advantages: high thermal efficiency, higloughput and continuous operation, low
cost and easy to scale-up technology [148] [144]




The main reactor features have already been desciibSection 2.5.For Hsu et al., the
fluidization quality and temperature distributidorag the FB are determining factors for the
process efficiency [144]his technology operates at atmospheric presatisemean
temperature of 893 K and from monosilane Silfuted in an inert gas. The initial bed
particles are most often constituted of semicoratugtade silicon seeds belonging to

Geldart's group B.

However, two fundamental drawbacks have rapidlynbdentified concerning the FBCVD
technology: particle clogging beyond a critical dgifion rate and parasitic fines formation.
These phenomena have motivated several experimamdaheoretical studies [14B3],

[34], [85], [111] and [143] The first [14] [34] and_[143]demonstrated the feasibility of

silicon deposits on initial silicon seeds, andhigh throughput of this process: more than

90% of the silicon in feed is deposited on the padicles, the other 10% corresponding to

parasitic oily fines.

Hsu et al. [144}vere the first to point out that the key to sust@lsoperation of this FBCVD
process is to keep the distributor temperaturevibé@3 K, in order to avoid premature QiH
decomposition and partial clogging of the grid. ¥atooling of the distributor flanges is then
mandatory for this process. By working with a 15iain FBCVD reactor, these authors
succeeded in producing 3.5 kg/h of silicon usingp88iH, feed concentration without bed
clogging. These are the best results in termdiobai productivity at the lab scale published

up to now.

For Kojima and Morisawa [143s for Caussat et al. [33]logging phenomena occurred in a
5 cm i.d. reactor whenever the Sitdlet concentration exceeded 20-25% in eithepgén or
argon. Such undesirable events can be anticipgteabnitoring either thermal profiles along
the FB and/or pressure drop between the bottomiamgarts of the bed. In Fig. 2&ve report
two representative examples of temperature prefitdutions with and without

agglomeration phenomena in a laboratory scale@ef3]. In this case, bed clogging was
attributed to the presence of chemisorbed reaspegies on particle surfaces acting as a glue
and able to form irreversible agglomerates wherd#position rate is too high and/or the

fluidization quality too low.

Fig. 25. Evolution of temperature profiles along #B (a) with and (b) without clogging.

Arrows indicate the beginning and the end of dejmsi The corresponding time period is



characterized by hydrogen production through thera/reaction: Sibd— Si + 2H. Adapted
from ref. [33]
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These results illustrate the major importance efititrinsic fluidization quality, this

parameter being improved with increasing bed diam&ased on this correlation, such
agglomeration phenomena would probably not occurdaostrial scale reactors. In any case,
multiple SiH, injections at various levels in the bed can bewized so as to never exceed the

critical deposition rate as was proposed by Cawetsat [33]from their modeling results (see



Section 2.8 Another way of progress could be to assist fagition, by mechanical stirring or

vibrating as detailed in Section 2.5.3

According to Hsu et al. [144nd Kojima et al. [14&nd_[143] fines result from homogeneous
nucleation of Sildin the FB, leading to silicon nucleus formatiom dater to CVD growth

into fine particles. Caussat et al. [¥thphasized the fact that fines are present ortlyein
coldest upstream zones of the FBCVD reactor. Toemation could then proceed from low-
temperature heterogeneous reactions, involving nwerted reactive species in the FB, thus
leading to these oily/powdery products. Indeedgdiformation has been reported in the

literature whenever Sijtonversion was not complete in the FB.

In order to prepare for industrialization of thegess, Hsu et al. built a FBCVD reactor with
an internal quartz liner so as to minimize metaitamination [144] They also developed a
seed generation device consisting in milling siigpanules with nitrogen impinging jets so
as to produce silicon group B particles to be gréwyi-BCVD. Finally, their FB reactor was
equipped with a particle withdrawal system throtigg distributor, in order to selectively take
large particles out of the bed in a continuousaennisontinuous mode. The setup is
schematically illustrated in Fig. 28 consists in an externally water-cooled silicahe

38 cm long and 2.2 cm i.d., in which particles ritelly fluidized so as to keep silane out of

the tube and permit accumulation of large partigiebe system.



Fig. 26. Particle withdrawal system developed by Etsal. Adapted from ref. [144]
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As can be seen in Fig. 2and according to Kojima and Morisawa [142]d Caussat et al.

[33], silicon deposits are composed of dense submcradules. Their crystal state is
polycrystalline. The fines are of lighter densityiey are composed of hydrogenated
amorphous silicon; their morphology is also nodubart they are of smaller diameter than the

deposit itself.

Fig. 27. SEM images of (a) a silicon deposit andifes. Adapted from ref. [33]

Over the last few years, a revival of interest b@sn shown in this FBCVD process. Indeed,
this technology is currently under study to madgipeoduce solar grade or even
semiconductor grade polycrystalline granules [l [146] It is worth noting that a key

point for the emergence of photovoltaic cells ie tiext few years is a strong decrease in the
cost of the raw material for the substrate, motgrosilicon.

3.4. Nuclear materials

“... Fluidized-bed CVD was developed in the late fifttzsa specific application: the coating
of nuclear fuel particles for high temperature gamsled reactors..” [147]. This statement,

in one of the first comprehensive books on CVDegds that the development of materials
for nuclear applications was the initial drivingde for the development of FBCVD. Indeed,
one of the first patents on FBCVD was submittedHgypioneer scientist of CVD Blocher, on
the coating of nuclear fuel particles with mixtafepyrolytic carbon and SiC [148]n this



context, FBCVD has been used to manufacture fredstg tungsten spheres and cylinders
with a wall thickness of less tharnuf, with the aim to produce metal foils as inertial
confinement fusion targets [149The fluidization medium wasAiwhich also allowed the
reduction of Wk blown through the bed. Tungsten was thus depositetie surface of
molybdenum mandrels which were suspended in aroppiptely selected 8 chiluidized

bed consisting 0f.350 um, 12 g/cm tungsten coated uranium carbide particles. Afterend
of deposition, wet leaching of Mo yielded pure Vildavith the desired geometry. However,
the main application of FBCVD for the processinghatlear materials is essentially the
deposition of multi-coatings composed of pyrolydarbon and of SiC on radioactive particles

for the primary containment of nuclear fission prot. (e.g. [150and_[151). Such multi-

coatings should also present adequate microsteiana strength to withstand external load
and to serve as a barrier of cooling gas containmainder reactor operation. Considerable
progress was achieved in the eighties in this fieésed on the need to obtain spherical fuel
elements with high qualification yield ([19]71], [152], [153] and_[154]and references
therein, in addition to an extensive patent lit@r@t. The replacement of SiC by other
refractory carbides, such as ZrC [1%8%)d later on NbC and TaC [156hs also proposed to

improve the high temperature durability of the eolfuel particles, namely protection from

the coolant gas both to prevent attack of the kexne to limit fission product release. By
using high-temperature halide chemistry, ZrC wgsodéed from methane and zirconium
bromide ZrBx, while NbC and TaC were deposited by dispropodiimm of the
corresponding chlorides formed from the chlorimatx niobium and tantalum metal in a
separate chamber and carried by argon stream teBh&his accumulated know-how was
considered later for the investigation of high temgture gas fuel nuclear reactors [157]

[158] and_[159] All these works involve spouted bed CVD procesdespite the name

FBCVD which was arbitrarily adopted in most of td@ove mentioned references.
Appropriate denomination of the process was poiotdg by Guilleray et al. [1514nd by
Ogawa et al. [155lvho also provided information on the reactor useaipely 35 mm i.d. and
3 mm inlet nozzle at the base of a 60° cone. Qtbtils, provided by the latter authors are
the presence of a flat section between the inletleand the lower end of the cone to
improve stabilization of the particle flofand introduction of the reactants and of the iitut
gas through separate paths to decrease premataepesition prior to entering the spouting
cone, to regulate the gas-flow pattern below thezleoand to control the particle flow pattern

independently of the reactant concentration.



Fig. 28shows a metallographic section of a high-tempeeateactor fuel element with a so-
called TRISO-type coatingThe 500um core is a uranium dioxide kernel. A @& SiC layer
(D) is sandwiched between two high-density pyroocarayers C (4@m) and E (35um). The
fuel element is separated from the coating by ébldyer of porous carbon B (98n). This
material has been processed in a SBCVD reactaposition conditions summarised in
Table 2 Such processes typically operate at atmosphezgspre except for the previously
mentioned deposition of NbC and TaC coatings, whiehe deposited at subatmospheric
pressure [156]

Fig. 28. Metallographic equatorial section of anhigmperature reactor fuel element,
illustrating the different parts of the SBCVD caoati Adapted from ref. [15]

Table 2.

Processing temperature and composition of the lgasepfor the deposition of the different
phases in the coating of fuel kernel shown in ER).

Gas phase Temperature (K)




Gas phase Temperature (K)

B Ar,C;H, 1673
C E Ar,CoH,/CsHg | 1573
D H,,CH:SIiCl; | 1873

The high deposition temperatures of the differagéfs allowed for a thermodynamic
simulation of the corresponding processes [1B4feement between experimental and
calculated results in terms of the nature of thespl deposited as a function of processing
temperature and input gas composition was onlyddanthe higher deposition temperatures.
Satisfactory explanation of the obtained experimlergsults was made possible by
considering a mass transfer rate-limiting modelweleer, the extreme environmental
concerns of the use of such fuel elements, reqamemnalogous efficiency of the coating
process. For example, Heit et al. reported thagnture sufficient retention of fission
products — and especially the more volatile saieisium and silver — in thorium high-
temperature reactors, within a total of 1,000,00&ed particles after fuel element
fabrication, not more than 60 individual partickes permitted to have broken SiC layers.
Moreover, during operation in the reactor, not nben 200 additional particles are
permitted to fail by cracking of the SiC layer [18}hile considering such severe constraints,
stepwise increase in the coating batch size relgtio the previously mentioned dimensions
was investigated by these authors for more ecoradmianufacture. Beyond phase
composition, coating microstructures is anotherdartgmt parameter, which has to be
considered during the scale-up of the process. éleand Keeley first established relations
between the microstructure of SiC coatings, andteegberature and gas flow rates [71]
Then, they modified these coating parameters vdaidding up the SiC process. A major
phenomenon during the scale-up was found to bettbagly space dependent temperature of
the bed and the existence of radial temperaturigson the bed. Following these authors,
changes in the values of other parameters, sutdtagas flow and fluidized bed geometry

(cone angle, etc.) are also necessary in the spatésuch a spouted bed CVD process.

From the above elements, it appears that the FBG&$2d process for the processing of
TRISO-type multi-coatings on Ukernels is robust enough at least in terms of
thermodynamic operating conditions. For exampleag been reported that the deposition

technology of PyroC and SiC layers on 3 kg @rnels in 150 mm i.d. FBs has now been



mastered [158]However, the global problem of simultaneouslyweimg): (i) an appropriate
microstructure of the coatings yielding optimum em&tl performance, (ii) constant high
product quality, (iii) economic operation and (@fjicient scale-up of the process (with the
aim of using 400 mm i.d. diameter FBs) still rensaimsolved. To meet this objective,
coupling of flow mechanisms in the bed, heat tranahd chemical reactions participating in
the deposition should be modeled in order to dispodine of dimensioning tools allowing

deposition conditions to be extrapolated to regovddifferent sizes.

3.5. New materials

Emerging new applications of CVD on powders haveeaped with the development of
nanotechnologies. In particular, carbon nanotuB&ls) represent a fascinating new
material that has attracted much attention in #st few years and intensive research has
been performed to identify their remarkable praperand potential applications [Blulti-

or single-walled CNT are now expected to bring sigant breakthroughs in the technology
of electronic and engineering materials. The laggle synthesis of this material is currently
the key to its commercial applications. Among tifeecent techniques that have been applied
for the production of CNTs [160tatalytic chemical vapor deposition (CCVD) apgdarbe

the most promising due to its relatively low castl gotential high yield. Beside numerous
reports concerning the preparation of CNTs on posviefixed- or stacked-bed reactors, that
will not be detailed herein, preliminary resultswa FBCCVD reactor have appeared [161]
[162], [163], [164], [165], [166], [167], [168] and_[169] The design of such a process is not at

all trivial since the growth of CNTs is a catalyfimocess that is very sensitive to the operating

conditions.

The synthesis of CNTs by CCVD methods involvesddialytic decomposition of a carbon-
containing source on supported metal catalystsh @uyarocess is schematically illustrated in
Fig. 29 It consists in passing a gaseous flow contaiaiggzen proportion of a hydrocarbon,
over supported small transition metal particles®f Co or Ni heated to the desired
temperature (typically 823-1223 K) [3{umerous parameters of the catalytic proces$, suc
as temperature profile, gas composition, flow rates of course catalyst nature and size play
an important role on the features of the CNTs oletchi At a given temperature, depending
mainly on the nature of both the catalytic metal #re carbon-containing gas, catalytic
decomposition takes place on the surface of thalmatticles, followed by mass-transport of

the freshly produced carbon by surface and/or tymme diffusion until the carbon



concentration reaches the solubility limit and jp#ation starts. According to the metal-
support interaction, nanoparticles will remaindety metal-support interaction—root growth)

or not (weak metal-support interaction—tip growtim)the support.

Fig. 29. Schematic representation of CNT growth @CVD process.
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The main potential advantages of using a FBCCVBRtoedor such a process are: (i) to
ensure efficient mixing of the grains in the bed efficient mass transfer through large
exchange surfaces between the gaseous carbon sourtiee catalyst grains, (ii) to ensure a
homogeneous temperature profile in the reactiore zom (iii) to consider the possibility of
making continuous operations. The first two poarts important for uniform growth of CNTs
all over the catalyst grains and the latter fogéascale production. However, possible
drawbacks can arise from the abrasive effect ob¥ige supports used to prepare the
catalysts which may lead to cutting the CNTs frowa support or breaking them up. It is
worth noting that such a phenomenon has never tessrved during the FBCCVD synthesis
of multi-walled CNTs on Fe/AD; catalyst supports, since the CNT elutriation alsvay
remained very low [161Moreover, this method does not allow the produrctf aligned
nanotubes that might be desired for specific appbas. Finally, removal of the catalyst to

obtain a pure material requires an additional efguurification.



From representative results obtained by differeatigs [161] [162] and [163] we

emphasize the specific characteristics of the FBD@vbcess. Concerning the advantages of
using fluidized versus fixed bed systems, infororaprovided by different laboratories is
quite convergent. First of all, if the reactiorcenducted under fixed- or packed-bed
conditions, both lower carbon yields and lower sty towards CNTs are observed. Thus,
in the case of multi-walled CNTs production on He0 catalysts from ethylene [1613

yield of 60% was obtained for experiments perfornmea fixed bed, to be compared with a
yield of 90% in a fluidized bed. Additionally, tipeesence of unwanted carbon forms was
evidenced by a combination of TEM observations tiedmogravimetric analysis (TGA).

The TEM micrographs of Fig. 30ustrate CNT microstructures obtained in fixegld(a) and

in fluidized bed (b) reactors [161]} can be noticed that large amounts of undesired
encapsulated metal particles are present in timecfiocase while they are totally absent in the
latter. In addition to these observations, TGA gsed have shown that selectivity towards
CNT formation is close to 100% for fluidized begeriments. On the contrary, in the
material obtained in the fixed-bed reactor alm@$tlof the available carbon is found in
other-than-CNT forms. Similar results were obtaibgdNeizhong et al. [164Moreover,

these authors noticed that CNT grown in a fluidibed reactor are obviously longer than
those obtained in a packed-bed reactor. They e[sarted that the size of the composite
(CNT-Fe/ALOs) powder grains differs markedly from one reactothe other. Starting with a
Fe/AlLOs catalyst powder presenting a @@ grain size, composite powders of 1-4 mm mean
grain size are produced in the packed-bed reastwreas 45-50m mean grains size

powders have been obtained using a fluidized-bactoe.



Fig. 30. TEM micrographs of CNT produced (a) inxd-bed reactor and (b) in a FBCCVD
reactor [161]

A very peculiar phenomenon observed in the FBCCYaz@ss is linked to the impressive
bed expansion that occurs during growth experiméuasrias et al. reported that for an initial
fixed-bed (catalyst powder) height of 3.5 cm, timalfbed (composite powders CNT/catalyst)
height can reach 1 m after a 2-h run [161je change of bed height with time is non-linear,
which is certainly related with the growth mechamisf nanotubes. This spectacular
expansion can be explained by the morphologic& dihces observed between the initial
catalytic powders and the final bed of compositeqer particles. These differences are



clearly illustrated in the SEM micrographs_of F34.[161]. In fact, CNTs form three-
dimensional randomly oriented hanks, in which th#al catalytic alumina powders are
embedded. The apparent density of this composi&enis very low, implying a high bed
volume expansion. However, under the conditionteteso decrease of the fluidization
quality was detected, at least after 1 h of ruis Worth noting that, in pre-industrial
equipments operating in continuous mode, the proldEbed height elevation and
fluidization ratios evolution during runs will diggear. It is also worth mentioning that the
bed expansions is associated with the use of \&iyeacatalyst for CNT growth; with
catalyst of low activity or selectivity the changesed volume are expected to be less
pronounced [167]

Fig. 31. SEM micrographs of the catalyst powdeduse CNT growth (a) and of the
composite powder obtained after CNT growth_(b) [161

tal

4. Other powders involving CVD processes




4.1. Coating parts in FBCVD reactors

It has already been mentioned that fluidized bed® Hiound applications in thermal and
thermochemical treatments as well as for the foomadf wear and corrosion resistant
protective coatings on metals. In the case oftieemiochemical treatments (carburising,
nitriding, carbonitriding and nitrocarburising) etiyas mixture consists of reactive gases, such
as methane and ammonia and inert gases, suchamsargitrogen. These mixtures serve for
the fluidization of an inert powder, mainly alumiaad as a medium for the transition of, e.qg.
carbon and/or nitrogen into the surface of the nalt® be treated. The above conventional

processes are presented in detail in_ref. [170]

The combination of conventional fluidized bed temlogy with standard chemical vapor
deposition has proven to be an effective methodh®iformation of wear as well as for
corrosion resistant coatings on metals. The claieshomical and practical advantages of

FBCVD over equivalent atmosphere processes ard Hivd [172]

- Reduction of the cycle time while still achievitige required microstructure and quality.
- Relatively low capital and operational costs.

- Immediate adjustment of the furnace atmospharthtospecific requirements.

- High and uniform heat transfer rate.

- Temperature uniformity resulting in a uniform tog.

A relatively broad spectrum of coatings has beeniobd by the FBCVD process at high
(above 1000 K) and low (below 1000 K) temperatupdthough the latter processes are of
great technological interest as the distortiorheftreated parts is kept to a minimum and the
energy consumption is considerably reduced, thé&svpresented up to now indicate that this

technology is at the early stage of development.

4.1.1. Principles of the process

In the FBCVD process presented in this sectionptrés to be coated are suspended within
an FB furnace. The retort of the FB furnace idilivith a treating agent. As fluidizing gas,

either inert or reactive gases or gas mixturesiseel like Ar, N, Ar + Hp, Ar + HClyapory



Generally, several options are available regartltt the treating agent and the fluidizing
gases. The treating agent may consist of a filemert oxide, such as refractory powders of
Al,0s, SIO,, ZrO,, TiO,, etc., and a powder of a source master alloyroetal, which serves
as the donor of the element to be coated. The Ghede also avoids the sintering of the
metallic powder. An activator is used which reawith the above powders producing vapor
precursors of the coating forming element. As attixs, either halides or alkali metal halides
or alkaline earth metal halides or organometatiimpounds can be used. The gas products of
the chemical reaction between the donor and thesaot react at the surface of the part to be
coated followed by deposition and/or diffusion gt@. When carbon and/or nitrogen are
provided from a source, carbide, nitride or carbaie coatings can be formed. In the case of
boriding, mixtures of AlO; and BC and of a halide salt or alkali metal halide asvator are

used.

4.1.2. Types of coatings

The literature survey on the wear resistant cemgrioatings has revealed a series of patents
brought out by Arai et al. at the Toyota Centras&ach and Development Laboratory
employing the FBCVD process for the formation ofN; .CN coatings of Ti-, V-, Cr-, Nb-,

Ta-, Mn-, W- and Mo- on several metals, such ad\teCo and their alloys [173]174],

[175], [176], [177], [178] and [179] In another patent, a FB reactor has been apfdretie
formation of hard, wear resistant coatings on rsdte80] In this case, the liquid halides of

the metal to be coated are evaporated in a sepaat®r and subsequently mixed with the
fluidizing gas. From a separate device, reactisegaelected for their ability to form nitride,
carbide or carbonitride compounds with the metéitieaare provided simultaneously to the

FB reactor.

4.1.2.1. Ti-coatings

A significant amount of work has been performedeesly for the high temperature
deposition of Ti by FBCVD. Arai et al. have repatttie formation of a TiC-coating of
7.5um on AISI W1 steel at 1223 K after 2 h treatmenda ined consisting of AD; and FeTi

as donor with NECI as activator [181]Sanjurjo et al. deposited Ti, TiN and Ti@n copper,
Cu-Ni alloys, silica and steel [4@hd [182] The treating agent consisted of the elements to
be coated. The fluidizing gas was mixed with atiga®ne so that the coating precursors

were generated in situ by the reaction of the gasiin the bed. More specifically, a porous



free coating of Ti of 3—wm thickness on a Cu tube and a mirror like coatingilica tube
were deposited, respectively, at 1023 K using adbdd and HBr as activator. By injecting
NHs in the same experimental setup, TiN-coatings an@ 1um were formed on a steel bar
and a silica tube, respectively. The coatings erstbel bar were homogeneous and
continuous, whereas on silica tube colored, milika-coatings were formed. Argon was the

fluidizing gas in all cases.

Kinkel et al. showed that a uniform coating witpractically constant thickness of i was
formed at a height of 300—700 mm above the bottbtheoFB furnace on a C70 steel bar
treated for 6 h at 1173 K with a FeTi donor and,8Hactivator [183] This is illustrated in
Fig. 32 Moreover, the authors revealed that the raterobhimg step in the formation of TiC-
coatings on 100Cr6, C60 and S 6-5-2 steel gradée idiffusion of carbon into the coating or
in the steel grade, as the coating thickness isesebnearly with the square root of time (Fig.
33[171]). In this work, a mixture of ADs; powder with a mean grain size of 1% and

FeTi with 40 wt.% Ti and grain size distributioofn 63 to 15um was used as treating agent
and NH,CI was used as activator. The bed was fluidizedbyhe carbon necessary for the
formation of the coatings was provided by the steistrates. A carbide free zone between

the coating and the substrate may be formed irsoasee the supply of carbon from the steel

is limited (Fig. 34[184)).



Fig. 32. Arrangement of the 14 mm x 14 mm steelildéine @160 mm FB furnace (a) and
coating thickness distribution across the heigtihefFB furnace (b). Adapted from ref. [183]
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Fig. 33. Mean thickness of TiC coating vs. squard of treatment time at 1173 K. Adapted
from ref. [171]
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Fig. 34. Decarburisation zone at the TiC-substrgerface. Steel grade C60, treatment time
6 h at 1273 K, FeTi donor, NBI activator, coating thickness 15ufn [184]

The Vickers microhardness of these coatings wésamange of 3000 HV. The surface
roughness was found within the range of the CVQlpoed coatings with the valuesR{ R,
andRmax varying from 0.42 to 0.47, 1.9 to 4.88 and 2.8.bum, respectively [185]in the
SEM micrographs of Fig. 3%he initial stages of the formation (a) and aftdr treatment (b)
of TiC-coating formed on a 100CrMo7-3 steel gragedepicted. The coating is adherent to
the surface as neither voids nor cracks are notit#te interface.

Fig. 35. Scanning electron micrographs (a) ingtage of the formation (courtesy of S.
Kinkel, G.N. Angelopoulos) (b) well developed TiGating on a 100CrMo7-3 steel grade
fractured cross-section after 1 h treatment at IRFB5].



The modeling of the titanium carbide coating orboarcontaining steels by the FBCVD
process without the presence of hydrocarbons igalsephase has also been attempted [186]
The model, based on a simultaneous solution ofrigs balance and diffusion equations of
the system, provides solutions for variable carbamcentration in steel. The comparison of
the numerical to the experimental results indictttas the model proposed predicts the rate of
deposition of TiC-coatings to a satisfactory degrad can be applied on plain and alloyed
carbon steels as well. In general, the above apgtiowth considerations hold true only if the
treating agent can supply the amount of Ti requa@tibining with the carbon supplied from
the substrate. Until now, in most reports, the am®of Ti-containing gaseous precursors are
in excess in accordance to the above conditiormits at process optimization in terms of
the consumable raw-materials have not been pretgate

4.1.2.2. Cr-coatings

Conventionally, high-temperature FBCVD chromisimggesses are performed by feeding a
halide activator in the FB furnace together withraert carrier gas or with hydrogen that is
also used for fluidization. The halide reacts with chromium source powder of the treating

agent mixture to form chromium halide gaseous psaruspecies. Following this principle,



chromising in fluidized beds was performed by Aegtal. using as, treating, agent a mixture
of Al,O3 and Cr powders and, as activator,/8H[176], [178], [179] and_[187] A carbide
layer was grown on carbon steels (AISI W1 and DBahsisting of MCs or M;Cz + M23Cs,

while on Armco iron an iron—chromium solid solutiaas formed. Treatment temperatures
varied from 1073 to 1273 K and treating time ug2 te. The authors claim that, in steels with
a carbon content higher than 0.15%, chromium cesbate formed, their thickness increasing
with the steel carbon content. In a low temperaguoeess, a CrN layer ofi8n was formed

at 843 K after 50 h on pre-nitrated substratesk&liet al. chromised 100Cr6 steel grade at
1173 K using, as treating agent, a mixture agfAland FeCr. The coating consisted of Cr, Fe
and C and the XRD analysis showed the charactepstiks of GiC; phase [183]Tsipas et

al. reported on the formation of the Cr-containtogtings presented in Tablerthe

temperature range 1273-1373 K [188[d [189] They used as treating agent, mixtures of
Al,O3 powder with a mean grain size of 0® and compounds, such as Cr, Al, Fe, Yt, Hf,
C, and HfCJ}, CrCk, NH4ClI, AICl3 as donors and activators, respectively. Figpi@sents a
typical morphology of a Cr—Y-coating obtained on3+kteel after 2 h treatment at 1373 K

exclusively using Yt and Crgl
Table 3.

Substrate materials and coating formed in FBCVIxgsses [189]

Substrate Coating Thickness am) | Observations

H13 steel Cr(Hf) carbide| 25-30 Very good adherence

100CrM0910 CrYt 150-200 -

H13 steel CrYt 150-200 -

100CrM0910 | CrAlYt 150-200 Very good adherence and uniformity
RENE 80 CrAl 150-200 -

INCONEL 718 | CrHf 15-20 -

Ni—Al-Ti alloys | Cr/Hf 10-15 Non-uniform deposition

Ti—-Al-V alloys | Cr(Hf traces) | 20-25 Non-uniform deposition



Fig. 36. Surface morphology of Cr-Yt coating on Hi&el obtained at 1373 K after 2 h
treatment. After ref. [189]

Christoglou et al. followed a two-step treatmemttf@e deposition of an Al- and Cr-containing

coating on nickel [190]In Fig. 37 the multi-element coating is depicted. The innbite

zone was formed at 853 K for 4 h with Al donor &h@l vapors as activator. Subsequently,
without removing the sample from the furnace timgerature was increased to 1273 K and
Cr powder was added. The treatment was continueatler 5 h. The resulting dense coating
was comprised of a thin inner white AINi zone, @ colored light grey Al phase of NiAl,
an Al rich NiAl phase with a blue hue and an o@erich grey phase. According to EDX
microanalysis, the latter phase consisted of 25Adt%2 at% Cr and 63 at% Ni.



Fig. 37. Cross-sectional optical micrograph of &@x coating obtained by a two-step
process. At the first stage the samples were alaedrat 853 K, while at the second one
chromising took place at 1273 K. HCI vapors weredli® activate both processes [190]

King et al. formed Cr(N,C)-coatings at 843 K on Hb8l steel also by a two-step process
[191]. In the first step, the steel grade was nitrocaskd given a coat of nitrocarbide and
subsequently chromium was transferred to the rattnide surfaces from the gas phase by the
reactions resulting from the reaction of HCI gathwie chromium powder donor. Two
different experimental procedures were followeddema H atmosphere or not. The authors
reported that addition of 30%;Hb the fluidizing gas increased the rate of thatiog

formation. However, hydrogen induced a rapid Idssitbogen from the surface. They also
found that the iron nitride layer formed during ftivet step of the process; i.e. the formation
of the nitrocarbide, strongly influenced the mid¢rosture of the Cr(N,C)-coating and resulted
in complicated surface microstructures. Moreovse,goft interlayers and brittle oxides

formed below the surface are not likely to contrébto the adherence of the coating.

The application of the FBCVD process to form a a#lzoating to enhance tool life was
studied by Chen et al. [192They used a mixture of AD; with powders of pure Cr as
treating agent, pre-alloyed 71Cr—29Fe—-0.03C, 66&Fe27.7C as donors and NH as



activator. The treatment of AlISI M2, H13 and theaohodified D2 steel grade, was
conducted in the temperature range 1223-1323 Kgddo 4 h. The parabolic time-dependent
results indicate that the system did not reachraadu even with 50 wt.% Cr donor addition.

If the donor powder added was higher than 50 wpé6y fluidization behavior occurred, due
to the approximately two-fold higher apparent dgnsf the donor metals than of the

alumina. The thickness of the chromium carbideingatwas not dependent on the steel
grade but on the type of donor used. Pure chronpiresented the thicker coatings and
increasing the proportion of carbon in the donardased the thickness. The coatings formed
mainly composed of (Cr,FglCs and of small amounts of (Cr,EB)which was formed from

the reaction between nitrogen from the JZHdecomposition and Cr. The results also indicate
that the rate-limiting step of coating growth ig ttiffusion of carbon through the substrate,
i.e. the carbon available in the austenitic maitithe temperature of the treatment process.
The hardness of the coatings varied between HVa6@0HV 1800 regardless of the type of

steel substrate.

Lee and co-workers applied a Cr-coating by FBCVDadfe—Al-based alloy in order to study
the influence of the surface modification on th&istnce to environmental degradation [192]
and_[193] They found that the Cr-coating was unable to #tepnward penetration of
hydrogen during electrochemical tests. Insteadgr@moted the permeation rate of hydrogen.
However, the ductility of the Fe—Al alloy procesd®dthe FBCVD process exhibited 4.7%
elongation in comparison to 2.3% elongation ofuheoated one. The authors attribute this
improvement to the existence of a Cr-Fe soft sadidition layer formed which helped to

increase the ductility of the alloy.

On the other hand, according to Pérez et al. foomatf a Cr-coating on AlSI 304 stainless
steel is not possible at 1173 K for 30 min undezactive gas mixture containing 10% &hd
0.5 or 1% HCI [194]and [195] This is probably due to the reaction of Fe wit@lldnd the

formation of volatile FeG| as weight loss of the samples was observed to® atithors

suggest that higher treating temperatures and Hi€t{gcentrations should be used to activate
the deposition mechanism. In contrast, when IN{lIBBased alloy was used, even for short
times, a Cr-coating was obtained. However in treead IN-100 no diffusion took place.
Therefore, a post-diffusion heat-treatment processcommended for the required

microstructure to be formed.

4.1.2.3. V-coatings



Vanadium hard coatings are the most widely used.fdhmation of vanadium carbide
coatings on steels with the FBCVD process followshe work of T. Arai on carbide

coatings [176Rnd_[177] In the proposed process, the treating agent stsnsi 1-40 wt.%

100-200 mesh ferrovanadium containing 70 wt.% vamadnd of 80-100 mesh aluminium
oxide. NH,Cl was used as activator and Ar as fluidizing gasef. [176] the authors claim
the formation of a uniform VC-coating on a SKD bbltsteel of 5—@um thickness at 1273 K
for 2 h. The hardness of the coating was in thgeaf HV3000. In ref. [179]a nitrogen-
containing gas was pumped into the furnace. Indase, on the surface of SK4 and SK11
tool steels, a uniform V(N,C)-coating was formedef pm and 4-5um thickness,
respectively, at 1273 K for 2 h.

Similar results were found in the work of Kinkeladt, where a uniform coating was formed
at 1253 K on the surface of 100Cr6 tool steel (AlS), consisting, on the outside of
V(C,N)ossand inside of V@g4[183]. The growth rate of the coating was proportionahie
square root of the deposition time, suggestingtti@tate-limiting step is the diffusion of
carbon. Nakanishi et al. also reported the fornmadiba two-layer coating, the outer one
consisting of \¥(C,N) and the inner one ofg{C,N); [196]. Fig. 38depicts the linear relation
between the deposition time and the thicknesseo#imadium carbide coating for various
steel grades.



Fig. 38. Linear dependence of the VC-coating thédaion square root of treatment time for
W1, D2 [196]and L3 [183]steel grades. Adapted from ref. [183]
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In Fig. 39 a typical cross-section of a VC-coating on 10§l grade formed at 1253 K for
5.5 h is depicted [182]The coating exhibits microhardness in the rarffd@060 HVO0.1,

which is lower than the 3000 HV for the vanadiumbide coatings. The tribological
properties of the coatings formed by the FBCVD pgsxcare similar to those deposited by salt
bath or CVD techniques. Moreover, the FBCVD coatiaghibit better seizure resistance
than the cemented carbide, excellent toughnessesigtance to wear, corrosion, oxidation
and peeling.



Fig. 39. Optical micrograph of a VC-coating on 16Gteel grade formed at 1253 K for 5.5 h
by the FBCVD process. After ref. [182].
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4.1.2.4. Boriding

Boriding by FBCVD is considered as simple, efficiand environmentally friendly [197]

Arai et al. performed the boriding process at 1828 a W1 0.9 wt.% C steel grade, using a
treating agent consisting of A); and BC, and of KBE or NH,Cl as activators [187]198]

and [199] The B,C content was 40% and the activators 0.1, 0.5 amti%. The thickness of
the boride coating formed was uniform. The coaforghed with NHCI was thinner than

with KBF4. In both cases a single phase coating eBreas formed.

Graf von Matuschka et al. [20@hd Rojan [201{ised a boriding agent, specially developed
by EKabor WB Germany. It is composed of spherieatiples of 200-30@m in diameter
consisting of SiC and & fine grains in a matrix of KBfTheir results indicate that the
boriding effect decreases with increasing utili@atime of the powder. According to the
results of ref. [201]the growth rate of the coating is higher on a @thin carbon than on
42CrMo4 high alloyed steel, indicating that thewilhg elements retard boron diffusion.



Recently, the group of Tsipas et al. has performddnsive developments on boride coatings
on several materials by FBCVD [188202], [203] and_[204] In all cases, the treating agent
used consisted of AD; and BC, and either sodium or NBI or NHsF as activator. The

boride coating growth on Ni-, Cr-, Ti-substratepiesented in Fig. 48ccording to the

results of Tsipas and co-workers [204]is obvious that the boride process is notudiin
controlled. Actually, boriding is controlled bywad-step mechanism. In the first step, the
boron containing treating agent reacts with théaser of the component, producing a thin
compact boride layer. The second step is diffusmmtrolled. The overall mechanism

depends on the type of substrate.

Fig. 40. Nickel, chromium and titanium boride cogtgrowth at 1223 K. Adapted from ref.
204].
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The wear resistance of Ni-boride coatings was exatliby pin on disk test under dry wear

conditions as the oxidation resistance of titanhoride coating by a cycling oxidation testing

device. The results are presented in Figadd Fig. 42respectively.

Fig. 41. Pin on disk dry wear resistance resultdNieboride coating for different treatment
time. Adapted from ref. [204]
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Fig. 42. Cyclic oxidation corrosion resistance tesults for titanium boride coating. Adapted
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Optical micrographs of boride coatings on low carBteel and on nickel are depicted in Fig.
43 adapted from Tsipas et al. [18802] and_[203] In ref. [203] a microstrain analysis was
performed by means of the WINCRY SISE softwares lejported that, during the FBCVD

process treatment of low carbon steels (Fig)4e heterogeneous nucleation process of the




boride coating is limited leading to a relaxatidrite formed layers and therefore crystals are
grown free of any strain. In contrast, during paeknentation, residual stresses are setup due

to the preferential precipitation of the coatingpés in the early stages of crystallization.

Fig. 43. Boride coatings on different substrate byas et al. [188]202] and_[203] FeB

coating on low-carbon steel substrate (a) and barahting on nickel (b).

4.1.2.5. Si-coatings

Si-coatings can be successfully formed by low aigth kemperature FBCVD on copper and
steel as well as on other materials, such as gefibres. According to Sanjurjo et al. at
873 K a thin (<1um) Si-coating and a non-porous, 3+ homogeneous coating were
formed on a Cu tube for 15 and 37 min treatmespeetively [182] At 1023 K and 120 min



treatment, a Cu wire was totally siliconised. Ihcalses, the bed consisted of metallurgical
grade silicon fluidized by Ar. For the coating pess activation, vapors of HBr were mixed
with the argon flow. According to the authors, tise of HBr vapors significantly lowers the
temperature of formation of the bromosilane andsomide intermediates (SiBka). By
subhalide disproportionation, solid silicon is deiped on the substrate surface according to
the reaction: 2SiBr= SiBryg) + Sicoaiingy Therefore, although the estimated lifetime of the
subhalides is very short, in the range of 100 im=y aire of great importance in coating
formation, even though their partial pressurestmtow. The above deposition mechanism is
also supported by the fact that for temperatures@iind 873 K, thin silicon layers are
formed. At 1023 K or extended processing timesngerface phase of copper silicides is
formed. Finally, the Si-coated Cu samples preseateldar increase in corrosion resistance.
Similar results were obtained by the same authsirgchloride-based chemistry [39) this
case, the bed consisted of metallurgical gradeosilpowder with a particle size of 250—
500 um mixed with 5 wt.% CuGl For the process activation, HCI vapor was mixét the

Ar flow to obtain a partial pressure of 10—15 Téor temperatures in the range 623—-773 K
and relatively short deposition times (15 min)canlegeneous, dull orange-red coating was
obtained. At temperatures greater than 773 K aydonleposition times (30 min), a dull grey
copper silicate coating was produced. In some casetsllic silicon was deposited.
Deposition rates were 20 and @® h* for low and high temperature processes, respégtive
At temperatures above 873 K, a porous externalritenkhyer as well as diffusion layer were

observed.

Silicon-coatings were also deposited on AISI 3@dndess steel with a low temperature
FBCVD process [205hnd_[206] The authors used a bed consisting of Si powdeb¢9
purity) fluidized by Ar. The required HCIl and;Mere added in the FBCVD reactor from the

beginning of the process. It was observed that where-enriched phases Fe3Si argbke
were formed, the coating adhered well to the satestOn the contrary, the formation of FeSi
and FeSi Si-enriched phases, led to coating spallation. #glepicts the formation of
different silicides for various temperatures (ajl @eposition times (b). The authors
concluded that 723-773 K is the optimum temperatamge to form adherent coatings.
Coatings with good adhesion and homogeneity wese @éposited on previously aluminized
and heat-treated samples, indicating that inwamiffeision is promoted by the presence of
Al



Fig. 44. Silicide formation on AISI304 stainlesealtby Pérez et al. for different temperatures
(a) and deposition times (b). Adapted from ref R0
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A 1243 K, high temperature siliconization of Armicon was performed in ref. [183The
bed consisted of AD; and metallurgical grade FeSi and Si powders argiflualized by a
gas mixture of M+ 10% H. NH,Cl was used as activator. A surface layer congjsiira
solid solution of Si iru-Fe was produced. The Si-content of the layer easia3.5 wt.%.
This value did not change significantly for the thogs formed at 2, 4 and 6 h treatment
indicating that, at this temperature, an equilibricondition at the interface is maintained.



Moreover, since the coating thickness increaseddsaggiare root of time, it was concluded that
the siliconizing rate is controlled by the inwaiiffusion of Si. The Vickers microhardness

values obtained were in the range of 180 (HV0.@25xpected for Si-coatings on iron.

4.1.2.6. Al-coatings

The aluminization of iron, nickel, Fe-alloys, Niejls and copper by high and low FBCVD
processes has extensively been studied, due tmfieetance of these coatings against

corrosion and hot corrosion and temperature agits

In high-temperature applications, the melting poindluminium restricts its use as a donor
material. Therefore, FeAl or NiAl alloys have baesed which are not readily available in
powder form. Kinkel et al. aluminized Ni, Armco iroand a nickel-based alloy at 1273 K
using a bed consisting of alumina and FeAl, whias Wuidized by Ar [183]NH,Cl was

used as activator. The coating formed on Armco, icomsisted of two phases. The thickness
of the outer FeNi phase varied from 36 tou®» and the one of inner & from 155 to

203um after 2 and 6 h treatment time, respectively. déposition rate was §an/h*2 The
hardness of the outer phase is in the range ofA5@ corrosion test performed at 1173 K
with a NaSQy/V,0s5 100:1 mixture for 24 h showed that the corrosisigtance increased
over 16-fold after the coating process [20@A]the same study, it was shown that for nickel
aluminization, the coating consisted of two phaaesexternal dark grey and an internal light
grey phase as depicted_in Fig. #he phases were identified by EPMA measurements a
stoichiometric NiAl and solid solution of Al in NDn the contrary, on a NiCr23Fe substrate,
a single NiAl phase coating was formed after 2 h2at3 K. In the case of nickel, the hardness
of the coating near the surface reached a val6@®@HV approximately and is generally
brittle. Deposition rates were estimated ap80h*? for nickel and 23um/h*? for NiCr23Fe
substrate at 1273 K. These results indicate thahecoating growth was found analogous to
the square root of time for both Ni and NiCr23He\glthe rate-determining step is diffusion
and not surface reaction. Moreover, the alloyiregrednts for NiCr23Fe alloy retard the

inward Al diffusion.

Fig. 45. Aluminide coatings on nickel for variousatment times at 1273 K and FeAl donor
with 52 at% Al. The changes of the two differenapbs with time is illustrated. Adapted
from ref. [207]
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Based on the hypothesis that the surface of th@lsamin thermodynamic equilibrium with
the donor powder, Voudouris et al. [2@8]d Christoglou et al. [20@]aborated simplified
process models for nickel and iron aluminizati@spectively. The models were based on the
diffusion equations and mass balances. With the diethese models, the coating growth rate,
morphology and aluminium concentration profiles barcalculated with satisfactory
agreement with experimental observed values. Thgaoison between the calculated and
the measured by EPMA aluminium distributions fa 6 h are presented_in Fig, 46

indicating the good agreement between predicteceapdrimental values.

Fig. 46. Comparison between experimental and catiedlvalues for aluminizing at 1273 K,
FeAl donor 52 at% Al and NI activator for 4 h (a) and for 6 h (b) treatmertdapted
from refs. [208]Jand [209]




It is stated by Reynoldson that the ability to imisveral metals as well as oxicarbonitrides
at the surface of metal substrates at temperabaiesy 873 K by the FBCVD process, allows
a totally new range of surface treatments to bdiegym the metal working industry [210h
this direction, the formation of aluminide coatingish low temperature FBCVD was
extensively studied by the group of Pérez et &4]1[195], [211], [212], [213]and_[214]as
well as in refs. [215and [216] The low-temperature processes have the advatitage

aluminium powders can be used as donors as thestatopes are usually well below 893 K.
In the case of Ni-aluminization, the rate-determinstep is the exothermal reaction of Ni and
Al to form NiAl. After the first 60 min of the pr@&ss the rate-determining step becomes the
inward diffusion of Al [215]and [216] The micrograph of an Al-coating formed on an AlSI

304 stainless steel is depicted in Fig.tddether with the microanalysis results at diffeere
points and the Al, Cr, Fe, Ni distributions.

i Display Full Size version of this imagé4K)

Fig. 47. Back-scattered electron micrograph of &noating on AlSI 304 stainless steel
treated at 873 K for 1 h [215]

The above findings are in fair agreement with [E33]. However, in the case of 304 stainless
steel aluminized at 798 K for 2 h 45 min in a bedsisting of Al powder and fluidized by a
gas mixture of 89% Ar + 10%H 1% HCI, the formation of Fe4lINi,Al; and AlFe4

phases was attributed to the inward Al diffusiod #me outward Fe and Ni diffusion. In this
case, at the initial stages of depositiorsF&} intermetallic is formed together with an
austenite to ferrite transformation due to Cr diffun [210] Beyond the increase of the
coating thickness and assuming stress relief,ubsexjuent heat treatment in Ar atmospheres

of aluminized AISI 304 stainless steel treatedtas/a, significantly improved the corrosion



resistance due to the formation of sub-stoichiom@tNiAl [210]. More specifically, the
service life was extended for more than 200 h uodatinuous and 100 h under
discontinuous oxidation conditions, respectivetytte first case, incompleée to a-Al,03
transformation, as in the latter one alumina scaihesenrichment of Cr and Fe in the
underlying scale has been observed to occur. Haweuévard aluminium diffusion may be
able to re-heal the coating [212]

High temperature Knudsen cell mass spectrometryusad to study the reactions of\l

with HClg and HClg) + Hy(g) in the temperature range of 400-900 K to perfdrendhemical
modeling of aluminium coating on copper by FBCVLOT? The measured pressures of
AICl3 and AICI by this device, were in a good agreemtit the values predicted by
thermochemical calculation in the temperature rafe-900 K. The authors conclude that
AICI gas is an important precursor for the coafimgnation. Under the determined most
favorable conditions, a thin aluminium coating i@sned on a copper wire treated for

30 minin a bed of Al at 1137 K fluidized by a ®A2HCI, 7% H gas mixture, the rest being
Ar. At the initial stages of aluminium depositiammpper is expected to diffuse into the
coating to form a solid solution first followed bye CuA} phase. This is due to the fact that
the diffusion of Cu in Al is 100 times faster thiwe diffusion of Al in Cu. If the temperature
increases above 1198 K, the reaction between Chbbecomes very fast and may result in

the production of Kirkendall effects and therefpogosity in the diffusion zone.

As a conclusion to this part, it is recalled ttre tombination of conventional fluidized bed
technology with standard chemical vapor depositias proven to be an effective method for
the formation of wear as well as for corrosionstsit coatings on metallic pieces. The
numerous advantages of this technique have letbtdspectrum of coatings containing Ti,
Cr, V, B, Si and Al being obtained at temperaturetsveen 700 and 1300 K. The presentation
of the processing conditions and the materialsiobtafor each of these families revealed that
such processes are technologically and economigadiyising, although much work is yet to

be done to ensure industrial implementation.

4.2. Fabrication of powders by CVD

Historically, the first identified industrial prosses for particles manufacture by CVD
techniques correspond to carbonyl iron powder (@He) carbon black (CB) production. CIP

was invented at BASF some 80 years ago and comdsgo the thermal decomposition of



iron pentacarbonyl [Fe(Cg)) Decomposition occurs in cavity decomposers dalily
spherical, 1-1@m diameter iron particles [218The decomposer is a pipe, externally heated
by electricity or gas, into which iron pentacarblovgpors are admitted from the top. The
[Fe(CO}] decomposes not on the wall, which is heate@ 0300 °C, but on iron particles
circulating in the gas stream. Carbon and oxygeduyred by the decomposition of carbon
monoxide are incorporated in the iron. Additioraaimonia reduces the carbon and oxygen
content but leads to incorporation of nitrogenha iron particles. The cavity decomposer,
invented by BASF in 1924, has not changed fundaatign/arious practices have been
adopted to control the product, above all its pltsize. Fine particles are obtained by
admitting oil vapor into the decomposer, by dilgtihe carbonyl vapor with recycled carbon
monoxide gas or by applying a temperature gradient the top to the bottom of the
decomposer. Fine particles result if the rate mi/fof iron pentacarbonyl is high; larger ones,

if the rate is low.

Carbon black are formed either by pyrolysis or bytipl combustion of carbon-containing
vapors (acetylene, natural gas, oil, ...). The firsicesses were developed in the USA during
the 19th century. Mixtures of gaseous or liquidregdrbons, which can be vaporized
represent the raw materials preferable for thestréal production of carbon black. In

general, the processes for CB production are dividi® two groups: those employing partial
combustion and those based on pure pyrolysis. Adngenclature is somewhat misleading
insofar as the CB resulting from the partial contimmsprocess is also formed by pyrolysis.
The two types of processes differ in that air isdus the one to burn part of the feedstock,
thus producing the energy required to carry oupirelysis, whereas in the other heat is
externally generated and introduced into the pmd8snerally speaking, very narrow
specifications (BET surface area, particle diameterof CB can be achieved by adjusting
the operating parameters. According to the carbance and to the operating conditions, CB
will have the following characteristics: C-cont@&®-99.5%, particles diameter 5-500 nm and

specific surface area 10-1006/gn

In situ born unwanted parasitic powders during emional silicon CVD from Sikior
chlorosilanes is also an important aspect of powgsthesis by CVD. This phenomenon has
been extensively studied for several decades, beqgaarticle contamination is one of the
major limitations for the efficient processing efnsiconductors on wafers, especially during

silicon epitaxy. For example, during fabricationfedtures smaller thandn, as much as



75% of the yield loss, i.e. non-appropriate wafees) be attributed to particle contamination
[219]. Since feature sizes lower thaprh are significant in microelectronics, and becatse
intrinsic phenomena involved remain incompletelgenstood, the control of contamination

due to in situ born submicron particles is an issiumajor importance for future years [220]

Numerous experimental and modeling studies have pedormed since the seventies, on
particle contamination of silicon LPCVD processestf SiH, ([220] and references therein),
SiHCl; [219] or mixtures of Sidand oxygen [221]The mechanisms most often recognized
in particle formation first involve homogeneous ctieal reactions leading to the formation
of high-order silicon hydride species giving risesblid particles through coagulation and
deposition phenomena [220farious modeling approaches have been develdpethg

from the classical nucleation theory from supenrsaéd silicon vapor [222p the complex
general dynamic equation (GDE) approach, simultasigaconsidering non-isothermal gas
reactive transport and particle nucleation, growtindensation and coagulation. A difficulty
in such studies is to identify and apply a convehignetic model for particle formation from
the gas phase. Most authors use a detailed meah&mishromogeneous SiHiecomposition
and hydride formation, and arbitrarily assume tmahpounds containing at least 10 silicon

atoms are solid particles [218hd_[220] Another difficulty concerns the validation of

models, since experimental data available are ipdste, occulting information on either

aerosol particle size or concentration or comparsif220]

Guidelines for minimizing particle contamination@VD reactors have been deduced from
simulation results. Pressure is recognized to kia¥enost dramatic effect on particle
formation, especially when higher than 80 Pa astilated in Fig. 48adapted from ref. [221]
The presence of non-isothermal regions in the neachamber also seems to be a key factor
in the contamination of CVD equipment [228} do recirculation zones (vortices), where the

gas residence time could be greater [219]
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Fig. 48. Pressure/temperature diagram of partari@ation regime in the case of silicon oxide
LPCVD from SiH/O,. Adapted from ref. [221]



In order to control the synthesis of powders, uai€VD processes have been specifically
and successfully developed, including thermal,rlasel plasma CVD [131]These
processing routes involving gaseous precursorgaireng popularity over wet chemistry or
classical mechanical milling because they are irege cleaner, more energy-effective and
environmentally sounder [224hdeed, the powders formed are of higher purity tb the
use of gaseous reactants, which can be easilyguib§ distillation, while preparation of
metallic, oxide and non-oxide powders is most ofigghly versatile by controlling the
reacting atmosphere [225]

Homogeneous thermal CVD is certainly the most fesly met gas phase process for the

synthesis of micrometric and more recently nanoimeowders [226hnd_[227] The

principle of this technique is quite simple: gaseprecursors are directly injected into an
empty cylindrical tube conveniently heated by eieat furnaces. Homogeneous nucleation
leads to formation of seeds in the gas phase, vdrielthen able to grow by classical
heterogeneous CVD or coagulation mechanisms. Tihairsize will depend on their
residence time in the reactive zone and on thd tqmerating conditions prevailing in the

reactor chamber, such as temperature, pressureelpasty or precursor mass fractions.

Homogeneous thermal CVD has most often been usgitluce oxide powders, such as
TiOy, Zr0,, Si0G,, Al;Os or SiO—AILO3 ([224] and [226]{Nakaso, 2003 #1086 [228]
Moravec, 1997 #2165}, other types of ceramic powdsuch as SiC, $i,, AIN [225], [229]
and_[230] inorganic fullerene like nanoparticles (ZidMoS;) [231] and_[232] semiconductor

nanomaterials, such as GaN nanoparticles [238]per nanopatrticles [23d4hd composite

particles [131]and [235] It is worth noting that all these studies involaboratory scale

equipments, and consequently the productivity imgof weight of synthesized particles per
unit time is rarely mentioned. Moreover, when udiggid precursors, droplets are most often
generated through a syringe pump; the scale-upaddf a system to go towards high

productivities is not easy.

As a characteristic example of homogeneous the@¥al for powder synthesis, the
equipment used by Nakaso et al. to produce titaamparticles is schematically presented in
Fig. 49[226]. The liquid precursors (titanium tetraisopropoxideP or TiCly) are fed into an
evaporator through an infusion pump. This liquiewsaporated into the nitrogen carrier gas
and then introduced into a 13 mm diameter vertieattor. When using Tigloxygen is

added to the reactive gas. A four-zone electrigaddce allows convenient monitoring of the



thermal profile along the reactor axis. Temperaprddiles ranging from 373 to 1073 K are
organized. The produced nanopatrticles are colladitedtly on a TEM grid by means of a
corona discharge sampler. The chemical composifioranoparticles at the exit of the reactor
was investigated using FT-IR. Depending on the ggs@arameters and on the materials
processed, the major drawbacks of this techniquéeahe difficulty to control particle size
distribution, and the formation of stable agglomesaFig. 5Qresents TEM images of some
TiO2 nanoparticles prepared by these authors showatdtth the precursor nature and the
maximum temperature in the reactor play an imponale in the final characteristics of the
particles [226] Whatever the particles processed, the exact mesrha of action of each

operating parameter are currently not well underkto
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Fig. 49. Experimental apparatus used for the géioeraf TiO, nanopatrticles by thermal
CVD. Adapted from ref. [226]
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Fig. 50. TEM images of Tipnanopatrticles from TTIP and TiQrapors under various
reaction temperatures. After ref. [226]

In order to limit agglomeration and even to redacerage particle size, unipolar charges
have been applied in the CVD chamber using a cod@tharge ionizer [236Electrospray
(ES) assisted CVD has also been developed foptirabse, consisting in unipolarly charging
a spray of precursor droplets then evaporating tteeform charged non-agglomerated
nanoparticles [2374nd_[238] Fig. 51presents SEM images of titania nanoparticles gaeer
using (a) ES-CVD and (b) conventional homogeneoub {237]. The nanoparticles

generated are clearly in the form of aggregatesarconventional method whereas they are

converted into isolated and non-agglomerated natiofes using ES-CVD.
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Fig. 51. SEM images of titania nanoparticles geteeray (a) ES-CVD and (b) conventional
CVD. After ref. [237]

The mechanisms involved in the two routes: (a) hgeneous thermal CVD and (b) ES-CVD
according to Nakaso et al. are schematically ptesein Fig. 54237]. Unipolar ions are
produced during evaporation of charged dropleteénES, and on one hand these ions
probably act as seed nuclei, increasing nucleasiod,on the other hand, they are attached to

the nanoparticles produced, thus lowering agglotiwerahrough repulsive forces.
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Fig. 52. Particle formation mechanisms in (a) hoera@pus thermal CVD and (b) ES-CVD.
Adapted from ref. [237]

Moravec et al. [16{ised an horizontal tube flow reactor, 2.7 cmdnand 55 cm in length, to
synthesize mixed alumina—silica particles, by standous decomposition of aluminium tri
sec butoxide (ATBO) and tetraethylorthosilicate %) in presence of air. The reaction
temperature was of 773 K and the residence tintleemeactor of 16.5 s. Samples of particles
were collected on Millipore filters or deposited@iCu grids. Particle production was in the
range 18-8 x 16 cm>. It was higher from the mixture of precursors tfram the sole
ATBO but it was several times lower than from deposition of pure TEOS. Depending on
reactor temperature and precursor concentratiovgstpossible to synthesize: (i) alumina
particles with intermixture of silica, (ii) aluminzarticles coated by a layer or nodules of
silica and (iii) mixtures of particles of variousrapositions. Particles were partly crystalline
and their diameter varied from several tens torséVveindreds of nanometers. Numerous

agglomerates of various shapes and sizes werenprese

Porous alumina films made of homogeneously borroparticles have been synthesized by a
hybrid process combining gas-to-particle conversiod heterogeneous CVD [23®) this
work, the formation of nanoparticles aggregatetesirable bcause deposition of these
structures will lead to a highly porous microsturet Alumina nanoparticles were formed at



atmospheric pressure in a vertical quartz readt@rcm in i.d. and 1 m in length, surrounded
by a three zone furnace. Within the quartz tubapparticle deposition occured on planar
substrates via thermophorésisito a vertically adjustable water-cooled stagéntamed at
293 K. The precursor was aluminium acetylacetoAd(Ecac) under solid powder form. It
was placed in an externally heated fixed bed swibm Ar and Qwere the inlet gases.
Reactor temperature was varied between 773 and K 2@l some samples were annealed
between 523 and 1173 K. Alumina films were onlyred at temperature equal or greater
than 973 K. They were composed of aggregates ofguyi particle size of about 18 nm.
Below this temperature, nanoparticles were highaljpon contaminated. The deposition rate
was of roughly 0.um/min. It increased with temperature and decreastdprocessing

time, due to an higher insulation with the watesled stage. After annealing at 1173 K for
24 h, the specific surface area of the films inseeledramatically from 60 to 185%y. The

authors attributed this evolution to carbon contation removal.

The homogeneous CVD process has also allowed titbesis of CNTs by simultaneously
introducing the gaseous catalyst precursor anddh®on source into the reactor. This
homogenous route is also called “floating catatysthod”. The basic principle is to
decompose a carbon source on nanometric metatticipa (generally Fe, Co or Ni) in order
to obtain CNTSs, the catalytic particles being fodnakrectly in the reactor. The typical reactor
used in this technique is a quartz tube placed ioven where the gaseous feed, containing
the metal precursor, the carbon source, hydrogdrcarier gases (NAr or He) are
introduced. The first zone of the reactor is keyz bower temperature and the second zone,
where the formation of tubes occurs, is heated#811473 K. The metal precursor is
generally a metallorganic compound: either a zedemt carbonyl compound as [Fe(GP)
[240] or a metallocene [24Hnd_[242] that is decomposed in the first zone of the @act

generate the nanometric metallic particles whighaatalyse nanotubes growth. In the second
part of the reactor, the carbon source is decongpmsatomic carbon, which then is

responsible for the formation of nanotubes.

This technique is quite flexible and both singldlea@nanotubes [243nd multi-walled
nanotubes [244have been produced depending on the carbon feédshs; it has also been
exploited since some years in the production obvawown carbon nanofibers [2451s

main drawback is the difficulty to control the neation and growth of the metal

nanoparticles and hence the CNTs formation is aftmmmpanied by the production of



undesired by-products, such as amorphous carbdigrtéilaments or graphite covered
particles. In order to finely tune this process ahthin selectively CNTs there are many
parameters that have to be controlled, such ashihiee of the carbon source, the reaction
temperature that can affect the morphology andttra of the nanotubes, the metallorganic
precursor to the carbon source ratio (for loweugalSWNT production is obtained [2%2]
the reaction time and the composition of the igketeous feed. Finally, it is worth noting that
only small productions have been achieved anddaleaip towards industrial exploitation
seems difficult because of the large number ofmpatars that have to be considered.
Particularly, a better productivity will imply andrease in the quantity of metallorganic
compound send in the reactor, and such an increilggroduce big particles inactive for
CNTs growth. An additional problem inherent to thiscess is the possibility of reactor
plugging by deposition of metallic nanoparticlestba reactor walls followed by carbon

deposition.

A significant breakthrough concerning this techeiquuld be the HiPco™ process developed
by Smalley et al., to produce SWNT [248his gas phase catalytic reaction uses carbon
monoxide and an industrial gas to produce from@&s¢] the SWNT material that is claimed

to be relatively free of by-products.

Laser induced (LI) CVD was developed in the 19tbglie synthesis of ultrafine ceramic
powders (Si, SiC, &N4). Owing to its advantages: clean, free of aggl@tesy, large output
and continuous running operation; LICVD has becamattractive solution for producing
nanosized materials. This method is based on titigyad gaseous reactive molecules to
induce chemical reactions, such as thermo- ory issociation for a specific laser
wavelength [247]Laser intensity, chamber pressure, temperatolet, gas flow rate and
composition are the main experimental parametéigeincing the morphological
characteristics of the particles. According to Wahgl. [247] the laser intensity has the
greatest influence on the powder preparation peoaed the final particle size. Besling et al.
[248] have produced an aerosol of nanosized ceramiclgarhomogeneously nucleated by
laser radiation; these particles are depositedmarge substrate by thermophoresis, and
simultaneously densified by heterogeneous CVD depto form layers of controlled
porosity. Nanosized silicon [2499r optoelectronic applications and SICN powd@#43] are

examples of materials prepared by this process.



Reactive thermal plasma enhanced CVD processesstongjecting gaseous precursors into
a plasma so as the species react with the plassp@iga quenching gas in the condensation
region of the reactor. High cooling rates, dueh®quenching gas or the fast expansion of
plasma jet, allow homogeneous nucleation [2B@ording to Costa et al. [251his
technique is interesting because the size, composihd crystallinity of the particles
obtained can be controlled by the technologicahpesters of the discharge (pressure, radio
frequency power and its modulation and gas compo3itThis technology is used for
sintering applications, essentially of ceramicsvali as for the reinforcement of alloys [250]
and_[251] for tribological applications in producing BN giates [251]or to form high

surface SiN catalysis supports [25Pju et al. have produced #&; nanoparticles from
ferrocene for gas sensors applications [2B@jnosized Mo powders have been synthesized
by the microwave plasma CVD method [254]

According to Zhu and Yan [229%Xxpensive apparatus, presence of hard agglorseasteell

as the occasional appearance of hollow partickesli@wbacks for both LICVD and reactive
thermal plasma enhanced CVD. Homogeneous thermBl @férs unique advantages over
them, especially lower cost equipment, easier cbofrprocess parameters and easier scale-
up towards industrial conditions [229]

For each of these technologies, the reactor tubdednorizontal or vertical, this latter
solution avoiding non-uniform effects of gravity tre particle flow [5] Electrostatic filters
are generally placed at the exit of the reactaoltect the particles formed. However,
reaching high efficiencies in terms of nanopartaection still constitutes a main

challenge.

Thus, production of powders by CVD technologiesrse&day to be conveniently mastered
at the lab-scale. The range of materials studiediie large, and includes pure silicon,
numerous oxides and ceramics. However, it is worghtioning that industrialization of the
whole processes could be limited in the futureh®yfbllowing two common intrinsic
drawbacks: (i) particles generally adhere to tlaet@r walls and can even plug them, their
collection is then difficult and (ii) the main tmeal transfer promoter being gaseous
convection, thermal profiles in such dilute corah are strong in the radial direction,
inducing heterogeneities in particle charactesstioese thermal heterogeneities increase with

the increase of reactor tube diameter.



5. Conclusions

Combination of CVD and powders is a relatively revd interdisciplinary field of research
and technology. The present review has shownwhttin this field, fluidized beds are a
convenient medium to efficiently and economicaltgguce or modify particulate materials
by CVD. Indeed, in the most conventional cases;ymsr conversion and deposit uniformity
are excellent, design, build-up and scale-up asg,ead equipment costs quite low. Very
high productivity can even be reached by operatingpntinuous mode. In addition, the
efficient thermal and mass transfers prevailing fiuidized bed allow selective processes to

occur in particular cases.

When deposition takes place on powders in a FBasareactions often tend to be very
intense, primarily due to the high surface-to-voéuratio of the substrate. In such cases,
mass-transport often controls the process butitfwaus mixing of particles ensures uniform

deposition.

One major consideration when coating or producp@WD particulate-based materials is
the ability of the latter to be fluidized. Althoudbr some specific applications, such as
production of catalytic materials, the powders hglto Geldart's class A or B categories, and
can therefore be easily fluidized, most powdernstafrest in advanced materials usually fall
into Geldart's class C category. These powdersasecohesive and difficult to handle, to
fluidize and to process in a non-agglomerated fadigh aspect ratios, usually met in
nanomaterials, such as CNTs further aggravate imgnahd sometimes fluidization, and most
fine powders are frequently handled, coated or fremtlin an agglomerated form. Thus, to
efficiently design a FB-CVD process, the constalimtked to fluidization have to be taken
into account. Spouted beds, circulating beds operat turbulent and fast-transport regimes

or vibro-fluidized beds are possible alternativeslassical fluidised-bed reactors.

Finally, the classical constraints associated @D processes like side deposition, clogging
of the lines, homogeneous nucleation or precurandling, will have to be carefully
integrated for the rational design of the FB-CVRatr but also of the final process. It is
clear that such an integrated approach would habe interdisciplinary and inputs from
chemistry, chemical engineering and materials seievould have to be considered

simultaneously.



The potential of the CVD technology devoted to peveds high since it covers a wide range
of operations, including: (i) surface treatmenyj,rtianufacture of powders and (iii) coatings.
As far as applications are concerned the FBCVDgsses have been used for manufacturing
coated nuclear fuel particles, catalytic materiaisar, oxidation and temperature resistant
materials, materials for microelectronic or phottaic applications, powders and more
recently nanomaterials, such as CNTs, or metallmxale nanoparticles. It is worth noting
that when the material to coat is immersed in tBethis allows production of different wear,
oxidation and corrosion resistant coatings on reefihe coating formation mechanisms are
probably similar to those occurring in conventio@&8ID and pack bed methods. Such
processes present the advantages of being simgplekatively cheap. As the parts can be
charged and withdrawn while the furnace is at thating temperature, the process can be

integrated into the heat treatment cycles.

Although it was the growth of the nuclear powernisuly in the 1960s that provided the drive
for the development of fluidized-bed reactors tatdarge volumes of powders, there are not
yet any major industrial processes operating witthgechnology. The current applications of
FB-CVD concern the manufacture of advanced engingenaterials and it is worth
mentioning that an extensive patent literaturetexa the subject and that some SME's are
already using this technology to manufacture cugtomders. It can be reasonably expected
that, in the near future nanotechnologies will cbute to intensifying the industrial
development of powder treatment by FBCVD and tieio€VD processes mentioned in this

review.
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1 Elutriation is the process in which fine particks carried out of a fluidized bed due to the
fluid flow rate passing through the bed. Typicafipe particles are elutriated out of a bed
when the superficial velocity through the bed exisethe terminal velocity of the fines in the
bed. However, elutriation can also occur at slovedocities.

2 Different gas inlet designs have been proposéuipoove the stability of the bed. See for
details ref._[127]pp. 112-116, and references therein.

3 The TRISO fuel particles contain a small kernehoélear fuel encapsulated by alternating
layers of C and a barrier layer of SiC. The SiQlgtrevides the primary barrier for



radioactive elements in the kernel and metallisidis products. The performance of this
barrier under adverse conditions is key to contaimm

Thermophoresis corresponds to mass diffusive feadsie to thermal gradients resulting in
particle migration from hot to cold regions.

Original text : Elsevier.com




