Journal of

MATERIALS RESEARCH

A descriptive model linking possible formation mechanisms for
graphite-encapsulated nanocrystals to processing parameters

B.R. Elliott, J.J. Host, and V. P. Dravid
Department of Materials Science and Engineering, Northwestern University, Evanston, lllinois 60208

M. H. Teng
Department of Geology, National Taiwan University, Taipei, Taiwan, Republic of China

J-H. Hwang
Department of Materials Science and Engineering, Northwestern University, Evanston, lllinois 60208

(Received 3 September 1996; accepted 28 April 1997)

New and modified mechanisms are proposed to account for detailed observations of
carbon encapsulation of Fe, Ni, and Co nanocrystals. The mechanisms are based on
aerosol and gas phase chemistry and on the catalytic effects of transition metals. Two
parameters are found to qualitatively dominate production: the local-path carbon-to-metal
ratio (LCM) and the global carbon-to-metal ratio (GCM). LCM'’s select which
mechanisms are active along each pathway within the reactor. The GCM places bounds
upon and determines the weighting between different LCM'’s and thus determines the
distribution of different nanoscale products within the collected, macroscopic product. A
two part processing parameter mechanism— product map links the components. The
generality of the model is discussed throughout with reference to related processes and
the encapsulation of other materials.

I. INTRODUCTION detail. It will show how both the local and global
Encapsulation of nanocrystalline materials and thé:arbon—to—metal ratios are needed to understand which of

robust protection it provides has received considerablfre€ collected product types are expected, the relative
attention in recent years for both its scientific and"eighting of different encapsulation morphologies in the

technological implications. Being a young field, manycollected product, and which conditions locally activate

potential applications have already been proposed i§ach nanoscale mechanism responsible for its associated

biomedicine (immunoassay, MRI contrast agent, drug_nanoscale constituent. A three-stage processing parame-

delivery . . . ), cosmetics, recording media, and securityf- nanoscale mechanism-nanoscale product—collected
(anti-counterfeiting magnetic tags). The key for manyproduct map is presented. The schemafuc is broken into
of these applications is the ability to package magnetidVO Parts corresponding to the two dominant processing
materials in single domain, nanoscale packets that algdrameters. Stages 1 and 2 of the model are then

protected from the environment. To realize these possi@iScussed in detail using part 1 of the map. Section IV

bilities the production of large quantities of encapsulatetddresses the nanoscale constituents that form the
material must be possible. uilding blocks for these collected products. Each

It is the objective of this work to draw from the encapsulated, nanoscale constituent is cataloged with

previous work, models, and the present investigation t€f€rénces to previous work by other groups. Section V

present a descriptive model capable of guiding futuréjiscusses the modified and new nanoscale mechanisms

research, equipment design, and manufacturing corised to explain the formation of the nanoscale con-

trol through qualitative identification of the processing stituents. In Sec. VI the three collected product types are

conditions that activate different mechanisms for thedescribed, and stage 3 of the model is discussed using

production of their associated encapsulated products. part 2 of the map. Section VI illustrates the difference

The task of building and discussing a comprehensiv€tween the local and global carbon-to-metal ratios
encapsulation model is broken into seven sectiond@nd the implications for process design) by resolving

Section | reviews the previous work in the field. & Paradox in the number of graphite layers observed

Section Il critiques the previously presented encapsula®” parl]r_tlcles.d I il developed 1 _
tion mechanisms. Section IIl presents the two dominant _11iS model was originally developed for Fe, Ni,

processing parameters and their associated ideas gjd CO produced in the tungsten-arc (W-arc) process.
Extension to other elements and development of the

appropriate routes for those elements have been included
@Author to whom correspondence should be addressed. based on fewer experiments but with extensive support
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from the literature already present for those elements. There are a few drawbacks to the graphite arc
Throughout the text, we mention the applicability of the processes. First, the small yield of encapsulated prod-
model to the different processing routes (W-arc, graphiteict has proved sufficient for ground-breaking proof-
arc) and the encapsulation of other materials. of-concept work; however, strong industrial investment
seems contingent on the development of a scalable pro-
duction method with higher yields. Second, the process
is out-of-control in the manufacturing sense. The critical
parameters for reproducible particle size distribution,

Traditionally, fullerene research utilizes a graphitenumber of graphite layers per particle, and quantity are
anode—graphite cathode arc evaporation process knowrot under the direct control of the experimenter. Third,
as the Katschmer—Huffman process. Buckytubes growprevious models were not yet advanced enough to predict
at the end of the nonconsumable electrode (cathodedhe desired processing conditions or capable of mapping
while the evaporated debris consists of fullerenes ofmacroscopic parameters to microscopic and nanoscale
various sorts, graphite flakes, and a large amount gbroduct types.
carbonaceous debris. A modified version of this graphite- The stuffed anode systems were designed to make
graphite arc process produced the first encapsulategtaphite-like products and were slightly modified to
species as a minority component of the carbonaceoysrove that encapsulation could occur. Geometrical cal-
arc products. One of the graphite electrodes (typicallyculations indicate that it would take less than 6 wt. %
the anode) is bored out and filled with metal or metal-(24 at. %) carbon to form one contiguous graphite coat-
oxide powder. The arc consumes both the stuffed powdeng around 10 nm Ni nanocrystals and less than 2 wt. %
and carbon rod to deposit a powdery arc product orf9 at. %) for a 30 nm particle. The traditional graphite-
the cathode and chamber walls which is then collectedgraphite arc process involves significantly more carbon
Depending on the elements stuffed inside the anode, the-90-100 at. %). This extra carbon is responsible for
collected product will contain small amounts of eitherthe formation of carbonaceous debris, which is the most
the desired graphite-encapsulated metal or metal carbiddfficult of the undesirable components to eliminate.
crystallites, or unencapsulated metal-carbide crystallitedMoreover, it is at present virtually impossible to elim-
These nanoscale products are mixed within the amorinate carbon debris without affecting the encapsulated
phous carbon and graphite-like debris (e.g., nanotubegroduct. Thus it became desirable to design and build a
fullerenes, graphite flakes). The process is characterew system that is more optimized for encapsulation and
ized by a very high carbon supply in the arc plume,minimizes the excess carbon that causes so many vyield
comparatively long cooling times for the metallic and and separation difficulties downstream.
carbon species, and continued growth/reaction during ion
bombardment within the soot that collects on the cathode
(the only place where some of the nanoscale products
have been observed). B. Tungsten-arc process

The graphite arc type processes have been very The W-arc and W-blown até? processes provide
successful scientifically. Examples of isolated encapsubetter process control and improve both quantity and
lation of various rare earth carbides as well as transiguality of the encapsulated products while lowering the
tion metals (Fe, Ni® suggested new possibilities and carbonaceous debris. A sketch of our first generator
launched efforts to identify the conditions that promoteand collector is shown in Fig. 1. The tungsten arc
formation of such novel nanostructures. Insight intoprocess differs significantly from the traditional graphite
the fundamental processes has continued at a rapamtc process. It is distinguished by the flexibility of
pace. Baker—Rodrigu&3 and Amelinckf began with the processing parameters, the electrode configuration,
explanations of how catalytic particles could lead toand the type, composition, and amount of the collected
graphite fiber growth and graphite spring tubes. Majetichproduct!**> These differences have forced us to re-
et al® were one of the first to publish a phase segregatiothink the Saito—Seraphin encapsulation mddéINew
explanation for encapsulation and based some of thewmbservations have led us to further refine the multiple
findings on the distribution of nanoscale products withinmechanisms that may be operative and identify the
their reactor. Their results, like ours, indicate that thegeneral processing conditions that lead to the variety of
timing and degree of cooling influence the morphologyobserved nanoscale products.
of the resultant nanoscale product and particularly the  The W-arc method and the W-blown arc method use
crystallinity of the carbon. Saitet al.” and Seraphfh a 0.25 inch sharpened tungsten cathode poised (usually
offered the first qualitative encapsulation models thatoncentrically) above a much larger, 2 inch diameter
invoked different mechanistic paths to produce differentanode crucible. The crucibles are made with varying
product types. geometries of metal pools in the center of yttria-lined,

A. Carbon-carbon arc
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collection chamber exposure to aqua regia, nitric acid, and other metal

solvents. The wt. % yield after the acid wash is variable,

but tracks with controllable parameters. For example,

low carbon content runs often had low post-wash yields

5 to Pump and a qualitatively lower number (2—3) of graphite layers

: W per nanocrystal. The wt.% yield also did not change

after the first acid wash. Even after months of addi-

tional exposure to aqua regia, the encapsulated product
remained. Specific results of our work are published

elsewherd?12.16

LNZ2

Cathode

C. Previously proposed nanoscale mechanisms

Based on observations of the graphite arc (or
Kratschmer—Huffman) method, some encapsulation
mechanisms have already been proposed. Sstital.
proposed a modeélthat starts with a metal-carbon

production chamber cluster expelling some carbon to the surface as it
FIG. 1. First generation, blown tungsten arc reactor for production of:ryStallllzes and, dePe”d'”g 9” the s_peed of the Surface
graphite_encapsu|ated nanocrystabl nucleation of gl’aphlte, I’esultlng in either encapsulat|0n
or catalyzed nanotube formation. Single walled tube
formation (SWT) occurs instead of encapsulation if the

. . . initial nucleation is so fast that some nuclei form with
water-cooled copper crucibles or graphite crucibles. The_ . . ; .
eir c-axis parallel to the particle surface, resulting

arc strikes only the center of the anode on the melm a sea-urchin structure. In the Saito model, SWT

pool that forms there. The plasma may envelop a5 rmation proceeds from carbon addition at the base

other structures that protrude into the center of the anodgf the tube as additional carbon is expelled from the
design. lon bombardment of the soot or other products P

. . .particle. Generally this should result in a “sea-urchin”
does not occur in the W-arc method since the product i : .
. o .~ tarbon structure around a carbide particle. The growth
rapidly removed from the arc vicinity by strong blowing

or large convection currentd* Undesirable nanotubes ceases when the particle is no longer expelling carbon
and graphite flakes can be virtually eliminated andto the surche. .
! Seraphin proposed a similar modlef SWT for-

fullerenes and amorphous debris greatly reduced by thr%ation with the carbon source being a catalyzed gas

right choice of processing conditions. The macroscopic hase reaction at the particle surface. In this model

metal-carbon ratio in the gas phase can be controlle . -
| . _tube growth stops when the particle cools sufficiently
from pure metal to extremely high carbon concentratio X .
. to thermodynamically expel carbon to the surface in

by varying the crucible design or introducing carbon "N amounts that seal the active surface in a graphite capsule.

some other manner (e.g., gas). Such design choices e catalyzing core particle is typically a metal-carbon
vary the carbon supply in the center of the arc relative to yzing P ypically

the carbon supply in the outside shell of the arc plum alloy rather than a carbide. Seraphin also addressed

) Ghe “open space” problem for encapsulated particles,
and/or in the chamber gas. . .

i .suggesting that the nucleation and growth occurs on

Most of our experiments were conducted on transi-

tion metals (Fe, Co, and Ni). Pure metal, unencapsulatet@e inside of the capsule after initial nucleation of the

particles have been formed without the addition ofoutermost layer on the particle surface. In her model, the

carbon. With the addition of carbon, protective graphiteoloen space results from the expulsion of carbon from

a {hfe particle.

yers were present regardless of the average nanocrysta

particle size (5—100 nm). Most of the nanocrystal fer-

romagnetic particles<{40 nm) were coated with 3-5 ll. CRITIQUE OF THE SAITO-SERAPHIN

graphite layers per nanocrystal. Some larger particle%"ECHAN'S'\/I

within each run had a large number of layers1(0-15). The main difficulty with the Saito—Seraphin type

Qualitative observations find the number of layers toencapsulation model is the explanation of “open space.”
be sensitive to the particle size within a given run,Saito’s model does not address this problem at all.
but variable between different processing conditionsSeraphin's model explains a gap as the result of the
Zhouet al.found a similar dependence in their graphite-formation of graphite layers from expelled carbon and
graphite arc procesS. The quality of the protective the resulting shrinkage of the core material. Shrinkage
layers produced in the W-arc method was judged bynay play some role, but its role would be greatly
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minimized if the layer construction proceeds outside-inshould result in a tightly constrained morphology rather
as currently proposed by Seraphin. than open space.

If graphite layers instead form on the outside of  Any open space due to thermal shrinkage of nano-
the shell where it cannot reduce the gap, it would stillcrystals after encapsulation would also be negligible.
be difficult to explain the “open space” by mass lossCalculations indicate the shrinkage would be about
from the core to shell. Figure 2 presents a geometrica—3% of the original high temperature volume which is
calculation of maximum gap size between the shell andess than 1A on the diameter of 10 nm metal particles.
core, assuming the first layer formed at the diameteMoreover, the thermal contraction of the graphite shell
of the cooling carbon-saturated globule and all furtheiis larger than most materials, which means that thermal
volume loss occurred from carbon expulsion to thecontraction should help to close, not open, the gap.
exterior of the first formed layer (inside-out growth).

Additional carbon that remains in the core (e.g., in
metal solid solution or carbide) would not contribute to!ll. LINKING PROCESSING PARAMETERS TO
the gap formation and is disregarded. Excess carbon AECHANISMS AND PRODUCTS
the amount of carbon present in the cluster above the The model we propose is simple in concept. Dy-
saturation limit of that phase (metal or carbide). Notenamic inhomogeneities in the reactor set up a number
how difficult it would be to even detect a gap unless theof competing spatial pathways. There are multiple path-
particles were very largex{(100 nm) or the initial core ways and multiple mechanisms operative in each reactor.
material was well over 20% excess carbon by volumeKinetics selects the local conditions, but it is local
after the formation of the first layer of graphite. The gapthermodynamics that typically dominates the outcome
is never a sizeable fraction of the core particle until moreof each mechanism. The notable exception is the crys-
than 50 vol. % of the initial particle is carbon. To form a tallinity of the carbon. In our model, the mechanism
gap of just 2 nm on a 10 nm particle would require theresponsible for the formation of the first encapsulation
singly encapsulated core to be about 50 vol. % excesayer typically determines the final encapsulation mor-
carbon, with all the gap on one side, and only if no layergphology of the individual particle. Thereafter the shell
form on the interior of the shell. Shrinkage from massbuilds upon itself, replicating the morphology of the
loss to the shell may play a role only in creating someinitial shell. Thus after the formation of the first layer,
open space for inside-out growth, but it cannot explairthe type of core (metal, alloy, or carbide) may be less
large open spaces. If outside-in growth occurs insteadglevant for further growth.
the core volume lost by carbon expulsion would be  Moreover, we propose that the multiple encapsula-
exceeded by the volume occupied by the new internallgion mechanisms, presented below, vary their dominance
added graphite layer for nearly all alloy compositions.with controllable processing parameters. Other authors
New layer formation would require the crystallites abovehave noted the importance of temperature, pressure,
to be “jacked up.” Thus, outside-in layer formation and other parameters. In particular, we believe the cat-
alytic role of transition metals has been understated
for encapsulation and can exaggerate the effects of
temperature and pressure by varying the activity of the
"Open Space" due to Core Shrinkage by Carbon Ejection catalytic surface. We agree with previous work that
these parameters can influence the outcome of any one

5 ——
[ rande e physical pathway and particularly the crystallinity of the
£, 100 nm carbon coating®.We believe these parameters (T, P,
s catalytic action, etc.) do so by altering the dominant
5 50 nm mechanism that is operative on that physically existing
@ 3 / P ] pathway to collection.
S i . ; 20mm | ] The model is distinguished, however, by the fact
g 2 | vae > that only two dominant processing parameters are
£ roS s 10 nm ] required to qualitatively capture the entire processing
E Lo - / 1 parameter-mechanism-product relationship. The two
= / - ] conceptual processing parameters are the (1) local path
L ] carbon-to-metal ratio and (2) global carbon-to-metal
o — ratio. Local path carbon-to-metal ratio takes the view-
O ol Fraction Cayion Expelled Fiam Gooling Parice . Point of the individual particle or group of particles that
(after formation of the first graphite layer) have the same local conditions along the same spatial
FIG. 2. Gap size versus expelled carbon content of the original alloyP@thway. The local path includes not just the carbon and
globule versus globule size. metal present in the initial cluster (stage 1), but includes
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the agglomeration of clusters and atomic depositiorsupply are too reactor and process specific to provide
that occurs in the gas phase (stage 2) on the way tdetailed specifications for general use. Optimization
collection (stage 3) (see Fig. 3). The global carbon-tosurfaces that link the multiple process levers to process
metal ratio, on the other hand, limits which sets of localoutput have been determined by experiment to more
conditions can even occur. It forces an average carborguantitatively direct operation. The readers can develop
to-metal ratio on the spatial pathways around which thesimilar relations for their own systems.
inhomogeneities of the process deviate. In this way the  The abstraction to local and global carbon-to-metal
global ratio weights the frequency of each nanoscaleatios, however, makes generalizations across different
constituent within, and thereby the morphology of, thereactors and elements possible. Different processes
final collected product formed in stage 3 (see Fig. 4). cover different regimes of these two ratios, specifying
The relation between controllable process paramthe gas phase processing conditions. Different synthesis
eters (temperature, evaporation rate, power, currentechniques that achieve similar gas phase processing
crucible design, aerodynamic geometry, jet speedgonditions will have similar products. Different elements
entrainment flow, etc.) and the local and global carborform different core structures, have different carbon

Nanoscale Mechanisms Nanoscale Products

Stage 1 Stage2 C522
cs C52 Graphlte or Carbon Fibers
- C5.21 Graplute or Carbon Springs

Catalyzed
Graphite Tail Cs. l"—'—‘»

Graphite or Carbon Tubes

S
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_,G

’ Fast Nucleation Catalyzed
Nanotube Growth
—2\ C3
g, — @
= =9
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O E c2
: £ 0 -@
= P Fast Suppl,
L w—e = s
. morphous Carbon
- U Soot Encapsulation
] =  Metal-Carbon  Expelled Nuclj on
= s Cluster  Metal or Metal Catbide C122
g 3 o
ored — Partially Amorphous
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Nanocrystal Al1l

e —
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FIG. 3. Part 1 of the unified processing parameter-mechanism-product map indicating stage 1 particle formation and stage 2 carbon structure
formation mechanisms that synthesize the various nanoscale products. The choice between nanoscale mechanisms seems to be predominantly
selected by the local carbon-to-metal ratio along that specific path in the reactor, as indicated by the vertical axis.
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Nanoscale Products Stage 3 Collected Products
age
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— E:
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Agglomerated
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L

FIG. 4. Part 2 of the unified processing parameter-mechanism-product map indicating stage 3 formation of collected products. The weighting
between the multiple nanoscale products and other carbonaceous debris is sufficiently limited by the global metal-to-carbon ratio to predict the
type of collected product that will be formed, as shown by the vertical axis. Compositional variations within the collected product types are
caused by the variation in local carbon-to-metal ratios around the global average. The dependence of one path on another limits which types
of nanoscale products can even appear in the different collected products, as indicated by the brackets.

solubilities, different surface energieg)( and may or it. Each can have different local carbon-to-metal ratios,
may not have catalytic mechanisms available to themquench rates, particle densities, recirculation histories,
A schematic of our composite processing parameterand encounter different inhomogeneities. Thus, multi-
mechanism-nanoscale product map is presented iple nanoscale mechanisms are active at the same time
Fig. 3. Note that it connects with Fig. 4 as the differentalong different paths, creating a mixture of nanoscale
pathways converge at collection, causing nanoscaleonstituents that later agglomerates into the collected
products to agglomerate into their collected forms.products described in the literature and shown in Fig. 4.
Details of the various mechanisms are presented iffhe choice between nanoscale mechanisms seems to be
Sec. V and in the relevant cited references. predominantly selected by the local carbon supply in
that particular location within the reactor (see Fig. 3).
) _ The weighting between multiple nanoscale products and
A. Using the two schematic maps the collected products they agglomerate into seems to
First note that both maps are needed to properlyoe selected by the global metal-to-carbon ratio provided
use the model and that they link at the right side of(see Fig. 4). This difference in relevant axes provides
Fig. 3 and the left side of Fig. 4 but use different axesa natural split in the schematic representation of this
corresponding to the two abstract processing parametersodel, emphasizing the dominance of the local carbon-
that describe the gas phase processing conditions presettzmetal ratio in stages 1 and 2 (Fig. 3) and the global
The key insight for use of this model is that the samecarbon-to-metal ratio in stage 3 (Fig. 4). By manipu-
reactor has multiple physical processing pathways withidating the local paths through process parameters and
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reactor design, certain mechanisms can be selected tabeled A.1.1 and A.1.2 in the bottom of Fig. 3. in
dominate in the reactor as a whole, given an appropriaté. 1. 2 the coalescence stops and agglomeration begins
selection of the global carbon-to-metal ratio. with nanometer sized clusters or the metal density within
the gas is so low that coalescence of the particles
. i proceeds slowly and ceases upon collection on a cold
B. Stage 1—Particle formation surface. The boundary between coalescence and agglom-
Cluster formation occurs very rapidly within the eration is temperature and surface quality (oxide, carbon
arc plume. The local carbon/metal atom ratio at theshell, etc.) dependent. In A.1.1 coalescence growth
point of formation can vary greatly with anode geometryproceeds beyond the nanophase regime as the density
and process design. In the typical W-arc process, thef particles in the gas is higher (faster metal evaporation
center of a composite crucible anode is entirely molteror slower dilution in the gas phase via jet blowing or
metal that, depending on the design, may or may nomixing) and the particles stay hotter for longer times,
be saturated with carbon. This allows some controbllowing submicron particles to build up at the expense
over the initial ratio in metal-carbon clusters or allows of smaller nanoparticles in a manner analogous to cluster
the formation of essentially pure metal clusters. Othefformation from atoms. This process proceeds by well
process geometries, including the powder packed anodenderstood aerosol coalescence processes and is included
in the graphite arc process, predominantly evaporatéor completeness of the processing model.
carbon atoms with some metal atoms. Those designs With the addition of carbon new products can be
result in the formation of metal-carbon clusters andformed. Metal-carbon clusters behave in a manner anal-
carbon-rich gas. ogous to pure metal coalescence growth, but their growth
Both routes are indicated on the far left of theis quickly limited to the nanometer regime as the tem-
schematic in Fig. 3 labeled A (pure metal clusters) andgerature falls and carbon is expelled to the surface.
B (metal-carbon clusters). These clusters are subject Global carbon can be provided four ways:
to aerosol coalescence and agglomeratiolf. The W- (1) dissolution of carbon in the metal pool either by use
blown arc process has a log normal size distributiorof a metal-carbon alloy as the initial source material
with log normal standard deviation @f = 1.35-1.37. or concurrent alloying with the crucible material,
o = 1.35 is the expected distribution for self-similar (2) co-evaporation of a graphite crucible, foil, or other
coalescence growth:?%2! Wider distributions indicate carbon source inside the arc plume, (3) sublimation of
either deviation from self-similar coalescence or theany non-graphitic carbon components from the porous
existence of multiple particle growth paths. Narrowergraphite crucible into the chamber gas away from the
distributions could not be explained by coalescencearc plume, and (4) use of a secondary carbon source
growth. unrelated to the primary arc that introduces carbon for
Without the addition of any carbon, unencapsulatedyas phase chemistry (e.g., in a blowing or entrainment
pure metal particles are formed by either of two routegyas, or elsewhere in the reactor).

Internal Carbon Source
Internal carbon expelled / diffuses to the surface

Carbon Rings + Carbon Atoms
*

Encapsulated Particle

. Carbon Chains

-

External Carbon Sources
Gas phase carbon deposits on the outside

FIG. 5. Internal and external carbon sources.
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From the viewpoint of the particle there are only or the means of introducing the carbon into the arc.
two local sources of carbon: internal and external, asresumably this is because it is atomically dismembered
illustrated in Fig. 5. During cooling, the clusters or in the arc plasma. A survey of the literature and our own
globules crystallize into nanocrystalline particles and anyexperience (B2 Cr,?® Gd?* La,?®> Mn,?326 Mo,%® Nb, %
excess carbon atoms rapidly diffuse to the surface. EnSi, Ti,?"?®V,2° Y, 2728 and Z¢°) indicate that it is difficult
capsulation proceeds on saturated particles by expulsido introduce carbon in an arc without the formation of
of carbon to the surface during crystallization of thestable carbide phases. Metal cores have been seen only
metal or carbide core labeled B in Fig. 3. This is anin systems that do not form thermodynamically stable
internal carbon source. If the cluster is not supersaturatechrbides (Cd%3%-*2Cu?2® Fel® Ni,1%*? and Pd*). One
at any temperature, then graphite must be deposited guossible exception is reported for ¥tn however, the
the surface by an external carbon source or the particldispute is based on a single electron diffraction pattern
will remain unencapsulated. In high local carbon-to-and was not confirmed with x-ray diffraction as was done
metal concentrations, evaporated carbon deposits on thie the papers that report Mn carbfdé® encapsulation. It
nanocrystals even as carbon is being expelled (i.e., botis noted that metastable & occasionally forms instead
internal and external sources can be active). of metallic Fe in high carbon supply processes (e.g.,

There are two types of external carbon sourcesRef. 32). Metastable G& and N;C have also been
atomic and molecular. The most common is thoughtreportedly encapsulated as minority componéhiéle
to be atomic carbon deposition (A.2). Alternately, gashave not observed any of these metastable forms.
phase nucleation of graphite nuclei, carbon rings, or The rule we present is this. If there is a thermo-
small sheets is possible when the carbon supply islynamically stable carbide at room temperature it seems
high and time for formation is available. Carbon atoms,to form instead of the metallic phase and forms pref-
carbon rings, nuclei, or small sheets then collide ancerentially to the formation of an encapsulated shell. In
deposit on the particles suspended in the gas. Carb@ome cases carbide formation may prevent encapsulation
deposition occurs if any location along the particleby consuming too much carbon in low carbon arcs.
pathway has a high carbon supply in the gas. Foin other cases the lack of catalytic activity of the
example, the outside shell of the arc plume can havearbide core may further inhibit the formation of the first
a larger local carbon content than the interior of the argraphitic coating on the surface. A more predictive and
in some crucible designs. Inhomogeneities are observeidndamental explanation for this selection rule is being
in the density and flow of the arc plasma. Thermo-developed and will be presented at a later date.
dynamics dictates that large subcritical nuclei exist in  This empirically based, thermodynamically dom-
multi-component, single phase melt pools even at lowinated core phase selection rule still provides some
carbon contents. Upon being struck by the arc, the locajuidance. It is a strong indication that the internal
carbon content in the gas phase may be high enough tarbon source dominates the formation of the initial
nucleate graphite or other forms of carbon directly fromencapsulation layer when carbon is introduced in the
the locally dense carbon clusters. A complete descriptiomucleation zone. Processes that circumvent the intimate
of other inhomogeneities is found in Host al 1° and hot contact of the elements may circumvent this

rule. It is hoped that introducing carbon downstream

o from the initial arc would allow encapsulation of carbide
C. Predicting the phase of the core— formers in their metallic state. This has not been tested.
A selection rule Alloys that suppress carbide formation in their ternary

Currently we are unaware of any published theoriepphase diagram but contain the desired element may prove
that correctly predict which elements encapsulate asseful as substitutes which can encapsulate without
metals, which as carbides, and which will not encapsuforming carbides.
late at all. Previous efforts have considered the melting
point, vapor pressure, or merely observed some of the
phenomena that work or do not work. While such a
rule is useful, this model does not specifically rely
on what the selection rule actually is. Nonetheless, Atlabel Cin Fig. 3, nucleation of graphite has begun
some noncontroversial generalities seem reasonable aetther by catalytic or heterogeneous nucleation on the
consistent without arguing the fundamental mechanismparticle surface, or by homogeneous nucleation of carbon

If carbon is present in the arc (as opposed taings in the gas phase. Once the initial cluster has the
introduction well downstream), the local concentrationsfirst carbon layer on its surface, the particle has less
seem to determine the phase (metal or carbide) as per tirapact on the future microstructural developments. For
phase diagram. The phase of the core or bare nanocrystalost cases the subsequent layers mimic the structure of
does not seem to depend on the carbon concentratidhe first.

D. Stage 2—Carbon structure formation
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The final encapsulation morphology of an individual The C.1 series of mechanisms are the primary
particle or group of particles traveling together dependgroducts formed in W-arc processes. Here the branching
on the local conditions of the physical pathway betweerfrom the initial cluster depends on the kinetics of carbon
nucleation and collection. The local conditions activate asupply to the shells. The supply can be internal (ex-
dominant nanoscale mechanism along that pathway. Kipulsion) or external (deposition). For slower processes
netics dominates the activation process through the ratibe final form depends on the difference between the
of carbon deposition on a particle, the rate of graphitgarticle-graphite interface energy and vacuum surface
nucleation, the rate of homogeneous gas phase nuclenergies ¥), and the energy to bend the graphite sheets.
ation of carbon structures, etc. Once chosen, howeveFor low y interaction (C.1.1. 1), the graphite hugs the
local thermodynamics dominates the outcome of thasurface, forming a contiguous shell that exactly mimics
mechanism through phase separation, crystal structutbe surface morphology of the particle below. Spherical
(e.g., high pressure phase expected for small particlgsarticles form spherical shells and faceted particles form
due to Gibbs—Thompson, carbide versus metal), anéaceted shells. For higher interactions, the nuclei break
particle-shell versus vacuum surface energies. from the surface as they grow, only to intersect a short

By surface energies we refer to comparative Gibbdlistance from the surface. On the faster supply branch
free energy of the particle in contact with vacuum or(C. 1. 2), there are two possibilities. In one case there is
in contact with the surface state of carbon (graphitea single faster deposition speed (C. 1. 2. 1) which causes
in this case). The surface energy is important becausa few nuclei to grow and kinetically break away from
it determines whether the energy to form a defect inthe surface of even lowy surfaces. As they shelter
the carbon structure is higher or lower than the energyhe particle surface from further external deposition, the
required to create two new interfaces (metal-vacuumuclei grow away from the surface, no new nuclei grow
and carbon-vacuum). A low core-graphite surface enbelow, and the dangling nuclei intersect a larger distance
ergy—Ilow y—(i.e., high core-vacuum surface energy)from the surface, enclosing a small amount of open
would make a defect in the graphite more likely. A high space. Highy surfaces would have their characteristic
core-graphite interface energy—high—would allow faceted structure with a small amount of open space
separation of the graphite from the particle surface sincadded. Lowy cores would still have intimate contact
graphite prefers to grow in straight, nondefective sheetswith any nuclei that did not grow rapidly enough to peel

At the highest local carbon supplies the particlesaway and appear partially faceted in the section that did
streak through a carbon filled chamber gas. Besides thgrow rapidly. The second branch (C. 1. 2. 2) on the faster
particulate products we are focusing on, additional typeside assumes a two-step carbon supply. One or even a
of pure carbon (graphite flakes, tubes, balls, etc.) forrmumber of shells fully organize as per the routes labeled
in increasing abundance. The local carbon-to-metal rati€.1.1.1, C.1.1.2, or C.1.2.1. Then the local carbon
is harder to picture in this high carbon regime. It issupply steps up to a higher rate. It shrouds the particle
easier to think in terms of the increasing number ofin more carbon than nucleates as crystalline graphite
particles required by mechanisms C.5 to C. 2 to operatén the remaining time or at low temperature, result-
In the C.5 series of mechanisms, the few particles thaihg in a partially amorphous encapsulation similar to
are around may catalyze a solid or hollow carbon fibemechanism C. 2.
in their wake. At slightly lower local carbon contents,
graphite flakes homogeneously nucleate in the gas phase
and carbon atoms rain down on passing particles. Fady: NANOSCALE MORPHOLOGIES
nucleation (C.4) on particle surfaces or the impinge- Results from our own experiments are combined
ment of graphite sheet nuclei can result in some sheetsith data from the literature on transition metals and
growing radially away from the particle, resulting in a rare earth carbides to form a catalog of the morphologies
sea-urchin type structure. In some sections of the reactothat must be explained by a comprehensive model. At
graphite sheets have more time to grow before collisiorthis point there is no need to distinguish between pure
with a particle. These impinging flakes can be largemetal, metal-carbon alloy, and carbide particles. Table |
than the particles themselves (C. 3), leading to facetedresents a list of the nanoscale products found in all of
cages that enclose large open spaces around particlee arc processes used to form encapsulated products.
as the flakes grow together with further additions ofA brief description of each morphology is included in
atomic carbon. On other flight paths the particle maythe table along with references. Most references include
become inundated with carbon too quickly to organizeTEM pictures of the indicated morphology.
graphitic shells (C.2). This inundation can result from  The carbon arc literature has focused on types 1 to
rapid deposition or rapid quench expulsion of carbon4 and we defer to their detailed treatmehtd:*337.38
Either type of inundation produces a particle shroudedNearly all the ferromagnetic particles exhibit a
in amorphous carbon (C. 2). spherical shape with contiguous graphite encapsulation
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TABLE |. Catalog of the various encapsulated species.

Type Nanoscale morphology Picture Description Ref. no.
1 Carbon or graphite Long carbon chains 4,5,37,48,49
fibers / . grown from particles
\/‘/
2 Graphite springs \VAVAVYS Helical carbon chains 5
or tubes grown
from particles
3 Graphite tubes Q Graphite tubes or a 4,5,13,37,50
string of beads
extend from metal
particle at the tip
4 “Sea urchin” or Graphite nanotubes 7,13,37,38,51,52
catalyzed nanotube extend from metal
structure core
5 Faceted graphite cage Faceted cage structure 1,2,13,25,38
encapsulation with “open space”
6 Amorphous carbon Nanoparticle 52
encapsulation embedded in
amorphous carbon
7 Partially amorphous Nanoparticle with 16,52
carbon encapsulation partial or a few
layers of graphite
coating embedded in
amorphous carbon
8 Partially faceted One section of 10
graphite otherwise
encapsulation contiguous graphite
coating, disconnects
from the surface or
underlying layers
and extends outward
as a partial facet
9 Faceted graphite Faceted graphite cage 10,37
encapsulation only tangentially
touches an enclosed
particle
10 Contiguous graphite All graphite layers are 10,11, 30, 31,37,53
encapsulation contiguous to the
particle surface and
shape
11 Nanocrystal ‘ Bare, unencapsulated 10,12
(~5-50 nm) nanoparticle
12 Submicron particle Bare, unencapsulated 10,12
(<0.5 um) ultrafine particle
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(b)

FIG. 6. (a) Cut-away of the carbon black structure shows the many graphitic platelets arranged wittratkisiroriented normal to the
particle surface and (b) cut-away of the faceted graphitic struéture.

accommodated by line or plane defects resembling thencapsulated nanoscale constituents. They are discussed
carbon black particle structure in Fig. 6(a) and labeledas they activate with increasing local carbon concentra-
as type 10 in Table 12*° Metal carbide particles that are tion. The route labels in curly brackets correspond to the
themselves faceted have been observed to be contiglecation of each mechanism in Fig. 3.

ously encapsulated. This type of faceted capsule struc-
ture is also cataloged as type 10 since it exactly mimic
the faceted particle. The contiguous graphite layers o . .
particles produced by arc methods have been shown { atalytic particle—Internal carbon

be turbostratic, further emphasizing the highly defective>ource {route C.1.1.1}

nature of contiguous encapsulati$nWithin each run We propose that any layers that form as a result
it is rare but possible to find spherical particles thatof carbon deposition primarily build inside-out. Layers
exhibit faceted capsule structures similar to Fig. 6fb). that form as a result of carbon expulsion primarily
This faceted morphology exhibits tiny “open spaces”build outside-in, jacking up the crystallite above it, or
between the graphite capsule and the roughly sphericanay diffuse the carbon to the surface and mimic the
core species and is cataloged as type 9. An equallgxterior of the shell. The initial layer mimics the particle
rare partially faceted morphology, type 8, can also occupurface morphology and subsequent layers mimic their
on spherical particles where a short faceted sectionderlying shell. A spherical particle would appear to
interrupts otherwise intimate contact, leaving open spacBave a spherical shell and a faceted particle would
between the shell and particle. Other researchers ha@ppear to have a matching faceted shell. In the case
observed an extended, faceted cage morphology encaffiat enough space opens between the shell and core to
sulating either a faceted or spherical particle and a@dmit another layer of graphite on the interior, then the
open space that is a sizeable fraction of the enclosel@yer does indeed form on the inside, closing the gap
particle, most notably on the rare earth carbite®This by ~0.335 nm. This process provides for the contin-

is more rare at lower global carbon-to-metal ratios. In thede€d appearance of intimate contact between shell and
absence of carbon or at low carbon-to-metal ratios th€ore. In no way could this mechanism create the large
predominant nanoscale products are metal nanocrystal@pen space” gaps on the order of nanometers so easily
(type 11) that agglomerate in chains. However, under th@bserved in the encapsulated rare earth carbides. Initial
same conditions, collecting samples from hot surfaces igraphitic nuclei are pictured as forming primarily from
the reactor or from surfaces too close to the arc (col@xpelled carbon as the particle is quenched. The only
walls but still hot gas) tends to reveal submicron particlegequirement, however, is rapid nucleation of the first
(type 12), probably formed by gas phase coalescence fayer so that many nuclei form without coarsening to
high metal density gas, post-collection gas phase depdorm facets. A catalytically active surface like that of

sition directly on the particles, and by post-collection Ni***? would probably be required to cause such a
annealing/sintering. high nucleation rate. External carbon deposition on the

shells or diffusion of carbon to the surface would then
form a larger number of layers that mimic the first. By
restricting this mechanism to explaining only contiguous
V. POSSIBLE NEW AND MODIFIED NANOSCALE contact encapsulation (catalog type 10), the problem of
MECHANISMS open space is side-stepped. Instead, a different, but
This section completes our picture by modifying related, mechanism is presented below to explain the
and proposing mechanisms that can explain each of thepen space morphologies.

%\. Modified Saito—Seraphin encapsulation:
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B. Catalytic particle—External carbon their diffusion fed zones which prevent the formation
source {route C.1.1.1} of nearby nuclei and result in a roughly symmetric,

There is ample evidence in the catalysis literature fightly wrapped faceted shell as they intersect a short dis-

based on thermodynamic arguments, that carbon prefe{2c€ from th_e particle surface. This wou_ld Ieavg small
entially nucleates as graphite on surfaces of transitiof~ | NM) conical spaces between a spherical particle and
metals at temperatures well below that necessary tH'€ graphite shell (catalog type 9).
nucleate graphite on the surfaces of other métafd.it
is noteworthy that the cleanest examples of encapsulatiod- Fast, external carbon supply  {route C.1.2.1}
are found in Fe, Co, and Ni which are known catalysts If only a few nuclei form, or the growth is so rapid
for graphite formation. Growth of subsequent graphitethat other nuclei do not have time to form (fast or
layers would be likely to proceed in a manner analogousisymmetric external carbon supply), then their intersec-
to deposition growth. tion could occur farther from the particle and enclose
Support for this view is found in observations of a larger amount of open space. This would account for
iron encapsulation (as opposed to iron carbide formationparticles that are wedged into one corner of a larger,
and encapsulation of partially sintered metallic particlesasymmetric, faceted structure (catalog type 5 high
These indicate that external nucleation of graphite sheefaceted). Even on catalytic particles with low surface
on already coarsened metal nanocrystals may proceed igontact energies, some nuclei may kinetically separate
dependent of an internal carbon source expelling carbofiom the core if the nuclei grow so quickly that instead
to the surface. of bending to conform to the surface, they grow away
The clear and well-defined encapsulation of metallicirom the surface in the typical graphite sheet form. The
iron in graphite shells in the W-arc process is notremainder of the particle appears to be contiguously
surprising. We expect the thermodynamically stable formencapsulated because of the densely nucleated structure
(two phase, crystalline carbon and metal) instead of thexpected from a catalytic core. This result is a partially
metastable carbide if the time for achieving equilibrium contiguous—partially faceted capsule structure (catalog
is available (easier for small distances) or if the metal andype 8). The initial carbon can be supplied from the
carbon are separated during the cluster formation staggas phase, core, or both. The dominant source during
Carbon then deposits on the surface of a preformed metgrowth must be from the gas phase. The protruding sheet
particle. As such, the proposed encapsulation mechanisgan be catalytically grown from the particle surface or
is analogous to deposition growth of dissimilar materialspy edge addition. As the sheet extends, it shadows the
even when the “substrate” (i.e., nanocrystal in our casegurface underneath, preventing further local nucleation.
and the “thin film” (i.e., graphite) may have appreciableThe dangling bonds at the end of thg hgs eventually
solid solubility in each other at high temperatures orbend the sheet over or attract similarly protruding sheets
have a tendency to form compounds. The final formio seal the first layer. The size of the “open space”
would be the same intimate, contiguous encapsulatiopould be related to the size of the particle from which
(catalog type 10) found in the modified Saito—Seraphinit protruded and the rate of carbon deposition.
model just discussed, but the interior particle would be
essentially pure metal and the source of carbon woulg: Amorphous carbon encapsulation
be dominated by gas phase deposition. {routes C.2 and C.1.2.2 }

) ) At even faster carbon deposition or internal carbon
C. Noncatalytic particle {route C.1.1.2} expulsion rates, the carbon does not organize and as-
Noncatalytic particles that prefer to separate thesumes an amorphous structure on top of a metal-carbon
graphite from contact with the surface (e.g.,3u (M-C) alloy, compound, or pure metal particle. Under
due to their material dependent higher interface eneertain conditions the driving force for crystallization
ergy—highy—no longer balancing the bending en- may be insufficient to overcome the kinetic activation
ergy, have a slightly different route from the modified barrier. We have evidence that temperature and pres-
Saito—Seraphin model. Here each graphite nucleus septre of formation greatly influence amorphous carbon
arates from the surface rather than bending to confornformation. This is more likely to occur on noncatalytic
Large numbers of nuclei do not form because the surfacparticles or under noncatalytic conditions (e.g., low T,
is not catalytic. The initial carbon source can be eithelincorrect P). As expected, it is most often observed at
internal or external, but it is easier to imagine externakhigh global carbon-to-metal ratios. If there are different
deposition. Soon after nucleation, gas phase depositiocarbon addition rates at different times or locations in
no longer reaches the particle surface in the shadow dhe reactor, this same mechanism can occur on top of a
the growing graphite sheets. These separated nuclei aparticle that has had time to form the first graphite layer
near equally spaced around the surface of the particle byr even a few layers before being overwhelmed with
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carbon. Such a two-step carbon deposition rate can resulf. Modified Saito—Seraphin single-walled tube
from different carbon concentrations in different areas ofSWT) growth {route C.4}
the arc plume or reactor chamber or from recirculation of A< qescribed in their earlier work. the graphite nuclei

particles. A two-step internal carbon expulsion rate mayq ., so rapidly that they assume semi-random orienta-
occur from quenching after a period of slow cooling. o Some of the crystals have theiaxis oriented
A dramatic increase in carbon addition rate may res*_"garallel to the particle surface. Alternately, gas phase
in amorphous encapsulation of any surface, graphitqcjeated carbon rings could impact the particle such that
encapsulated or not. . . __thec-axis is not radially aligned. Either situation matches
A second structure for *amorphous” encapsulationge starting point for the Saito—Seraphin explanation of
may be the disordered collection of tiny gas phases\wT formation. The sheets grow catalytically from the
nucleated graphite sheets and Ahgs by the particle g face or atomically at the ends. Eventually the dangling

as it passes through carbon-rich sections of gas. Undgjyngs encourage the sheet to roll in on itself and a SWT
a microscope these tiny crystals and rings would noj,

o ) ; s formed. The carbon source could be from the core
exhibit any diffraction contrast but would be more stable, gas
than a truly amorphous local structure. An external
formation mechanism (_graphlte nut_:leatlon in the gasy Catalyzed fiber growth {route C.5}
phase) could also explain the often irregular amorphous . .
encapsulation morphology. TGA experiments may be = SWT formation may well contribute to some of the
able to determine which structure is correct by searching!P€ formation. It cannot explain micron-long protru-
for a graphite nucleation and a separate growth peakions from nanometer particles within a web network.

The presence of such a peak would indicate a trubpombining the internal and external carbon sources and
amorphous structure. still relying on the catalytic nature of the underlying

particle, the starting point for web formation is better
understood. The formation of long graphite/carbon fibers
F. Carbon ring/network impingement  {route C.3} is well treated by Baker and Rodrigdézinvolving

A hot particle that has not yet expelled its Carbon,unidire_ctional diffusjon of carbpn t_hrough a leading
a pure metal particle, or a cold particle that has insuffi-catalytic metal particle. The spring-like morphology of
cient excess carbon (due to solubility or formation oflONg buckytubes is rationalized by Amelinckx by in-
a carbide) to self encapsulate could encounter largefoking stress considerations in a growing nanotube and
homogeneously nucleated graphite flakes/carbon ringccommodation of this stress by tube bending.
networks in the gas phase. As these flakes collect on
the surface and grow to contact one another by furV!- STAGE 3—COLLECTED BULK
ther atomic addition, an irregular, faceted structure willPRODUCT TYPES
emerge that roughly outlines the particle shape, but may Stage 3 is dominated by a different processing
include very large open spaces. This new mechanismparameter than stages 1 and 2. The first schematic em-
can also explain contiguously encapsulated particles thathasized the local processing conditions. Understanding
have a secondary shell including open space that doestage 3, however, requires a global view of the process.
not entirely follow the underlying shell morphology.  The different local paths cannot be altered independently.

Free floating, flat carbon networks are most likely toThe global carbon-to-metal ratio limits which sets of
occur in the highest global carbon-metal ratio processesocal conditions can occur in the reactor. It forces an
The rare earth carbides with large open spaces are likelgverage carbon-to-metal ratio on the spatial pathways
candidates for this form of encapsulation since it wouldaround which the inhomogeneities of the process deviate.
be difficult for the initial clusters to be so carbon- In this way the global ratio weights the frequency of
rich to form both the carbide and greatly extendedeach nanoscale constituent and thereby the morphology
capsule structures. Instead, the stuffed graphite anod# the final collected product.
probably forms metal-carbon clusters on the inside of Figure 4 schematically shows the agglomeration of
the plume above the stuffed section. Further carbon ithe nanoscale products downstream from the arc. The
added as it passes through the outer carbon-rich shell game encapsulated nanoscale constituents exist in differ-
the arc plume which derives from the arc striking theent quantities within different collected product types.
graphite annulus around the stuffed section. Carbon-riclsimilar macroscopic processing conditions can result
convection cells swirl in various sections of the reactorin very different weighting between the nanoscale con-
chamber, giving time for semi-homogeneous nucleatiorstituents even within the same collected product type
of graphite flakes and other carbon structures which theby changing the variance of local carbon-to-metal ratios
collect on cold surfaces or attach to the minority carbidealong the pathways to collection within the reactor. In
nanoparticles mixing in the convection cells. addition, all three product types can be produced in the
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same reactor if the method can vary the global metal-toeollect large particles due to gas phase deposition coars-
carbon ratio by large amounts. ening of nuclei on the surface. This is taken as evidence

Itis observed that the collected product regardless ofhat the nucleation and growth phase is interrupted by
the arc method is one of three types, depending on ththe surface before completion. In addition, hot surfaces
global carbon-to-metal ratio: (i) web, (ii) carbonaceoustend to enhance sintering of unencapsulated particles and
soot, and (iii) particle dominated agglomerates (eithecoagulate large particles. At an abrupt distance from the
chain or fractal). arc, chain and fractal agglomerated nanophase particles

Web formation occurs when a high carbon contentsuddenly dominate on every surface, indicating an end of
gas is pierced by catalytically active particles. Websthe nucleation and growth zone. The “choice” between
consist of solid or hollow tubes of carbon. Their di- chain and fractal agglomerates of smaller particles is
ameter is similar to that of the catalyzing particles fromdetermined by the material dependent sticking coefficient
which they trail. They grow in a manner similar to the and the particle-chain approach trajectories available,
catalytic formation of carbon fibers commonly used inas in the standard explanation of gas phase fractal
industry?3-%> The dominant products are carbon fibers,growth/-19.46.47
nanotubes, and carbonaceous materials. Web formation
is always accompanied by carbonaceous soot. VII. ENCAPSULATION THICKNESS

Soot collects on just about every surface in the reac- .

If local conditions are held the same and only the

tor. The particles and debris from the arc agglomerate Marticle size varies, the internal and external carbon

the gas and dep_osn on t.he colder surfaces. Carbqnqceogjg,urces can be compared. The internal source is vol-
soot can very in consistency from flaky or strip-like

to delicate and powdery. This is the typical productumetric and the external source is cross sectional, but
found on the walls of modified Ktschmer— Huffman both are supplying carbon to shells that approximate

enerators the particle surface area. An internal volumetric source
9 : would result in an increasing number of layers on larger

Pamcle—dommated products form chain and fract‘:“(!‘particles since volume increases faster than surface area
agglomerates in the gas phase and travel to colder

surfaces in the reactor by thermophoresis and conve With increasing particle size. A cross-sectional deposi-
! r oy P . fion source increases its collection proportional to the
tion. Here they deposit as a flaky powder. This is the

desired form for the production of graphite encapsulatec';lrlcrease n partlcle surfac_e area, so th_e humber of layers
would remain constant with particle size.

particles. This particle-agglomerate type of coIIec_tepI Figure 7 shows the local path excess at.% carbon
product has not been observed to our knowledge wnhng

graphite arc processes. The global carbon-to-metal rati .e., only the carbon in the shell regardless of its source)

h . eeded to explain a 2- or 10-layer encapsulation of
is always too high. In the W-blown arc method, mUChNi metal particles. It does not assume a mechanism

less deposition occurs inside the arc chamber since MOSL < mation. or where alona the path of the particle
of the products are whisked into the collector by forced. ! g P P

X it acquired carbon. The calculation is almost purely
convection.
The aerosol agglomeration interpretation is sup-
ported by a number of observations, such as a trans-
mission electron microscopy (TEM) Study of Samp|es Percent Excess Carbon Required to Encapsulate Ni
collected at a variety of distances along the blowing '®T<~ T T T T
direction toward the collector. It indicates that particle g |
coarsening occurs before, and agglomeration after, coolg s %
ing in the gas phase. Optical pyrometer measurement$ Y

wt.% for 2 layers
--------- at.% for 2 layers
wt.% for 10 layers
--------- at.% for 10 layers

through pyrex glass indicate arc plasma and melt pook-: [ at~%¢

temperatures greater than 200 The exterior of air- © ' [ =T

cooled pipes downstream from the nucleation zone isg - S N S B B 1
above 100°C. Expanding and quenching the gas with & ;[ \LWL% ------------ ]
a helium jet decreases the particle size of unencapsu§ \\aL%T

lated particles by slowing coalesceriéeRecent results 3 2 layer Tl

suggest that particle size control of encapsulated specieS 2° iwt% ........... e ]
is less sensitive than for unencapsulated particles within ~ Y~ T RS
the same experiment. The presence of carbononglobule [, , . |, , | 7t
surfaces probably retards coalescence more effectively 0 10 20 30 40 50
than the jet, as indicated by the smaller average size Nickel Core Diameter (nm)

of encapsulated versus Unenc?‘psglated particles. AFWG. 7. Atomic and wt. % carbon required for encapsulation changes
surface close to the arc, despite its temperature, willvith particle diameter and the number of encapsulation layers.
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geometrical for the at. % lines. To calculate the total pathmelt pool in contact with graphite should saturate to
percent carbon (excess plus internal carbon) a numbd8 at. % carbon at 200TC. These two approaches were
of corrections would need to be made. For exampleused most often in our experiments and explain the con-
one would need to correct for carbon consumed in soligistently smaller number of graphite layers present on our
solution (which changes slightly with size) or carbide particles as compared to published pictures from various
formation in the core particle. graphite arc processes (see Table I). Observations sup-
As plotted, the data emphasize the external carboport the existence of both types of carbon sources. The
source. Since external collection is proportional to crosseualitative observation of more layers on larger particles
sectional area and not volume, the at. % carbon is highdras been upheld by some experimental conditiffs.
for the smaller particles but follows the constant numbeiOther runs have displayed a near constant number of
of layer contours shown. The data could as easily béayers per particle across the 2—50 nm size range.
plotted versus number of layers with constant at.%
and wt.% contours to emphasize the internal source
description. Note that the same at. % carbon needed il SUMMARY AND CONCLUSION
form 2 layers on a 10 nm particle forms 4.5 layers on ~ Dynamic inhomogeneities in the arc chamber set
a 20 nm particle, 10 on a 50 nm particle, and 20 on aip a number of spatial pathways from evaporation to
100 nm particle. This nonlinear increase in the numberollection. Fluid flow seems to define multiple, physical
of layers of graphite formed around larger particles afpathways from evaporation to collection with differ-
constant at.% is exactly the internal carbon sourceent thermal histories, metal/carbon concentrations, and
volumetric source going to a surface area sink. lengths. The local conditions on each pathway seem to
There is a paradox. The expulsion of carbon couldactivate a dominant mechanism among many simulta-
account for all of the excess carbon needed to encapsaeously competing mechanisms that produce different
late 10 nm sized particles with 3-5 layers as observedanoscale constituents. These constituents agglomerate
except that they were found in 5 wt. % global carbonwithin given pathways and as the pathways mix nearer
experiments. The paradox is solved by recognizing théo collection they form one of three types of col-
difference between local path and global carbon-tolected products: (1) particle dominated agglomerates,
metal ratio. The high carbon-metal ratios required for(2) carbonaceous soot, or (3) a web. New mechanisms
encapsulation of small particles can be exceeded withiand modifications of previously proposed mechanisms
inhomogeneities in the cluster formation region of the araccount for all the nanoscale encapsulation morphologies
or by adding carbon along the path of the particle in theobserved in the tungsten arc method. Mechanisms from
gas phase. It is the dynamic, inhomogeneous nature @ferosol and catalysis literature are invoked to explain the
the arc that even allows encapsulation at such low globgbarticle size distribution and the construction of agglom-
carbon-to-metal ratios. We also note that the wt. % yielderate and web products. Implications of the model also
of encapsulated versus bare particles fell drastically foprovide some insight into the observed variation in the
these runs, as would be dictated by conservation of masumber of graphite layers with particle size.
in a low global carbon-to-metal ratio which weighted the Numerous processing levers are available (arc cur-
unencapsulated pure metal (or solid solution) pathwayent, electrode distance, pressure, jet speed, anode de-
more than the encapsulated pathways. sign, target composition, . .. ) and each influences the
There are many implications for reactor design. Sufinal product through first and second order effects. They
per high excess-carbon-to-metal (C-M) ratios are clearlyespecially affect the crystallinity of the coatings and the
achieved in graphite arc systems but cannot be achieveamount of encapsulated versus other products produced.
in systems where a one-phase carbon saturated mefal particular we feel the role of catalytic materials and
alloy is the only source of carbon. Reactors that introducédentification of the appropriate range of temperature and
the majority of carbon after cluster agglomeration will pressure to optimize the catalytic effect has been under-
exhibit a more uniform number of layers versus particlestated in the literature. In the model, however, only two
size. Control of the carbon content of the gas phaseominant parameters are required to qualitatively capture
may be particularly desirable for forming many layersthe entire process-mechanism-product relationship. The
on small particles. Solid solubility and carbide formationtwo conceptual parameters are (1) the local path carbon-
reduce the number of shell layers formed on a coolingo-metal ratio and (2) the global carbon-to-metal ratio. A
cluster by retaining more carbon atoms in the core. Asimplified two-parameter processing-mechanism-product
two-phase initial source material (e.g., cast iron) or melimap summarizes the model in schematic form using
pool fed carbon from a graphite crucible have reliablyone diagram for each parameter. The local carbon-to-
provided the necessary excess carbon to controllablgnetal ratio dominates the first two stages of the model,
keep the number of graphite layers small (3-5). Forspecifying the formation of the nanoscale products as
example, the phase diagram for Ni indicates that a Nindicated in the first schematic. The global carbon-to-
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