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Nanostructured Powders
and Films
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1.0 INTRODUCTION

The performance of materials depends on their properties. The
propertiesinturn depend onthe atomic structure, composition, microstruc-
ture, defects, and interfaces, which are controlled by thermodynamics and
kineticsof thesynthesis. A current paradigm of synthesizing and processing
of advanced materials emphasizes the tailored assembly of atoms and
particles, from the atomic or molecular scale to the macroscopic scale.
Nanostructured materials, often characterized by a physical dimension
of 1-100 nm (such as grain size) and a significant amount of surfaces and
interfaces, have been attracting much interest because of their demon-
strated or anticipated unique properties compared to conventional materi-
as. Nanostructured materials can be made by attrition of parent coarse-
grained material s using the top-down approach from the macroscale to the
nanoscale, or conversely, by assembly of atoms or particles using the
bottom-up approach. Thecontrol of arrangement of atomsfromthenanoscale
to the macroscaleisindeed the strength of materials chemistry. Therefore,
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4 Chapter 1 - Chemical Synthesis and Processing

it is not surprising that increasing attention has been paid to the chemical
synthesis and processing of nanostructured materials.[1-8l

Chemical reactionsfor material synthesiscan becarried outinthe
solid, liquid, or gaseous state.!”) The more conventional solid-state syn-
thetic approach is to bring the solid precursors (such as metal oxides or
carbonates) into close contact by grinding and mixing, and to subsequently
heat treat this mixture at high temperatures to facilitate diffusion of atoms
or ions in the chemical reaction. The diffusion of atoms depends on the
temperature of the reaction and grain boundary contacts. The transport
across grain boundariesis also affected by impurities and defects located
there. The mixing and grinding steps are usually repeated throughout the
heat cycle, and generally involve agreat deal of effort to mix materials at
the nanoscale and also to prepare fresh surfaces for further reactions. For
systems that do not contain means to inhibit grain growth (such as grain
growth inhibitors and immiscible composites), grain growth at elevated
temperature reactions leads to solids with large grain size.

Compared to solid-state synthesis, diffusion of matter intheliquid
or gas phase is typically and advantageously many orders of magnitude
larger thaninthe solid phase, thusthe synthesisof nanostructured materials
can be achieved at lower temperatures. Lower reaction temperatures also
discouragedetrimental grain growth. Many materialscan besynthesizedin
agueous or nonagqueous solutions. For example, water is one of the best
known and most common solvents. There are three general classes of
aqueous reactions:. acid/base reaction, precipitation, and reduction/oxida-
tion (redox). In basic chemistry terms, starting materials of a chemical
reaction are called thereactants and the material to which thereactantsare
converted theproducts. Thereactantscan be solids, liquids, or gasesin any
combination, in the form of single elements or multi-component com-
pounds. A multi-element compound is usually called a precursor. In a
precursor, the components of the final product are in a “mixture” with
atomic scale mixing. Many precursors can be prepared by precipitation
reactions. In precipitation reactions, solutions of two or more electrolytes
are mixed and an insoluble precipitate or agelatinous precipitate forms,

In chemical synthesis of materials, one should always use
cautionwhen handling reactants and precursors, reaction by-productsand
post-reaction wastes, particularly when complex and hazardous chemi-
cals are involved. Special procedures may be required to remove any
entrapped impurities from the products and to avoid post-synthesis con-
tamination. Although many |laboratory-scal e reactions can be scaled up to
economically produce large quantities of materials, the laboratory-scale
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reaction parameters may not be linearly related to that of large-scale
reaction. The synthesis parameters such as temperature, pH, reactant
concentration, and time should be ideally correlated with factors such as
supersaturation, nucleation and growth rates, surface energy, and diffusion
coefficients, in order to ensure the reproducibility of reactions.

Chemistry is based on the manipulations of atoms and molecules,
and indeed hasavery long history in the synthesis of materials comprising
nanostructures. Thefieldsof colloidsand catalystsare such examples. The
recent popularity of “nanoscience” not only revitalized the use of many
“old” chemical methods, but also motivated many “new” and “modified”
ones to be continually developed for the synthesis of nanostructured
materials. Thescopeof chemical synthesisand processing of nanostructured
materialsis very wide, spanning structural, optical, electronic, magnetic,
biological, catalytic, and biomedical materials. In this chapter, a compre-
hensivereview of every aspect of thisfieldisnot possible. An overview of
chemical synthesis and processing of nanostructured particles, films, and
coatingsis given, with selected examples of metals, ceramics, and hybrid
materials. Thechapter isorgani zed accordingtotheclassesof materialsand
typesof synthetic approaches. However, duetothefact that many advanced
materials are hybrid and are prepared using multidisciplinary techniques,
clear distinction is not always possible. Interested readers are encouraged
to consult the cited references, I8l archival journals,*®! and conference
proceedinggd™ for further details.

2.0 PARTICLES

2.1 Nucleation and Growth

The synthesis of particlesin a solution occurs by chemical reac-
tions that result in the formation of stable nuclei and subsequent particle
growth. The term precipitation is often used to describe this series of
events. The reactants are introduced frequently as solids or liquids, and
sometimesasgases, inagueousor nonagqueoussol ventsthat can haveawide
range of dielectric constants. The phenomenon of precipitation of solidsin
solution has been well studied.[*2113] Elemental or multicomponent par-
ticles can be precipitated. When a multicomponent material is desired,
special attention isrequired to control co-precipitation conditionsin order
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to achieve chemical homogeneity of the final product. This is because
different ions often precipitate under different conditions of pH and
temperatures, and have different solubility product constants.

Upon addition of reagents such as reducing or oxidizing agentsto
the solution containing the reactants, chemical reactions occur and the
solution becomes supersaturated with the product. The supersaturation
drivesthechemical systemtoafar departurefromtheminimumfreeenergy
configuration. The thermodynamics equilibrium state of the system is
restored by condensation of nuclei of the reaction product. Two types of
nucleation can occur. Homogeneous nucleation does not involve any
foreign species as nucl eating ai ds. Heter ogeneous nucleation, on the other
hand, allowsthe formation of nuclei on foreign species.

Kinetic factors compete with the thermodynamics of the systemin
agrowth process.™ Kinetic factors such as reaction rates, transport rates
of reactants, accommaodation, removal, and redistribution of matter com-
pete with theinfluence of thermodynamicsin particlegrowth. Thereaction
and transport rates are affected by concentration of reactants, temperature,
pH, the order in which the reagents are added to the solution, and mixing.
Thestructure and crystallinity of the particle can beinfluenced by reaction
rates and impurities. Particle morphology isinfluenced by factors such as
supersaturation, nucleation and growth rates, colloidal stability, recrystal-
lization, and the aging process. Generally, supersaturation has a predomi-
nant influence on the morphology of precipitates. At low supersaturation,
the particles are small, compact, and well-formed, and the shape depends
on crystal structure and surface energies. At high supersaturation levels,
large and dendritic particles form. At even larger supersaturation, smaller
but compacted, agglomerated particles form.[® The growth in solution is
interface-controlled whentheparticleissmall; after reaching acritical size,
it becomes diffusion-controlled.!%]

2.2  Stable Dispersion and Agglomeration

Inasupersaturated solutionwhenthenuclei format nearly thesame
time, subsequent growth of these nuclei results in formation of particles
with a very narrow size distribution, provided that secondary nucleation
doesnot occur later.[*®! Homogeneous nucl eation asasingleevent requires
the use of proper concentrations of reagents. Foreign nuclei should be
removed before reaction to prevent heterogeneous nucleation that may
otherwise result in awide size distribution of particles. This narrow size
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distribution can be maintained as long as agglomeration and Ostwald
ripening of particles in solution does not occur. The formation of stable
colloids and dispersion of agglomerated particles have been extensively
investigated.[* The terms colloids and sols refer to the dispersion of
particles (with particle sizes less than 100 nm) within a continuous fluid
matrix. The ultrafine particles approach and then separate from each other
by Brownianmotion, and asaresult, settling of particlesout of solutiondoes
not occur. It should be noted that random agglomeration between particles
may still occur by Brownian motion. Agglomerates or particleslarger than
100 nm tend to settle out of solution.

Inagueoussolvents, particlesthat possessasurfaceoxidelayer or a
hydrated surfacemay becomecharged under appropriateconditions. Electro-
static repulsion, with aforce proportional totheinverse of second power of
separationdistance, occursbetweentwo particlescarryingthesamecharge.
The attractive van der Waals force is proportional to the inverse of the
distance with an exponent of 3-6. The net attractive or repulsive force
between the particles in such a suspension is the sum of the electrostatic
repulsion and the attractive van der Waals forces. The DLVO theory
(Derjaguin, Landau, Verwey, and Overbeek) describesthe effectsof attrac-
tionand repulsion of particlesasafunction of separation distance.[®l Onthe
DLVOplot of potential energy vsthe separation distance of particles, there
existsapositivepotential energy peak, which separatesthenegative potential
energy of primary minimum and secondary minimum. The height of the
potential energy peak must be> 25 millivolts(corresponding to thethermal
energy of Brownian motion at 20°C) at ambient conditions, in order for a
dispersion of particles to be stable. In an appropriate solvent, an electric
doublelayer isformed surroundingtheparticle. Thestabledistanceof particle
separation depends not only on the charges of the particles, but also the
concentration of other ionsin the diffuse region of the doublelayer. When
thereisasufficient number of suchionsorionswith multiplechargesinthe
diffuse layer, the charge repulsion will be neutralized. The collapse of the
doublelayer leadsto particlecontactsand agglomeration.[2€]

Nanostructured particles possess large surface areas and often
form agglomerates as a result of attractive van der Waals forces and the
tendency of the system to minimizethetotal surface or interfacial energy.
Coagulation refersto the formation of strong, compact aggregates (corre-
sponding to the primary minimumonthe DLV O plot of potential energy vs
particle separation), and flocculation refers to the formation of a loose
network of particles (corresponding to the secondary minimum on the
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DLVO plot). Agglomeration of particles can occur during any of the
following stages: synthesis, drying, handling, and processing. In many
applicationsand processing where dispersed particles or stabilized disper-
sions are required, undesirable agglomeration in each synthesis and pro-
cessing step must be prevented. To produce unagglomerated particles,
surfactants can be used to control the dispersion during chemical synthesis,
or disperse as-synthesized agglomerated fine particles.

A surfactant isany substance that lowersthe surface or interfacial
tension of the medium in which it is dissolved. A surfactant is a surface-
activeagent that needsnot be completely soluble and may decrease surface
or interfacial tension by spreading over the surface. It has an amphipathic
structurein that solvent, i.e., alyophobic (solvent repulsive) and lyophilic
group (solvent attractive). Surfactants are classified as anionic, cationic,
zwitterionic (bearing both positive and negative charges), or non-ionic
(bearing no charges). Surfactant effectivenessismeasured by themaximum
reduction in surface or interfacial tension by the surfactant, whereas,
surfactant efficiency refersto the surfactant concentration that isneeded to
reducethesurfaceor interfacial tension by acertainamount fromthat of the
pure solvents. For example, water and oil can be dispersed in each other if
asuitable surfactant is used to stabilize the microemulsion. The surfactant
establishesitself at and definesthe boundary between thetwo liquids. The
relative quantity of a surfactant determines the amount of surface that can
be covered and, therefore, the extent to which the size and number of
dropletsof oneliquidisdispersed inthe other. When the major component
isapolar (ail), thedispersion isonein which the water (polar) phaseforms
the droplets or reverse micelles. The polar head group of the surfactant is
pointing inward toward the water phase while the hydrocarbon tail is
pointing outwardintotheoil phase. Theradiusof thewater dropletisrelated
to the amount of water and surfactant. Figure 1 shows some examples of
surfactant membrane structures.

Repulsive interparticle forces are needed to prevent the particles
from agglomeration during synthesis. A common method isto dispersethe
particles by electrostatic repul sion resulting from the interactions between
theel ectricdoublelayerssurrounding the particles. Thiscan beachieved by
adjusting the pH of the solution or adsorbing charged surfactant molecules
on the particle surfaces. Such stabilization is generally effectivein dilute
systems of agueous or polar organic media, and isvery sensitiveto the pH
and effectsof other electrolytesin the solution. At theisoelectric point, the
pH where the particles have no net surface charges, agglomeration may
occur. The isoelectric point varies for different materials.
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Figure 1. Examples of self-assembled surfactant membrane microstructures. The range
of diameter: 5-100 nm for micelles and microemulsions, 100-800 nm for multilamellar
vesicles, and 3060 nm for single bilayer vesicles. Vesicle bilayers can be polymerized.

In most nonagueous solvents without significant ionization, elec-
trostatic repulsion has a lesser contribution to stabilization of particles.
Another stabilization approach involves the steric forces produced by
adsorbed surfactant on particle surfaces. Thelyophilic, non-polar chainsof
surfactant molecules extend into the solvent and interact with each other.
The interactions of non-polar chains have much less van der Waals
attraction and provide a steric hindrance to interparticle approach. For
optimized steric stabilization, thesize of surfactant moleculesmust belarge
enough to be a barrier without entangling each other. When the particles
approach one another, the stretched-out lyophilic chains of the adsorbed
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surfactant areforcedinto asmaller spatial confinement. Thisinteraction
|eads to a thermodynamically unfavorabl e decrease of the entropy of the
system, thus, the particles will be prevented from approaching each other
by thisentropic repulsion. Entropic stabilization becomeseven morestable
whenthetemperature of thedispersionisincreased. Steric stabilization can
occur inthe absence of electric barriersandiseffectivein both aqueousand
nonaqueous media. It is also less sensitive to impurities or trace additives
than electrostatic stabilization and is particularly effective in dispersing
high concentrations of particles.

Dry, high-surface-area powders agglomerate by van der Waals
forces and hydrogen bonds. When these agglomeratesneed to beusedin a
dispersed form during subsequent processing, deagglomeration can be
achieved by breaking the agglomerates using methods such as milling or
ultrasoni cationinan appropriatesol vent containing asuitablesurfactant for
dispersion.[*® The deagglomerated powders may then be carried out in a
liquid for further processing such asinjection molding and polymer-based
casting.

2.3 Metals, Intermetallics, Alloys, and Composites

Fine metal particlesare used in el ectronic and magnetic materials,
explosives, catalysts, pharmaceuticals, andin powder metal lurgy. Inchemical
synthesisof metal powders, many reducing agentssuch assodiumformate,
formic acid, borohydride, sodium hydrosulfite, and hydrazines can be used
inagueousand nonaqueousmedia. Because of highreactivity of nanostruc-
tured metalsduetothelarge surface area, specia care must betaken during
washing, filtering, and drying of nanostructured powdersto avoid hydroly-
sis or oxidation.

Aqueous M ethods. Water has a high permittivity which makesit
a good solvent for polar or ionic compounds. Therefore, many chemical
reactionstake place in aqueous media. Precious, el emental metal powders
for electronicapplicationscan be prepared by adding liquid reducing agents
to aqueous sol utions of respective salts at adjusted pH.[2% Nanostructured
amorphous aloys, or crystalline aloys, and composites can also be pre-
pared using agueous chemistry. For exampl e, agueous potassium borohy-
dride reduction was used to make ultrafine amorphous Fe-Co-B alloy
powders for applications in ferrofluids and magnetic memory systems.[?4
Theamorphous phase wasformed when the reaction was carried out below
the glass transition temperature and stabilized by a high concentration of
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boron atoms. The reaction medium often dictates the kind of product(s)
formed. When sodium borohydride was used to prepare Co-B alloy, the
solvent had an important role in determining the final product. In the
agueous case, nanoscale Co,B particles were the primary product,?2
whereas, inthenonaqueousreduction of Coionsindiglyme, nanostructured
Co particleswereformed.[23 A queousand nonaqueousborohydridereduc-
tion were also used to synthesize nanoparticles of Fe, FeB and Fe,B.[4

Metastabl e phases can be formed by fast kineticsin achemi-
cal reaction. For example,iron and copper areimmisciblein the equilib-
riumstate. M etastabl e all oys of Fe-Cu can be synthesized using far-
from-equilibrium processing techniques such asvapor phase quenching or
mechanical alloying. Nanocrystalline Fe,Cu,q,, (X is at%) alloys and
composite powders were synthesized by reducing aqueous solutions of
ferrous chloride and cupric chloride (in various molar ratio) by sodium
borohydride solution.[? The reaction was carried out at room temperature
with stirring for only 5 min. The ratio between Fe and Cu atoms was very
close to that in the original aqueous solutions. When x = 40, only fcc
metastable alloyswere formed. At higher Fe concentration such asx about
70, phase separation of fcc-Cu and bee-Fe took place. The formation of
Cu,0O was observed and its concentration scaled with that of Cu. The
powders were agglomerates of nanocrystallites. The crystallites were
between 30 to 45 nm for alloys, and between 10 to 15 for Fe and 30 to 40
nmfor Cuinthecomposites. As-synthesi zed all oyswere magnetically soft
with coercivities ranging from 10 to 40 Oe, due to the lack of nearest
neighbors interaction in solid solutions. As-synthesized composite pow-
dershad coercivity as high as 400 Oe. The formation of crystalline phases
was controlled by decreasing the boron concentration inthe powderswhen
ahigher molarity of borohydride was used in the reaction.

Another example is the Co-Cu systems that form terminal solid
solutions. Nanostructured Co, Cu, o, Powdersweresynthesized by sodium
borohydride reduction of agueous cobalt and cupric chloride solutions.[2!
As-synthesized powderswere amixture of fcc and amorphous phases. The
concentration of amorphous phase increased with the ratio of Co/Cu. The
annealed powders phase separated to fcc-Co and fee-Cu at about 500°C.
Annealingledto significant surfacesintering and somegraingrowth (grain
size about 30 to 40 nm), and boron impurity was found to segregate at
surfaces of sintered powders. The coercivity behavior of the powders,
similar to that of nanostructured Co-Cu films prepared by annealing
sputtered alloy films, increased with annealing temperature to amaximum
of 620 Oe.
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Although the agueous approach to making metal powders is not
new, its use in the synthesis of nanoscale metal powders requires special
attention to avoid undesirable contaminated products. Impurities such as
saltsand other reaction by-products may not be completely removed, even
by repeated washing procedures, if they are entrapped inside the particles
or agglomerates during a fast and ill-controlled reaction. Washing to
remove soluble salts may result in hydrolysis and oxidation of metal
particles. Subsequent drying often requires vacuum-assisted proceduresto
avoid oxidation.

Nonaqueous M ethods. Many reactants and reducing agentsused
in aqueous synthesis of nanoscale metal particles can also be used in
nonagueous solvents for the same purpose. For example, sodium borohy-
dride can be used to reduce copper chloride in tetrahydrofuran (THF) to
prepare nanostructured Cu particles. Similar to the aqueous approach,
residual saltsneedto beremoved fromtheproduct. A nonagueoussynthesis
method known asthepol yol processhasbeen used to makefinely dispersed
singleelemental metallic particlessuch asCu, Ni, and Cointhemicronand
submicron size range.?! In this method, precursor compounds such as
oxides, nitrates, and acetates are either dissolved or suspended in ethylene
glycol or diethyleneglycol. The mixtureisheated to reflux between 180°C
and 194°C. During the reaction, the precursors are reduced and metal
particles precipitate out of solution. Submicron size particles can be
synthesized by increasing the reaction temperature or inducing heteroge-
neousnucleationviaaddingforeignnuclei or formingforeignnuclei in-situ.
The reaction temperature affects the nucleation and growth in the produc-
tion of submicron gold particles.?8l A higher temperature favored the
nucleation step and this, in turn, favored the monodispersity of particles
when more nuclei were formed. Nanocrystalline powders such as Fe, Co,
Ni, Cu, Ru, Rh, Pd, Ag, Snh, Re, W, Pt, Au, Fe-Cu, Co-Cu, and Ni-Cu were
also synthesized using this method!29-136] with different salt precursors. In
many cases, theuseof nucl eating aidsto assi st theformation of nanoparticles
was not required.[??33 Figure 2 showstherel ationship of averageparticle
sizeand refluxingtemperature of various powdersand filmssynthesized by
the polyol method.

For example, nanostructured powders of Co,Cu,gg.,(4< X < 49
at%)[31132 were synthesi zed by reacting cobalt acetate tetrahydrate and
copper acetate hydrate in various proportions in ethylene glycol. The
mixtureswererefluxed at 180-190°C for 2 h. The powders preci pitated out
of solution, and were subsequently collected and dried. The reaction rate
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was slower and the reaction timewas much longer than that of the aqueous
borohydridereduction for Co-Cu synthesisdiscussed above.[?8! Inthiscase,
slower kineticsdid not favor formation of ametastablesolid solution. Since
Cu was more reducible than Co, nucleation of Cu occurred first, and Co
subsequently nucleated on Cu crystallites. X-ray diffraction, often
conventionally used to study alloy formation, showed some evidence to
suggest that metastable alloys could have formed. Diffraction peaks dueto
fcc Cu were detected in all samples with different copper concentrations,
but Co diffraction peakswere not detected until x = 19 at%. To confirmthe
structure of powders, studies of the local atomic environment were per-
formed using extended x-ray absorption fine structure (EXAFS) spectros-
copy and solid-state nuclear magnetic resonance (NMR). Theresultsfrom
these investigations and vibrating sample magnetometry (V SM) ruled out
the formation of metastable alloys, but confirmed the synthesis of
nanocomposites of Co-Cu. The powderswere agglomerated (Fig. 3), asin
the case of powders prepared using aqueous borohydride.
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Figure 2. Average particlesizevsprocessing temperaturefor somemetals prepared using
the polyol method.
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Figure 3. A TEM (transmission electron microscopy) micrograph of CoCu powders
synthesized by the polyol method.

The polyol method has also been shown as a useful preparative
technique for the synthesis of nanocrystalline alloys and bimetallic clus-
ters.[37139 Nanocrystalline Ni ,Cu,5 powderswith grain size of 8 nmwas
prepared by reducing acetates of nickel and copper in ethylene glycol
without nucleating agents.[?°I2% The diffraction peaks of Ni,sCusys fol-
lowed Vegard' slaw of solid solution. Nickel clusterswere prepared using
Pt or Pd asnucl eation agents.!*! Thenucl eating agent wasadded 10 minutes
after the nickel-hydroxide-PV P-ethylene glycol solution began refluxing.
The Ni particle size was reduced from about 140 nm to 30 nm when a
nucl eating agent was used. Reduction of particle size was also obtained by
decreasing the nickel hydroxide concentration and by the use of PVP.
Nickel prepared without nucl eating agents had an oxidation temperature of
370°C. Smaller nickel particles synthesized with nucleating aids oxidized
at alower temperature of 260°C, as expected from the higher surface area
of finer particles. Desorption studies showed the adsorbed surface species
were CO moieties and H,O, and nitrogen—containing species were not
observed. Thisindicated that ethyleneglycol, not thepolymer, wasadsorbed
on the surface of particles. The ethylene glycol had only ahalf monolayer
coverage. When this protective glycol was completely removed from the
surface, oxidation occurred. The Ni-Pd and Ni-Pt particleshad a 7-9 nm
Pd nucleus and a 6-8 nm Pt nucleus, respectively. Oxidation studies
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showed that some alloying of Ni with Pt occurred. Cobalt nickel alloys
of 210to 260nm particlesizeswereal so prepared using either silver oriron
as nucleating agents.[*3[3¢] The CoNi alloy particles had densities and
saturation magnetizations close to the bulk values, and showed a shift to
higher resonance frequencies as the Co/Ni increased. This was also ob-
served in the Fe-Co-Ni particled®® that were 50-150 nm in size.

Polymer protected bimetallic clusters were also formed using a
modified polyol process.[3113° The modification included the addition of
other solvents and sodium hydroxide. In the synthesis of Cu/Pt or Cu/Pd
which had average diameters between 1-2 nm, copper sulfate, PVP, and
ethylene glycol were mixed with either palladium acetate in dioxane or
chloroplatinicacidinwater. Sodium hydroxidewasal so addedtotheglycol
solution. The glycol and organic solvents were removed from solution by
acetoneor filtration. It was found that PV P did not protect the Cu particles
from agglomeration and clusters were not formed. The Cu particles had
sizes ranging from 3-250 nm. In the case of platinum group metals,
monodispersed cluster formation was reported. Monodispersed clusters of
Cu/Pt or Cu/Pd were formed, and Pt or Pd was found on the surface of
clusters. Thebimetallic clustershad asingle catal ytic activity and sel ectiv-
ity over monometallic speciesfor the same catalytic reaction. For example,
when Cu/Pd clusterswere used ascatal ystsin hydration of acrylonitrile, the
only product detected was acylamide, and cyanohydrin was not formed.
This showed a 100% sel ectivity for amide formation using this bimetallic
catalyst, whereas Pd clusters showed no catalytic activity for the same
reaction.

Compared to agueous methods, the polyol approachresultedinthe
synthesis of metallic nanoparticles protected by surface adsorbed glycal,
thus minimizing the oxidation problem. The use of a nonagueous solvent
such as the polyal also further reduced the problem of hydrolysis of fine
metal particles that often occurred in the aqueous case.

Sonochemical Methods. Ultrasound has been used in chemical
synthesis of nanostructured materials. High energy sonochemical reac-
tions, without any molecular coupling of the ultrasound with the chemical
species, are driven by the formation, growth and collapse of bubblesin a
liquid. Thisacoustic cavitation involvesalocalized hot spot of tempera-
ture of about 5000 K, a pressure of ~1800 atm and a subsequent cooling
rate of about 10° K/sec, due to implosive collapse of a bubble in the
liquid.[*9 Generally, volatile precursorsin low vapor pressure solventsare
used to optimize the yield. Ultrasonic irradiation is carried out with an
ultrasound probe, such as atitanium horn operating at 20 kHz.
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Nanostructured particles for catalytic applications were
sonochemically synthesized using volatile organometallic precursors.!4l
These powders had a surface area which was over ahundred times greater
than powderscommercially available. Thesonicationwastypically carried
outfor 3hat differenttemperaturesininert argon atmosphere. For example,
3-8 nm amorphousiron particles on silica support were synthesized at
20°C fromiron pentacarbonyl [Fe(CO);], decane and silicagel. Porous
aggregates of 10-20 nm particles of Fe-Co alloys were prepared at 0°C
from Fe(CO);, Co(CO3)(NO) and decane. Porousaggregatesof 2nmMo,C
particles were obtained by heat treating the precursor powders
sonochemically synthesized from molybdenum hexacarbonyl and
hexadecane at 90°C. These high-surface area nanostructured materials
were active heterogeneous catalysts for hydrocarbon reforming and CO
hydrogenation. The use of volatile carbonyl compoundsrequiresthe use of
equipment that handles air-sensitive chemicals.

A conventional coarse-grainedintermetallicsuchasMoSi,islimited
by itsbrittlenessat normal environmental temperatures, despiteitsattractive
properties such as low density, high temperature strength and oxidation
resistance. Nanostructuredintermetallicsoffer promising potentialssuchas
improvedductility, strength and fracturetoughness. Co-reductionof MoCls,
SiCl,, andNaK alloysinhexanewascarried out sonochemically tosynthesize
precursor powders of MoSi,.[*? Enhanced mixing and reactions of the
reactantsof heterogeneousmixtureswereachieved by ultrasoundirradiation.
Instead of afew days that are conventionally taken for such reaction, the
ultrasound-driven synthesiscan becompletedinafew hours. Theprecursor
powderswerethenannealedinal ow vacuumat 900°Cto sublimeimpurities
of NaCl andK Cl, andtoform nanocrystallineM oSi, particles. Bothlow and
hightemperaturephasesof MoSi, werepresent. Thecrystallitesizewasinthe
rangeof 16-31 nm, depending onthetimeof heat treatment. Thesepowders
wereconsolidated using hot pressingand hot i sostati c pressing under various
conditions. Although nanoscal e grain size wasretained without significant
grain growth during consolidation, asignificant amount of porosity (about
20%) persisted. The microhardness and compression strength of consoli-
dated sampl eswere higher than coarse-grained materials. However, perhaps
due to high porosity, improvement of low temperature ductility was not
observed. Itwasnoted that scaling up the powder productionfroma5b g-batch
toalarger quantity resultedinincorporation of Si-deficientimpurity phases
of silicides. It was suggested that impurities were formed because of
incompletemixinginthelarger batch solution. Thisexampleshowedthat,
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in chemical synthesis of materials, parameters for production of alarge
guantity may not be linearly scaled with that used for a smaller quantity.

Precursor Methods. As previously described, the conventional
approach to making alloysand compositesistofirst grind and mix thesolid
precursors using some mechanical means, and then carry out appropriate
chemical reactionsto obtain final products. The communition and mixing
in solid state are generally limited to submicron level. Consequently,
material diffusion in chemica synthesis is limited to this spatial scale,
which has a direct influence on the time and temperature of reactions and
the final chemical homogeneity of the product. With great efforts such as
high energy milling, solid state mixing of constituents at the atomic scale
ispossible. If the precursors can be mixed at theatomic level, the synthesis
reactions can be carried out at shorter times and reduced temperatures due
to the shorter distance for material diffusion. Intimate contact of constitu-
ents at the atomic scale also provides a better means to control the
stoichiometry and homogeneity of thefinal product. These advantagesare
the motivation for synthesizing precursor materials which have the con-
stituents as atomic neighbors (for example, as in a compound). These
precursors are subsequently subjected to thermo-chemical reactions to
synthesizealloysand compositeswithimproved propertiescomparedtothe
same materials obtained by traditional solid state reactions.

Organometallic Methods. An organometallic compound is one
which has a direct metal to carbon bond. Advantages of using organome-
tallic compoundsarethat precursors can be madethat havethe constituents
in molecular proximity to each other and that can be decomposed at
relatively low temperatures to form the final product desired. These
reactions can be used in fine chemical synthesis. The biggest disadvantage
of thisapproach isthat most of the reactionsinvolveair sensitive reactants
as well as the final precursor, therefore, the glove box or schlenck line
techniques must be used. Because of the air-sensitive nature of some of the
reactants, greater care must also be taken in preparation of solventsand the
choice of atmospheres. Generally, organometallic routes produce only
small amounts of material.

There has been a renewed interest in the synthesis of magnetic
nanoclusters with unique properties such as enhanced magnetization.[*?!
Cobalt nanoclusters has been prepared by reduction of organometallic
compoundsof Co(n3-CgH;3)(n4-CgH,,) inhydrogen and inthe presence of
PVP.[*I Dried colloids were non-interacting superparamagnetic particles
with enhanced magnetization relative to that of bulk value. By varying the
decomposition temperature, the size of particles could be controlled.
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Organometallic precursorswere also used to prepare other colloidal metals
with a variation of size and structure. For example, cuboctahedral and
icosahedral platinum nanoparticles of 1.2—1.5 nm were stabilized by CO,
CO and THF, or CO, PPh3 and THF.I*?l Using CO aone or with THF
stabilized the cuboctahedral structure. Whenthe phosphineligand wasal so
incorporated into the synthesis, the icosahedral structure resulted.

Multicomponent materials can be prepared using precursors syn-
thesized from solution chemistry. For example, conventional M50 steel
(with atypical chemical composition of 4.5% Mo, 4.0% Cr, 1.0% V, 0.8%
C, and balance of Fe, inwt%) isextensively used as main-shaft bearingsin
aircraft gas turbine engines because of its good resistance to wear and
tempering, and rolling contact fatigue. The large carbide particlesin these
materials serve asthe fatigue crack initiation sites. Nanostructured M50
steel materials with smaller carbides and grain size are expected to have
enhanced properties because of the reduction of flaw size of carbides and
matrix grain size. Nanoscale precursor powders of M50 type steel for
bearing applications have been chemically synthesized by either ther-
mal decomposition of organometallic precursors or co-reduction of metal
halides.!“6ll471 Thermal decomposition of Fe(CO)s, Cr(Et,CsHg.)
Mo(Et,CsHe..),, and V(CO)g was carried out in decalin. In co-reduction,
sodium borohydride or lithium triethyl borohydride was used to reduce
FeCl;, MoCl;, CrCl, and VCl;in THF. Impurity by-products such asNaCl
or LiCl were removed by sublimation at about 950°C and 700°C, respec-
tively. Thethermal decomposition of organometallic precursorswaseasier
and more cost efficient to scale up for the production of large quantities of
these precursor powders, and it did not produce residual impurities that
would require removal at higher temperatures prior to powder consolida-
tion. Thestructural and microstructural devel opmentsof the powderswere
controlled by subsequent consolidati on such ashot pressing or hot-isostatic
pressing. During consolidation, amorphousprecursor powderstransformed
to nanocrystalline M50 type structure with precipitation of carbides, and,
simultaneously, pressure—assisted sintering and densification of powders
occurred.

The consolidated bulk samples, obtained by hot pressing the
amorphous precursor powders between 700°C and 850°C at 275 MPafor
0.5to 2 h, comprised amatrix of a-Fe with agrain size ranging from 5 to
70 nm and clustersof 10 nm Mo,C precipitates. L arge precipitates of about
100 nm were located at the triple point grain boundaries of smaller matrix
grains. Smaller carbide precipitates within large matrix grains had little
effect on preventing grain growth. The consolidation results, using hot
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pressing and hot isostatic pressing, indicated that increasing pressure and
pressing temperature did not havesignificant effect on reducing thedensity
of porosity (about 5%) in all samples. Both normal and abnormal grain
growth of matrices and precipitates occurred with increasing temperature.
The retention of nanostructures in powder consolidation of multicompo-
nent engineering materials with full density at a practical pressure range
remainschallenging. Preliminary mechanical propertiesof nanostructured
M50 compacts showed improved hardness and yield strength.[*?]

Nanostructured powders of Ni/Cr aloys for wear and corrosion
resistance applications were prepared using chemical precursors. Reduc-
tive decomposition of an organic solution of metal chloride by sodium
triethylborohydride led to coprecipitation of nanoscale mixed powders of
Ni and Cr. Theseamorphous powderswere subsequently anneal ed at about
300°CtoformnanocrystallineNi/Cr alloy powderswith grain sizebbetween
10 to 18 nm. When the precursor powders were washed in deoxygenated
water to remove by-product of NaCl, the formation of Ni-Cr,O5 powders
was observed after heat treatment. The oxidation of Cr was believed to be
caused by reactionsinvolving chemisorbed O-H groupsof water on powder
surfaces. When the precursor powder surfacewas passivated by deoxygen-
ated mineral oil before washing, oxidation of Cr did not take place during
heat treatment. It was suggested that a protective surface carbide due to
chemisorbed C-H groups from the mineral oil was formed. Carburization
of precursor powdersin methane at about 880°C resulted in formation of
nanostructured Ni-Cr4C, cermet powders. The grain size of Ni and Cr3C,
was 18 and 30 nm, respectively.l*9

Refractory carbidecompositesfor cuttinganddrillingtool sandwear
parts such as WC-Co were prepared using a precursor approach. The
precursor Co(ethylenediamine);WO, was synthesized by agueous precipi-
tation of CoCl, and H,WO,inethylenediamine. Nanoporousand nanophase
W-Co powders were obtained by reductive decomposition. Carburization
using CO,-Co gas converted W-Co to WC-Co powders.*® Homogeneous
molecular precursor powders containing W and Co mixed on the atomic
scalewereal so synthesi zed by agueous copreci pitation of sodiumtungstate
[(NH,),WO,] or ammonium metatungstate [(NH ) g(H,W1,0,0)] witham-
monium salts of di-cobalt anion [(H,Co,W,;,0,)%].5Y The synthesized
precursor salt[(NH,)g(H,Co,W,,0,4)] wassubsequently reducedinH, and
carburized in amixture of H,/CH, to obtain WC-Co cermet powders, with
particle sizes of 70-300 nm. After the powdersweresintered, grain growth
led to the final microstructures of 0.5 pm.
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2.4  Ceramics

Chemical methods such as precipitationl?[52 and sol-gel process-
ingt41531-%%] can be used to synthesi ze nanostructured ceramic powders. As-
synthesized powders, depending on the synthesis technique used, may
require subsequent heat treatment for dehydration, removal of organics,
and controlled crystallization to form oxides with desirable structure and
crystallite size.

Hydrolysis. Generally, precipitation from solution involves the
formation of an insoluble hydroxide which can then be converted to its
oxide by heat-assisted dehydration. Chemical techniquesfor production of
monodispersed colloidal particles (with particle size larger than submi-
cron) has been extensively investigated.!>® For example, metal (hydrous)
oxide particleswere synthesized by forced hydrolysisinvolving controlled
deprotonation of hydrated cations. Coated colloidal particles can also be
prepared using forced hydrolysis. By controlling hydrolysis of aluminum
salts where solute complexes were formed instead of precipitation, par-
ticles such as hematite, chromia, and titania were coated with a layer of
aluminum (hydrous) oxide.®! The deposition of coating occurred by
surface precipitation, which was controlled by available surface area of
particle substrate and concentrations of complexes forming the coating.
Thethickness of coating was varied by mass parameters and reaction time
of the process.

Hydrother mal. In hydrothermal techniques, the reaction mixture
is heated above the boiling point of water in an autoclave or other closed
system and the sample is exposed to steam at high pressures. The precipi-
tation of zirconia under hydrothermal conditions yields powders that
have a narrow size distribution and a controllable composition and
morphol ogy.!58 Hydrothermally treated Zr(SO,), at 250°C inthe presence
of either MgSO, or (NH,),SO, |led to the formation of acicular monoclinic
zirconia. The zirconia particles have particle dimensions of 0.3 to 1.3
micronsin length and 0.1 to 0.2 micronsin width.

Sol-Gel Methods. Sol-gel processing is not a new technique. As
early asthe mid 1800s, it was reported that silicon tetrachloride, when left
standing in an open container, hydrolyzed and turnedinto agel.[>160 After
thistime, biologistsdid much of thework with gelsand colloids. Intheearly
1930s, aerogels were discovered.[®! Since the 1950s, sol-gel techniques
have been used for phase equilibrium studies which opened up thefield of
ceramics.[62-6%]
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Sol-gel processes can be used to prepare a variety of materials,
including: glass, powders, films, fibers, and monoliths. Traditionally, sol-
gel process involves hydrolysis and condensation of metal alkoxides.
Metal alkoxideshavethegeneral formulaM (OR), andanalkoxideionisthe
conjugate base of an alcohol. The general synthesis of metal alkoxides
involves the reaction of metal species (a metal, metal hydroxide, metal
oxide, or metal halide) withanal cohol . M etal alkoxidesaregood precursors
because they readily undergo hydrolysis; that is, the hydrolysis step
replaces an alkoxide with a hydroxide group from water and afree alcohol
isformed.

Eq.(1)  M(OR), +H,0 — M(OR),_,(OH) + ROH

Once hydrolysis has occurred the sol can react further and condensation
(polymerization) occurs.

Eq.(2)  2M(OR),,(OH) — (RO),;M-O-M(OR),_,OH + ROH
Eq.(3)  2M(OR),.4(OH) — (RO),;M-O-M(OR),, + H,0O

Itisthese condensation reactionsthat leadto gel formation. In condensation
two hydrolyzed fragments join together and either an alcohol or water is
released (Egs. 2 and 3). Condensation occurs by either nucleophilic
substitution or nucleophilic addition.

Factorsthat need to be considered in asol-gel process are solvent,
temperature, precursors, catal ysts, pH, additives, and mechanical agitation.
Thesefactors can influence the kinetics, growth reactions, hydrolysis, and
condensation reactions.!>® The solvent influences the kinetics and confor-
mation of the precursors, and the pH affects the hydrolysis and condensa-
tion reactions. Acidic conditionsfavor hydrolysis, which meansthat fully
or nearly fully hydrolyzed species are formed before condensation begins.
Under acidic conditions there is a low crosslink density which yields a
denser final product whenthegel collapses. Basic conditionsfavor conden-
sation reactions, therefore, condensation begins before hydrolysisis com-
plete. The pH also affects the isoel ectric point and the stability of the sol.
These, in turn, affect the aggregation and particle size. By varying the
factorsthat influencethereaction rates of hydrolysisand condensation, the
structure and properties of the gel can be tailored.

Sol-gel routes can be used to prepare pure, stoichiometric, dense,
equiaxed, and monodispersed particles. For example, amorphous TiO,



22 Chapter 1 - Chemical Synthesis and Processing

particles with average particle size of 0.07 to 0.3 um were prepared by
controlled hydrolysis of titanium tetraisopropoxide.¥ Monodispersed
amorphous powders were synthesized using titanium tetraethoxide,
whereonly homogeneous singl e nucl eation occurred without floccul ation.
Depending on the reaction kinetics and subsequent post-synthesi s aging of
particles derived by sol-gel, nanoscale oxide particles can be amor-
phous or crystalline. These nanostructured oxide particles can be carbur-
ized or nitrided to form non-oxide powders at reduced temperatures and
shorter reaction time due to the significant amount of highly active
surfaces.

For example, nanostructured AIN powders for thermal manage-
ment in electronics applications were synthesized by nitridation of oxide
precursor powders.!%7168 The oxide powders were prepared by hydrolysis
of aluminum tri-sec-butoxide at room temperature to favor precipitate
formation instead of gel formation. The dry precursor (AIOOH) powders
were calcined and subsequently nitrided in ammoniaat temperaturesup to
1100°C for 10 h. Since small particles favored the diffusion-controlled
nitridation kinetics, nanostructured AIN powders were synthesized at
temperatures of 400 to 600°C lower than that used in conventional
carbothermal nitridation or direct nitridation of large grained oxide or
aluminum powders. Nitride formation wasfavored when the oxide precur-
sor powders were either amorphous or highly disordered. Commercially
availablenanocrystallinealuminapowderscould not befully nitrided under
the same nitridation conditions used for the sol-gel derived amorphous
precursors. As-synthesized AIN powders were consolidated by pressure-
lesssintering. Significant densificationwasobservedfor thesenanostructured
AIN powders when compared to the sintering of commercial coarse-
grained AIN powder under the same conditions. This result is expected
from nanosized powders of high-surface area (specific surface area is
inversely proportional to the particle size). However, fully dense nano-
structured AIN bulk solids could not be obtained by pressureless
sintering due to adverse agglomeration of powders with a mixed pore
size. The agglomerated powders contained pores with a random size
distribution, and the largest of these pores hindered sintering to higher
density.

It should be noted that this sol-gel process is particularly
attractive for the synthesis of multicomponent particles with binary or
ternary compositions using double alkoxides (two metals in one mol-
ecule), or mixed alkoxides (with mixed metal oxane bonds between two
metals). Atomic homogeneity is not easily achieved by coprecipitating
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colloidal hydroxides from a mixture of salt solutions since it is
difficult to construct double metaloxane bonds from metal salts.[>
Hybrid materials such as metal -oxide, organics-oxide can be prepared
using the sol gel approach. For example, controlled nanoheterogeneity
can be achieved in metal/ceramic nanocomposites.!®® A solution of
metal salt, (RO);Si(CH,);A (A isfunctional organic group) and Si(OR),
was used in sol-gel processing. Theethylene diamine derivative such as
(RO);Si(CH,)3sNHCH,CH,NH,(DIAMO) was used to form stable com-
plexes with most transition metals. The complexation of metal ions and
anchoring of theresulting metal compl exestotheoxidematrix took place. The
oxidation of themetal complex containing gelswasthen carried out at high
temperatures and resulted in formation of composites of nanoscale metal
oxide particles in an oxide matrix. Reduction of metal oxide particlesin
hydrogen provided the metal -ceramic nanocomposite powderssuch asCu
(<5nm)insilica. Themeta particles, afew nanometersin sizewith avery
narrow size distribution even for high metal loading, were statistically
distributed in the oxide matrix without any agglomeration, as a result of
anchoringthemetal complexestotheoxidematrix. Thenarrow particlesize
distribution could not be achieved if the sol-gel processing was performed
without compl exation of metal ions.

Hybrid organic-inorganic material s can also be prepared by sol gel
approach. These materials can be divided into three types:

1. Organics used to impregnate a porous oxide gel

2. Organics incorporated into the liquid sol-gel solution
and subsequently trapped in the oxide matrix after
gelation

3. Organics which react with the sol-gel precursors in
solution and subsequently form chemica bond to the
oxideafter gelationl ™!

Other nanostructured hybrid materials such as nanoconfined pro-
teinsand enzymeswere prepared by encapsulation of biomoleculesin sol-
gel processing.[”! It was found that the dopant biomolecules served as
templates for the formation of self-specific pores around them. The stable
bi omol eculeswere accessi bletotheexternal environment duetotheporous
nature of the oxide matrix, and biorecognition of the hybrid materialswas
feasible.

Multicomponent gels can be thermochemically converted to form
nanocompositenitride powders. For example, aprecompositegel, prepared
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by reacting iron chloride hexahydrate, urea, boric acid in water under
strongly basic conditionsat 150°C, wasreacted inammoniaat 500°C to
obtain Fe,N/BN (x = 3 or 4) nanocomposite powder.l’? Similarly,
AIN,BN 5.« (0 < x < 100) nanocomposite powders were synthesized by
pyrolysisof theprecompositegel s(with aluminum chloridehexahydrateas
Al source) inammonia.l”3 The compositional and thermal effects on these
AIN-BN nanocomposite powders were studied.[” It was found that BN
wasamorphouswhenitsconcentration wasbel ow 35mol%. For higher BN
concentrations, mixtures of amorphous and turbostratic-BN were ob-
served. Annealing the powders led to a more ordered hexagonal BN
phase. | ndependent of compositions, graingrowth of AIN (bothnormal and
abnormal) and BN occurred. Both crystallitesretained their nanometer size
up to 1600°C. The normal grain growth of AIN phase wasimpeded by the
second phase of immobile inclusion particles of BN. When normal grain
growth of AIN was inhibited by inclusions, only large AIN grains with
boundary curvatureslarger than average could movepast theinclusions. As
aresult, larger grains experienced exaggerated grain growth. Theseresults
indicated that initial crystallization of AIN in the composite powders
produced grains with a mixed size distribution.

Non-Hydrolytic Sol-Gel. In non-hydrolytic sol-gel methods, the
traditional hydrolysis and condensation reactions are replaced by direct
condensation reactions or transesterification reactions. The reaction may
bedirect condensation of metal halideand alkoxides "7l or condensation
of a metal alkoxide and a metal carboxylate.’”l The transesterification
reactioninvolvesreacting atrialkylsilyl acetate and ametal alkoxide. Non-
hydrolyticreactionsdo notinvolvewater or polar solvents. Inthetraditional
sol-gel methods, the condensation reaction may be reversible and special
efforts are required to completely remove water or polar solvents.

2.5 Host-Derived Hybrid Materials

Porous or layered ceramics can be used as host materialsin which
nanoparticles are synthesized. The resulting hybrids may have novel
propertiesdueto the microstructure of thehost. For example, mineralssuch
as silicate and aluminosilicate can form unique structures. Continued
linking of these structures forms a complex framework that contain
mesoscopic pores and channels known as zeolites. Zeolites, in natural or
synthetic forms, are aluminosilicates with a three dimensional structure
(Fig. 4). Thebasic unitsof thezeoliteframework aretetrahedraof SiO,and
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Figure 4. A general zeolite structure. (Courtesy of Dr. Y. W. Lee, Defense Science Organization National Laboratories, Republic of Sngapore.)
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AlO,. Thesetetrahedraare linked through corner oxygen atomsand create
the three dimensional structure. These pores and channels can be used as
molecular sieves, ion exchange medium, and catal ysts.

Transition metal clusters can be chemically deposited in supports
of zeolites and other layered minerals for catalytic applications. For
example, manganese oxide octahedral molecular sieves (OM S)I78179] with
MnOg octahedra as structural units were synthesized. The size of tunnel
structures, ranging from 0.4-1 nm, wasvaried by using cationsastempl ates.
One such compound, based on the hollandite structure, consists of two
sheets of MnOg octahedrajoined at edgesto form a2 x 2 tunnel structure
with Ba?* as the countercation in the tunnel. OMS-1 is a 3 x 3 tunnel
structure similar to todorokite with a0.69 nm tunnel. OMS-2 is similar to
cryptomelane, a2 x 2 tunnel structure with K* asthe countercation. These
structures showed a unique catalytic activity. Besides tunnel structures,
layered materials (OL) can aso be formed by the MnOg sheets. The
synthesis conditions®! were adjusted to form different tunnel sizes. For
example, thermally treating the Ba-OL material led to hollandite ( 2 x 2
tunnel) but hydrothermal treatment resulted in formation of a2 x 3 tunnel
structure.

By changing thetunnel size, it ispossibleto changethe electronic,
catalytic, and structural properties of the molecular sieves. Thermal prop-
erties and the average oxidation state of the Mn depended on synthetic
conditions.!”™ For example, oxygen evolution of hollandite prepared by
refluxing occurred at 300°C, whereas, inthecal cined samplethisevolution
took place at 900°C. Calcining resulted in astructure with alower average
Mn oxidation state (3.68), compared to that obtained by refluxing (3.80) or
autoclaving (3.94). Thelower oxidation state indicated there existed more
Mn®*or Mn?*, which hadahigher cationexchangeability. If thecountercation
was adivalent cation like copper or iron, ESR results show that there was
ahigher concentration of Mn?*. The OMSand OL structureswith divalent
cations as the countercations had different catalytic properties. For CO
oxidation, Cu-OM S-1wasmoreactivethan Cu-OL-1. Thisisduetothefact
that molecular sieve had alarger surface areain the tunnel structure with
availablesurfaceoxygen species. Besidesthemol ecul ar sievematerial sand
thelayered materials, MnOg al so formed nanofibers.[81[82 The diameter of
the fibers ranged from a few nanometers to 25 nm with lengths of tens of
nanometersto amicron. Thefibers had acryptomelanetype structure with
the general formulaKMngO,¢. Thefibersformed inabird’ snest morphol-
ogy with improved porosity (Fig. 5).
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Figure 5. A SEM (scanning el ectron microscopy) micrograph of the hollandite nanophase
MnO, “bird’s nest” structure. (Courtesy of Dr. T.D. Xiao, Inframat Corporation, USA.)

Organic materials can also be used as templates to prepare host
materials. Mesoporous transition metal oxides were synthesized using
liquid crystal templating.[®¥ These hexagonal -packed transition-metal ox-
idemolecular sieves (M-TM S-1) were based on the aluminosilcate family
MCM-41. By using transition metals instead of AlO, and SIOQ,, the
catalytic, electronic and magnetic properties could be varied because of
variable oxidation states of the metals. Two methods were used to prepare
these materials. Thefirst was a sol-gel technique where titanium alkoxide
was modified with a acetylactonate to change the hydrolysis rates before
templating with the surfactant to form the TMS. The second method
involved formation of adiscreet bond between the alkoxideand theorganic
templating material beforehydrolysis. Using the second method, materials
with ultrahigh surface areas were obtained. The phase of the material
depended on the chain length of surfactant molecules. Longer chain length
favored the formation of the cubic phase. When Nb was used as the
transition metal, the resulting compound remained stable when the surfac-
tant was removed.[®Y In this case, niobium alkoxide reacted with the
surfactant, and the Nb-N linkage controlled condensation reactions. The
resulting Nb-TM S-1 wasahexagonally packed structural analogto MCM -
41with0.27 nm poresizethat retaineditsporosity and crystallinity to400°C.

Soft chemistry (also known as chemie douce), can be used to
modify an existing compound under relatively mild conditions to pro-
duceaclosely related material. Chemiedoucewasfirst introducedinthe
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1970s.18%1186] Some of the chemical reactions that can be considered soft
chemistry include: cation exchange, dehydroxylation, redox, andintercala-
tion. M etastabl estatescan beprepared under “ soft” conditions. For example,
a guest molecule can be inserted into the host without altering the host’s
structureby intercalationreactions(Fig. 6). Layered materialssuch asclays,
graphite and MS, (M is transition metal) were used as hosts.[®”] Layered
ammonium zinc molybdatematerial swere prepared at room temperature.[88]
The molybdate material was intercalated into a calcined layered double
hydroxide (LDH). The structure of the LDH was based on edge sharing
octahedra of Mg?* forming sheets. The LDH in the carbonate form was
thermally decomposed to amixed oxideand then theanionwasintercal ated
intothemixed oxide.
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Figure 6. An example of anintercalated structure.

Another example, montmorillonite, a crystalline and expandable
hydrated layered aluminosilicate, allows cation exchange reactionsto take
placeintheinterlayersduetothecationicsubstitutionintheoctahedral sheets.
Catalytic active sites were chemically intercalated in the interlayers of
montmorillonite.[l Copper acetate hydroxide hydratein excessof theion-
exchangeconcentrationwasincorporatedinauminosilicateinterlayersusing
sodium hydroxide. The exchange of copper acetate hydroxide hydrate
interlayerspropped apart the silicate layers. Copper metal clustersof about
0.5nmwerethenintercalatedintheinterlayersby in-situreduction of copper
acetatehydroxideinethyleneglycol at refluxingtemperatureof about 195°C
for 2—6 h. The cluster size was deduced by the difference between the
thickness of silicate layer (0.96 nm) and the basal spacing of the reduced
sample(1.44nm). Intercal ation of metal clustersby hydrogenreductionwas
unsuccessful because of the collapse of the layers and expulsion of metal
complexesfromtheinterlayerstotheexternal surface.
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Nickel and silver wereal sointercalatedinto montmorilloniteusing
the polyol method.[*® When nickel was intercalated, the (100) spacing of
theclay wasincreasedto 1.69 nm. After removingtheglycol fromthesamples
by washing, this(100) spacing decreasedto 1.4 nm. Sincenickel wasdetected
both before and after removal of glycol from samples, the changeinlattice
spacing of clay wasattributedtotheintercal ation of glycol. The TEM results
showed 10 nm Ni particles, whichweremuchlarger thanthat cal cul ated from
interspacing separation. Theseparticlesincreasedto 30 nmwithincreasing Ni
concentration, and many of them were found on the surface of the clay but
notinthelayers. Whensilver wasusedtointercalatetheclay, 0.5 nmclusters
were estimated from theinterlayer separation, but 25-33 nm particleswere
seeninthe TEM. Thepolyol approachwasal so used toreducethemetal ions
encapsulated in a ceramic host to the metal particles.[3%32 A solution of
potassiumhexachloroplatinate (1) wasdopedintoana uminagel formed by
the Y olda’ s method.[®Y! The Pt doped gel was allowed to age and then heat
treated at 700°C for 2 h to form a y-alumina matrix. This y-alumina/Pt
precursor compositewassuspended and reducedin ethyleneglycol at 180°C
for 2 h. The nanocomposite of 5 nm Pt particles in aluminawas formed.

2.6  Stabilized Dispersions

In a solution with colloidal particles, solvent molecules, ions, or
electric charges may help stabilize the particles against agglomeration,
particularly for ceramic materials. In the case of metal colloids, these
factors only provide limited protection. In practice, for making stable
ceramicsand metal colloids, dispersant arecommonly used inthesynthesis
to provide more reliable stabilization. Dispersants are often surfactants.
They can adsorb on the surface or form an envelope around the particle to
provide either electrostatic or steric repulsion. For example, stable disper-
sionsof 5-15 nm Fecolloidal particleswere synthesized by thermolysis of
iron pentacarbonyl in dilute solutions of polymers.®? The functional
polymer was catalytic for the decomposition of the carbonyl and induced
particlenucleationinitsdomain. M onodi spersed Pd-Cu particlesof 3-5nm
were stabilized by poly(vinylpyrrolidone) (PVP) in refluxing the mixtures
of metal acetate precursorsand PV Pin 2-ethoxyethanol .1 M onodispersed
14nmNi powderswereprepared by reducing nickel hydroxideinthepolyol
with PVP, where PVP was used to prevent particle sintering. When both
PV P and nucleating agents such as Pd or Pt (introduced in the reaction as
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metal salts) were used, smaller particles of 30 nm were made by heteroge-
neousnucl eation.[®¥ Gold colloidsasgiant clusters®® withan averagesizeof
20 nm (+ 10%) were synthesized by reducing AuCl; with sodium citrate.
Stabilization of gold coll oidswasachieved by using awater solublederivative
of triphenylphosphine (usedin cluster synthesis). Thesenegatively charged
mol ecul esformed an envel opearound theparticlesand provided el ectrostatic
repulsion.

If dispersants are not used during synthesis and as-synthesized
particles are agglomerated, surfactants can be used in post-synthesis
processingto dispersetheagglomerated parti cles. Deagglomerationisaccom-
plished by breakingtheagglomeratesby millingor ultrasonicationinasuitable
solvent and surface-activedispersant.[%! For exampl e, agglomerated nanoscale
AIN particlesweredispersed using N-methyl pyrrolidone (NMP) and stabi-
lizedinapolyimidematrix.!%" Theproposed deaggl omerati on mechanisml®!
involvedinitial breaking of |argeagglomeratesinto smaller onesand subse-
guent stabilization of these smaller agglomerates by interactions with the
NM Pmol ecul esusing ultrasoni cati on and hi gh speed mechani cal agitation.
Poly(amic acid), a polyelectrolyte and a precursor to polyimide, was then
added and adsorbed onto the surface of AIN. A part of the polymer chain
eventually diffused into the pores of the smaller agglomerates and further
deagglomeration occurred by exfoliation. It wassuggested that mechanisms
suchasdepl etion stabilization, steric stabilization, and el ectrosteric stabiliza-
tionwereinvolved. Thepolyimide-AlIN nanocompositesshowed adecrease
of thermal expansionandincreaseof hardnessand Y oung’ smodulus, withan
increase of the AIN concentration inthe composite.

2.7 Surfactant Membrane Mediated
Synthesis

Self-assembled surfactant structures can be used as a reactor to
synthesize nanoparticles.[®! In an appropriate solution, for example, an
agueous medium, surfactant mol ecul es orient themsel ves so that contact of
thenon-polar tailsof themol ecul eswith the solventisminimized. Thepolar
headgroups of the molecules are attracted to water by electrostatic and
hydrogen bond interactions. Theseinteractionsallow the mol ecul esto self-
assemble into membrane structures with minimum energy configuration.
Self-assembly can be used to form monolayer films, Langmuir-Blodgett
films, micelles, reversed micelles, vesicles, and tubules.
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For example, glycerol monooleate, alipid with asinglefatty acid
tail and aglycerol headgroup, forms bicontinuous cubic phases with size-
controlled agueous channels that are connected in a three dimensionally
periodic network. Size-controlled 4 nm Pd nanoparticleswere synthesized
by apolyol type reaction of asolution of tetrachloropalladate and glycerol
monool eate.[1%% The hydroxyl groups in the glycerol headgroup reduced
the metal salt to metal at room temperature. The narrow aqueous channels
of the bicontinuous phase constrained the particle size of Pd.

Membrane structures such as reverse micelles and vesicles can be
used as nanoreactors to synthesize metallic and ceramic nanoparticles.
Precipitation can be carried out inside the hollow compartments of mem-
brane structures. Compared to bulk precipitation, better chemical homoge-
neity is achieved since the reactions occur in a better controlled environ-
ment. Thesizeof themembranestructurescan bemanipul ated to control the
particle size and size distribution. The particlesare encapsulated inside the
membraneand areprevented from agglomerationwith other particlesby the
membrane which acts as a barrier. Since it is possible to incorporate
functional groups on vesicle surfaces, nanoparticles may be carried inside
functionalized membranesfor targeted applications.

Reverse micelles (sometimes known as water-in-oil
microemulsions) are a single layer of surfactant molecules entrapping
solubilized water poolsinahydrocarbon solvent. Thesize of thewater pool
depends on the amount of entrapped water at a given surfactant concentra-
tion. Nanoscale metal colloids such as Cu,*%U Au,[*%2 and semiconductors
such as CdSe!1%! were made using the reverse micelle method. Ceramic
particles can be prepared by sol-gel reactions in microemulsions.!104(10°]
By using w/o techniques with the Stober synthesis of silica,[20®l
monodispersed spherical silicaparticlesweresynthesized. It wasfound that
the hydrolysis rate was the rate-limiting step when a microemulsion was
employed. By changing the ratio of concentration of water to surfactant
and thusthe size of water droplet nanoreactor, the particle size of silica
wasvaried. Ternary and quaternary nanostructured mixed oxidessuch as
BaTiO3, BaZrO;, SITiO;, and Ba,Sr,, TiO; were also synthesized in
microemulsions.[17]

Vesicles are closed bilayer membrane assemblies. Multilamellar
vesicleshavediametersintherangeof 100800 nm. Singlebilayer vesicles
are30-60 nmindiameter. Sonication or extrusion can beusedto control the
vesicle size. Extrusion, however, islimited by preparation of only asmall
guantity of vesicles. Vesicles are more stable than micelles. Nanoscale
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oxide particles can be synthesized using the vesicle-mediated approach.
Metal ions and lipid mixtures form vesicles upon sonication. After
removal of exogenous ions, anions are added and allowed to diffuse
through the membrane layers and intravesi cul ar precipitation occurs. Due
to preferential anion diffusion acrossthe membrane, generally only oxides
such assilver oxide,[1%8! jron oxide,!2%°! and al uminum oxidel*1 have been
prepared.

Dispersed nanocrystalline metal particles can be prepared using
polymerized phospholipidvesicles.[111112 Thenon-cross-linked polymer-
ization of vesicles resulted in many individual polymer chains in the
membrane structure. This enhanced the structural integrity of vesiclesand
provided breaks in the polymer network through which both anions and
cations could diffuse across the polymerized membranes (thus removing
the restriction to only oxide synthesis as in the case of non-polymerized
vesicles). In this approach, vesicles made from mixed phospholipids
(negatively charged and zwitterionic) were UV polymerized. Positively
charged Pd ionswere sel ectively and chemically attached to the negatively
charged headgroup molecule on the surface of theinterior compartment of
membrane. After adding Au salt and a reducing agent to the solution, Au
ions diffused across the membrane. The interior membrane-bound Pd
species acted as catalystsfor initiation of autocatalytic el ectroless metalli-
zation of Au, which led to formation of nanocrystalline Au particlesinside
thepolymerized vesicles.

When unpolymerized vesicles were used to make nanoscale Au
particles using thisel ectroless method,!113! Pd catal ystswere bound both to
theinternal and external membrane surfaces and el ectrol ess metallization
occurred on external surfaces of vesicles. The osmotic pressure (built up
inside unpolymerized vesicles due to the difference of salt concentrations
across the membranes) and the external el ectrol ess reaction weakened the
structural integrity of these vesicles, which eventually ruptured. In this
case, the lipid molecul es served as adispersant during the synthesis of Au
particles. The dispersion property of the nanocrystalline Au particles
depended on the thermal disordering of phospholipid mixture, which
became more effective as a dispersant with increasing temperature. Many
multiply-twinned particles (MTP) were formed in reactions carried out at
25°Cand 40°Cfor 3h (Fig. 7). Theformation of M TP by rapid quenching
in vapor deposition is well known. Vapor deposition is generally a “far-
from-equilibrium” process. The condensation of supersaturated vapor into
asolid hasamaximum departure from equilibrium (AG) of approximately
160kJIN,, whereN,isAvogardro’ snumber. Theprecipitation of solidfrom
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a supersaturated liquid has a AG of 8 kJN_.[*'4 Although the deposition
kineticsin solution chemistry differssignificantly fromthat of vapor phase,
MTPs of Au can be synthesized in both cases.

Semiconductor crystallites of 2-10 nm have bulk-like interna
lattices but their optical spectra show resolved discrete features. In bulk
species, the electronic energy is continuous but, as the particle size gets
below 6 nm, the electronic level s are discrete due to quantum confinement
of the carriers. This leads to the third order non-linear optical effects.
Agglomeration of the particles must be avoided in preparation of these
materials by dispersing the particles in polymers,'*® inside a multi-
layer,[116] pores,[117] and vesicles.[''8 For example, cubic nanocrystals of
CdSwereprepared in phosphatidylcholine (PC) vesicles.'!8l Thevesicle's
internal diameter controlled the particle size of CdS. The absorption
spectrum of CdSusing PC had exciton energy shiftsto shorter wavelengths.

Figure 7. A HRTEM (high resolution transmission electron microscopy) micrograph of
gold colloids synthesized using unpolymerized vesicles.
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Nanostructured

M aterialsand Composites
Prepared by Solid State
Processing

Hans J. Fecht

1.0 INTRODUCTION AND BACKGROUND

Mechanica deformation under shear conditions and high strain
rates(~ 10*-10*s?) leadsto theformation of nanostructureswithin powder
particles, thinfoilsor, at thesurface of metalsand all oysexposedtofriction-
induced wear conditions. For example, mechanical attrition and mechani-
cal aloying of powder particles has been developed as aversatile aterna-
tive to other processing routes in preparing nanoscaled materials with a
broad range of chemical composition and atomic structures.[3l |n this
process, lattice defects are produced by “pumping” energy into initially
single-crystalline powder particles of typically 50 um particle diameter.
Thisinternal refining processwith areduction of theaveragegrainsizeby
afactor of 103-10% resultsfrom the creation and sel f-organization of small-
angleand high-anglegrain boundarieswithinthepowder particlesduringthe
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mechanical deformation process. As a consequence, a change of the
thermodynamic, mechanical and chemical propertiesof thesematerialshas
been observed with the properties of nanophase materials becoming con-
trolled by the grain size distribution and the specific atomic structure and
cohesive energy of the grain or interphase boundaries.

In the 1970s, the method of mechanical attrition (MA) of powder
particles followed by high temperature sintering was developed as an
industrial processto successfully produce new alloys and phase mixtures.
For example, this powder metallurgical process allows the preparation of
alloys and composites which cannot be synthesized via conventional
casting routes. This method can yield:[

a. Uniform dispersions of ceramic particles in a
metallic matrix (superalloys) for use in gas
turbines.

b. Alloys with different compositions than alloys
processed from the liquid.

c. Alloysof metalswith quite different melting points
with the goal of improved strength and corrosion
resistance.

In the 1980s, the method of high-energy milling gained a lot of
attention as a non-equilibrium solid-state process resulting in materials
with nanoscale microstructures. The formation of nanocrystals within
initially singlecrystalline powder sampleshasbeenfirst studied system-
atically in pure metals and intermetallic compounds.®l Moreover, solid-
state (mechanical) alloying beyond the thermodynamic equilibrium
solubility limit can lead to the formation of amorphous metallic materials
as observed for a broad range of aloys.®8 The amorphous phase
formation occurshby intermixing theatomic specieson anatomic scale, thus
softening and destabilizing the crystallinel atticel®] and driving the crystal -
line solid solution outside of its stability range against “melting” or
amorphization.[*% Thisprocessisconsidered asaresult of both mechanical
aloying*4*2 and the incorporation of lattice defects into the crystal
|lattice.l*3l More recent investigations demonstrate that the nanostructure
formation also can occur for several unexpected cases, such as brittle
ceramics, ceramic-phase mixtures, polymer blends and metal/ceramic
nanocomposites.
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2.0 PHENOMENOLOGY OF
NANOSTRUCTURE FORMATION

Themilling of materialsisof primeinterestinthemineral, ceramic
processing, and powder metallurgy industries.[* Typical objectives of the
milling process include particle size reduction (comminution), solid-state
alloying, mixing or blending, and particle shape changes. Theseindustrial
processes are mostly restricted to relatively hard, brittle materials which
fracture, deform, and cold-weld during the milling operation. While oxide
dispersion strengthened superalloys have been the primary application of
mechanical aloying, the technigue has been extended to produce avariety
of non-equilibriumstructuresincluding nanocrystal line,[*> amorphous'® and
quasicrystallinel'® materials (for areview, see Ref. 17).

A variety of ball millshave been developed for different purposes
includingtumbler mills, attritionmills, shaker mills, vibratory mills, planetary
mills, etc.[*l Thebasic processof mechanical attritionisillustratedinFig. 1.
Powder particleswith typical particle diameters of about 50 um are placed
together with a number of hardened steel or WC coated ballsin a sealed
container which isshaken or violently agitated.

Figure 1. Schematic sketch of the process of mechanical attrition of metal powders.
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High-energy milling forcescan be obtained by using high frequen-
ciesand small amplitudesof vibration. Ball mills(e.g., SPEX model 8000)
whicharepreferablefor small batchesof powder (i.e., =10cc, sufficientfor
research purposes) arehighly energetic, and reactionscantakeplaceby one
order of magnitude faster compared with other types of mills. Since the
kinetic energy of the ballsis afunction of their mass and velocity, dense
materials (steel or tungsten carbide) are preferableto ceramic balls. Dueto
the continuous severe plastic deformation, a continuous refinement of the
internal structure of the powder particlesto nanometer scalesoccursduring
high-energy mechanical attrition. The temperature rise during this process
ismodest andisgenerally estimatedtobe<100to 200°C. Thecollisiontime
generally corresponds to about 2 pis.

For all nanocrystalline materials surface and interface contamina-
tion constitutemajor problems. During mechanical attrition, contamination
by the milling tools (Fe) and atmosphere (trace elements of O,, N, inrare
gas) canbeproblematic. By minimizingthemillingtimeand usingthepurest,
most ductilemetal powdersavailable, athin coating of themillingtoolsby the
respective powder material can be obtained which reduces Fe-contamina-
tiontremendously. Atmaospheric contamination can be minimized or elimi-
nated by sealing thevial with aflexible® O”-ring after the powder hasbeen
loaded in aninert gas glove box. Small experimental ball mills can also be
enclosed completely in an inert gas glove box. As a consequence, the
contamination with Fe-based wear debris can generally be reduced to less
than 1-2 at% and oxygen and nitrogen contamination to lessthan 300 ppm.
In thisrespect, the nanoscal ed powder material obtained has often ahigher
purity than materials synthesized by alternative methods, such aschemical
processes or inert gas evaporation and condensation. In addition, the
structural contributionsof small poresoccurring during compaction of small
clusters can be safely neglected.[1]

Milling of refractory metals(e.g., tungsten) inashaker or planetary
mill for extended periods of time (> 30 hours) can result in levels of Fe-
contamination of more than 10 at% if high vibrational or rotational
frequencies are employed. On the other hand, contamination through the
milling atmosphere can have apositiveimpact onthe milling conditions
if one intends to prepare metal/ceramic nanocomposites with one of the
metallic elements being chemically highly reactive with the gas (or fluid)
environment.

The deformation processes within the powder samples are impor-
tant for fundamental studies of extreme mechanical deformation and the
development of nanostructured statesof matter with particular physical and
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chemical properties. Similar processescontrol thedeformati on of technol ogi-
cally relevant surfaces. For exampl e, theeffectsof work-hardening, material
transfer, and erosion duringwear situationsresultinmicrostructuresof wear
surfaces comparable to those observed during mechanical attrition.[2?! In
particular, during slidingwear, largeplastic strainsand strain-gradientsare
created near the surface.? Similar to mechanical attrition of powder
particles, thisistheconsequenceof theformation of dislocationcell networks,
subgrains, and grainboundari eswith thesubgrainsbecoming smaller near the
surface.

3.0 HIGH-ENERGY BALL MILLING AND
MECHANICAL ATTRITION

3.1 Examples

Metallic Elementsand I ntermetallics. During mechanical attri-
tion, themetal powder particlesare subjected to severe plastic deformation
from collisions with the milling tools. Consequently, plastic deformation
athighstrainrates(~103-10%s1) occurswithintheparticlesand theaverage
grainsizecan bereduced to afew nanometersafter extended milling. Asthe
metal particle is plastically deformed, most of the mechanical energy
expended in the deformation processis converted into heat but the remain-
der is stored in the metals, thereby raising the internal energy.[22(23] This
wasfirstinvestigated in detail for anumber of high melting metal swith bcc
and hep crystal structures.!®!l'8 Metals with fcc structure are inherently
moreductileand often exhibit astronger tendency to adhereto thecontainer
walls and to sinter into larger particles, often several millimeters in
diameter, during the milling process. In a detailed study, the successful
preparation of nanocrystalline fcc metals has been described.[24

Since contamination from the milling devices (hardened steel) can
occur, the experimental results discussed in the following are mainly
concentrated oniron powder asamodel systemfor mechanical attrition. The
microstructural changesasaresult of mechanical attrition can befollowed
by x-ray diffraction methods averaged over the samplevolume. Thex-ray
diffraction patterns exhibitsincreasing broadening of the crystalline peaks
asafunction of milling time.
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The peak broadening is caused by size as well as internal strain
effects.[2°1[26] The average coherently diffracting domain size (grain or
crystal size) and themicrostrainasfunction of millingtimeareobtainedfrom
the integral peak widths assuming Gaussian peak shapes (Fig. 2).[?"]

After corrections for K, and instrumental broadening, the line
broadening dueto the small crystal sizeisconstant in K-spaceandisgiven
by AK = 0.9(2r/d) where d is the average domain or grain diameter. The
strain broadening correspondsto AK = A <e?>12K with A being aconstant
depending on the strain distribution (A = 1 for a random distribution of
dislocations)?8l and <e?>12being the rmsstrain. Additional defectswhich
might contribute to the peak broadening, such as stacking faults, can be
safely neglectedinall casesdiscussed here. However, for some metalswith
very small stacking fault energies, e.g., Co, the contribution of stacking
faults to the peak broadening is considerable.l?%
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Figure 2. The average grain size and microstrains as a function of milling time for iron
powder determined from x-ray line broadening.

Inthevery beginning, mechanical attrition leadsto afast decrease
of the average grain sizeto 40-50 nm. Further refinement occursslowly to
about 15 nmafter extended milling. Theaverageatomiclevel strainreaches
valuesupto 0.7%. Based on the method of x-ray analysisapplied (Scherrer
formula,l3% Williamson and Hall method at full width at half maximum or
integral peak width at half maximum,!?® Warren-Averbach analysis,®!
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etc.), theweighting of the grain sizedistributionisdifferent and, therefore,
the average grain size can vary by afactor of two.

Basically, all metals and compounds investigated so far exhibited
similar behavior in terms of grain size reduction and increases of atomic
level strains. Typical valuesfor the average grain sizesof fcc, bce, and hep
metals vary between 10 and 20 nm whereas the atomic-level strains can
increase up to about 1%.13%

It is furthermore interesting to note that by mechanical attrition,
plastic deformation can be introduced in nominally brittle materials. The
minimum grain or domain size for intermetallic compounds with CsCl
structure has been found to vary between 12 nm for CuEr!®3 and 2 nm
(amorphous) for NiTi.l[3¥ Furthermore, in the ordered intermetallic com-
pounds, anti-sitedisorder isintroduced during mechanical attritionleadingto
atomic-level strains up to 3%. Whereas, for the CsCl compounds, the
reduction of thelong-rangechemical order parameter saturatesat about 0.7,
other intermetallic compounds exhibit compl ete disordering together with
theformation of ananocrystallinesolid solution. For exampl e, the A-15type
compounds Nb,AIP¥ V,Ga,[% and Nb,Aul®” transform after extended
milling to abcc solid solution with nanometer-sized grains.

Non-Equilibrium Crystallineand Amor phousSolid Solutions.
The mechanical alloying of powder mixtures generally results in the
formation of solid solutions extended in composition far beyond their
equilibrium solubility limit (up to a factor of 10) and is caused by
mechanically driven enhanced interdiffusion. The phenomenon of stress
induced diffusionistypical if large potential gradients prevail, which lead
to high-rate diffusion processes in the vicinity of a dislocation even at
temperatureswhereself-diffusionisnot possible.38l At largedeformations,
layered structures or precipitates can, therefore, be resolved.

Theaction of deformation (i.e., drivensystem), especially shearing
processes, in causing atomic-scale mixing, have been further clarified
recently by computer simul ation.[394%l The mechanical alloying processis
considered an athermal process which yields ahigh level of homogeniza-
tion of the component atoms provided that sufficient deformation is
applied. In fact, Monte Carlo simulations indicate that deformation can
yieldasolid solutioneveninalloyswithapositiveenthal py of mixing. Inthis
case, the driven system action, characterized by the forcing parameter (as
the frequency ratio between forced and thermally activated jumps), results
inabehavior with an enhanced diffusivity characteristic of ahigh-tempera-
ture high-entropy state with extended solubilities.[41-43]
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Positive Enthal py of Mixing. Surprisingly, mechanical alloyingis
achievedfor powder mixtureshavingapositiveenthal py of mixing. Though
in some cases, such as Ag-Fe, anintimate phase mixture of nanostructured
Ag and Fe particles is produced,[*! in other cases real miscibility on an
atomic level can be obtained, e.g., for Cu-Fe,[*3 Cu-W,1%8 Cu-Ta,!*l and
Cu-V .[“8Thisapparent violation of therul esof equilibrium thermodynam-
icsisavital example of the potential of MA in synthesizing new materials
under non-equilibrium conditions. For example, mechanical alloying can
lead to the formation of nanocrystalline single-phase solid solutions of up
to 60 at% Fein Cu and 20 at% Cu in Fe.[*9l[%0] The steady-state grain sizes
rangefrom 20 nmfor Cu to 810 nmfor Fe-rich alloysasdetermined by
x-raylinebroadening (Fig. 3).
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Figure3. Averagegrainsizefor Fe,Cu ., powdersafter 24 hoursof milling vsFecontent.
(After Ref. 50.)
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The enhanced solubility of alloys exhibiting spinodal behavior in
coarse-grained systems has been attributed to the capillary pressure of the
nanosized grains on the free energy dueto their small radii of curvature. It
has been found that during mechanical attrition of Fe-Cu powder mixtures,
agglomerates of multilayers are formed leading to microstructures very
similar tothoseobtained by cold-rolling.[!

Furthermore, mechanical attrition canalso produceultrafine-scaled
phase mixturesif a brittle material is milled together with a more ductile
material. For example, 10nmsized Geparticlescan beembeddedinaductile
matrix of Snor Pb.15@ Similarly, very finedispersionsat thenanometer scale
have been found, for example, in TiNi-CI%® and Ag-Fe.[>!l By additional
M Ossbauer-studies, mutual solubility Ag in Fe domains (and Fe in Ag-
domains, respectively) could be shown. As such, the resulting microstruc-
ture and chemical arrangement is very similar to nanocrystalline phase
mixtures prepared by gas condensation methods.

Negative Enthalpy of Mixing/Glass Formation. Extended solid
solutionsfar beyondthethermodynamicequilibrium haveal sobeennotedin
courseof mechanical millingfor alloyswith negativeenthal piesof mixing.!°!
For phase mixtures with large (> 15%) differences of atomic radii, the
formation of an amorphous structure has often been observed.[%¢! During
this process, long-range sol ute diffusion and, therefore, solute partitioning
are suppressed.

For exampl e, during mechanical alloying of 75a/0 Zr and 25a/0 Al,
the formation of a supersaturated hep (o-Zr) solid solution was observed
prior to the solid-state-amorphization reaction.>”1 However, in all cases of
binary aloys, it remained unclear whether indeed ametallic glasshasbeen
formed or just an x-ray amorphousstructure. Morerecently, asimilar phase
transformation sequencewasfoundinamechanically all oyed multicompo-
nent elemental ZrgyAl;NigCu,sCo; powder mixture with a bulk glass
forming composition (Fig. 4).[58 Thex-ray spectraat different stagesof the
milling process are characterized by the successive disappearance of the
elemental Al, Co, Cu, and Ni peaksand asimultaneousshift of the Zr-peaks
to higher-scattering angle, corresponding to a decrease in the lattice
constant of the hcp-Zr as a result of the rapid dissolution of the smaller
atoms, such as Cu, Ni, Co, and Al in the (o-Zr) matrix.[5°)

Calorimetric investigations further revealed that aglasstransition
indeed occurred when the amorphous material was heated into the under-
cooled liquid state without prior crystallization. Figure 5 showsthe corre-
sponding increase of the specific heat capacity when the metallic glass
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sample, prepared in the solid state, was heated through the glasstransition.
Similar observationsconcerningthecrystal -to-glasstransition by mechani-
cal attrition haveal so been observed for theequilibriumintermetallic phase
mixture.[8% Theserather surprising resultsconfirmthat ametallic glasscan
really beformed inthe solid state (without cooling from theliquid state) by
destabilizing a crystal due to the incorporation of static disorder causing
high elastic stresses.[61

Ceramics. Ductile materials can be deformed as described above,
but it is surprising that nominally brittle materials, such as ceramics, also
show a refined microstructure after extended mechanical attrition. For
example, ZrO, hasbeen milled for uptoforty hoursresultinginagrainsize
reduction to several nanometers. At agrain size of less than about 12 nm,
atransition of the most stable monoclinic structure to ametastable orthor-
hombic modification has been observed.[6 A simple estimate shows that
below a critical grain size of about 30 nm, the high-temperature phase
becomes more stable than the low-temperature phase due to the defects
incorporated.
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Figure 4. X-ray spectra for mechanically alloyed ZrgyAl;oNigCu;5Co; powder samples
exhibiting a transition from the initially crystalline powder mixture to an amorphous
glass-like structure.
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Figure5.Thermal analysisexhibitingthedifferenceinheat capacity of thesamplematerial
ZrgoAl 1 oNigCu,gCogzincomparisonwiththethermodynamically stablecrystallineconfigu-
ration for amorphous mechanically alloyed powder, bulk metallic glass, and foil stacks.

Mechanical aloying does occur for ceramic powder mixtures as
well. For example, (Fe,Cr),04 solid solutions can be obtained from a
Fe,04/Cr,0, powder mixturewith an averagegrain size of about 20 nm. (63!
Similar observations have been reported for ZrO,/Y ,O5; powder mix-
tures.[® Also, chemical processes can be induced by milling ceramic
materials. For example, extended periods of mechanical milling canleadto
the deoxidation of oxideswhen appropriate materialsare added. M echano-
chemical reactions have been reported for a-Fe,O4/Ti, Ag,O/C,[®® and
CuO/Cal% mixtures.

Polymer Blends. Mechanical alloying of polymeric materialshas
been devel oped during the past decade aswell. Similar to metallic materi-
als, mechanical attrition leadsto an increase of theinternal energy. For
example, polyamide (PA), polyethylene (PE), acrylonitrile-butadiene-
styrene (ABS), polypropylene (PP), and polystyrene (PS) have been inves-
tigated in detail.[5”) In order to fracture the polymer chains, the milling
processisconducted below therespectiveglasstransitiontemperatures. As
aresult, the crystallinity of the powder material can be decreased consid-
erably by mechanical milling. The corresponding storage of energy allows
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consolidation of the powder to bulk samples at lower temperatures than
conventionally processed material. In addition, the achieved mechanical
properties are considerably improved.

The milling process aso alows mechanical alloying of polymer
mixtures (PA/PE, PA/ABS)!%8 aswell asmechanical alloying of polymers
with ceramic (PP/SiC) and metal powder (PS/Sn, PP/Al, PE/Cu).[%9 By
mechanical milling, thenormal compatibility restrictionsfor polymer forma-
tion from regular polymer science principles have been removed. This
unique opportunity allows synthesizing of new materials and materials
combinationswith enhanced properties, which can not be achieved by any
other method.

Nanocomposites. Mechanical attrition is aso a very versatile
process for preparing nanocomposites. Since this process is sensitive to
contaminationresulting fromthemilling environment, atmospheric control
can be used to purposely induce chemical reactions between the milled
powders and their environment. By a proper choice of a reactive gas
atmosphere(O,, N,, etc.), oramillingfluid (organicfluids), themetal powder
canbeintentionally modified by reactivemillingtoananocrystallinemetal -
ceramic composite,[™ or fully reacted to a nanocrystalline ceramic, for
example, ametal nitride."}

The metal powders (Ti, Fe, V, Zr, W, Hf, Ta, and Mo)[72-174
transform to a nanocrystalline nitride by high-energy ball milling under
nitrogen gas flow. This solid-state interdiffusion reaction during reactive
ball milling is triggered by fragmentation of the starting powder, thus
creating new surfaces. Thesefreshly created surfacesreact with theflowing
nitrogen gasto form anitride surfacelayer over the unreacted coreparticle.
With further milling, this reaction continues and a homogeneous nitride
phase is formed and the unreacted core of metal disappears resultingin a
nanostructured (often metastable) metal -nitride with atypical grain size of
5nm.

By ball milling in organic fluids such as surfactants which are
sometimes used to prevent contamination by the milling tools, chemical
reactions can be induced leading to the formation of fine carbides. For
example, by milling Al (-Ti, -Zr, or -Hf) alloysin hexane, an averagegrain
sizeof 9 nm can be achieved with carbon dissolvedinthematrix.[”> During
dynamic compaction at about 1300 K, grain growth occurs up to about 44
nmtogether with precipitation of ZrC particles, 7 nminsize. Such ultrafine
grained compositesareexpected to exhibit considerably improved strength
andductility.[7®l
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Morerecently, metallic glass/ceramic compositeswereobtained by
mechanical alloying of multicomponent Zr-based elemental metallic pow-
ders together with SiC particles. ["71I781 A secondary electron microscopy
(SEM) image of such aZrgsAl; 5Cu,7 5Niqq + 10 vol% SIC metallic glass/
ceramic composite after a milling time of thirty hours (Fig. 6) reveals a
uniformdistribution of fine Si C particlesinthemetallic glasspowder matrix,
asproven by further x-ray diffraction and EDX analysis. The sizedistribu-
tion of the SiC particlesrangesfrom 1 um down to values below 50 nm. It
is further interesting to note that the SiC particles do not act as potent
heterogeneous nucl eation siteswhen the compositeisheated to the crystal -
lization temperature above the glass transition temperature, making me-
chanical alloying aconvenient method for achieving dispersion-strength-
ened amorphous alloys with considerably improved strength and wear
resistance by a powder metallurgical pathway.
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Figure 6. Scanning electron microscope image of a metal/ceramic composite of 10 vol%
SiC particles in an amorphous matrix (ZrgsAl;5Cuy75Niyg) prepared by mechanical
alloying.

3.2 Mechanism of Grain Size Reduction

From wide angle x-ray spectra, the information about lattice
defects(grainboundaries, dislocations, etc.) isobtained viatheir disturbing
influenceonthe coherent superposition of radiation diffracted at theatomic
|attice sites which causes the broadening of Bragg peaks. In small angle
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neutron scattering experiments(SANS), thelatti ce defectsthemsel vesgive
rise to a scattering contrast because of the (scattering length) density
fluctuations associated with them.

Ball-milled Fe powder samples were measured in quartz cuvettes
at aneutron wavelength ¢ of 0.60 nm. The cuvetteswerefilled upwith D,O
resulting in a79% reduction of scattering contrast at the wetted surfaces of
the powder particles.

Different positionsbetween the sampleand thearea-sensitive detector
were chosen covering arange of momentum transfer q = (4p//) sin(q) from
0.045 nm 1 to0 0.85 nm* (2q: scattering angle). During the measurements a
homogeneous magnetic field of 0.7 T was applied to the sample in the
horizontal direction perpendicular to the incoming neutron beam.

For a magnetically saturated sample, the scattered intensity as
afunction of the vector of momentum transfer, g, can be written as
1(q) =1y (q) + 1 (q)sin® o where 1 (g) and 1, () represent the structure
function of thenuclear and magnetic scattering respectively,[”? ando: isthe
azimuthal angle between g and the magnetic field projected on the area
perpendicul ar totheincoming beam. Theanisotropicintensity distributions
wereanalyzed by radial averaging over angular sectorsparallel and perpen-
dicular tothedirection of theapplied magneticfield. Whileinthefirst case,
o = 0°, the spectra thereby obtained represent the nuclear scattering
contribution, the perpendicular averaging,oc=90°, yieldsalinear combina-
tion of nuclear and magneti c scattering. Radial distributionfunctions(RDF)
were cal culated from the SANS spectraby theindirect Fourier-transforma-
tionmethod.[8%

Figure 7 shows the SANS spectra of Fe powder samples before
milling and after milling for 0.5 hoursand 30 hoursaveraged parallel to the
applied magnetic field. Compared to the spectrum of the unmilled sample,
an increase of scattering intensity occurs after 0.5 hours milling over the
entire g-range covered by the measurements. This increase may be ex-
plained by therefinement of microstructureintheearly stagesof themilling
process (i.e., the scattering contribution of grain boundaries, dislocations,
andtriplejunctions) whichisproved by thex-ray peak broadening. It should
be noted that theincrease of scattering intensity extendsto the highqgrange
implying that structural inhomogeneities on a small length scale of afew
nanometers are present after short milling times. This observation under-
lines that the structural refinement is strongly inhomogeneous and might
occur in shear bands of high dislocation density surrounded by less
deformed sampleregions.
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Figure7. SANSspectraof ball-milled Fe powder after different milling times (0 hours,
0.5 hours, and 30 hours).

After 30 hours milling time, a drop of the scattering intensity is
observed over the entire g-range compared to the 0.5 hours sample. The
drop at high q values is especially surprising since, from x-ray measure-
ments, itisknown that the averagegrain sizeisfurther reduced to avolume
averageof about 16 nm, whichisin good agreement with the averagegrain
size derived from the RDF of about 15 nm after 30 hours milling. Further-
more, the RDF al so showsadecreasein magnitude without any significant
shift of the maxima (Fig. 8).

Obvioudly, the observed change of the SANS intensity cannot be
solely explained by ashift of crystallitesizedistributionto smaller distances
in real space during the milling process. Instead, it is believed that the
scattering contrast due to dislocations plays an important role for the
interpretation of themeasured data. Sincethevolumedilatationinthevicinity
of dislocations is small, their nuclear scattering contrast is small and
disappears for pure screw dislocations.[8] Their magnetic scattering
contrast due to orientation fluctuations of the magnetic moments of Fe
atoms may exceed their contribution to nuclear scattering by factors up to
10-100.[82 These fluctuations are caused by magnetoelastic coupling
between the magnetic moments and the dislocation strain field.
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Figure8. Radial distribution functions (volume weighted) cal culated from spectrain Fig.
7 (milling times 0.5 hours, and 30 hours).

The SANS data may be interpreted with respect to the magnetic
scattering contribution of dislocationsasaresult of achanging distribution
of dislocations in the deformed material. According to this model, the
increase of scattering intensity at highqafter 0.5 hoursmilling iscaused by
an increasing dislocation density with an average dislocation distance of a
few nanometerswhichisintherangeof thefinal grainsizeafter longmilling
times. Thesubsequent decreaseof scatteringintensity after 30 hoursmilling
time may be caused by the rearrangement of dislocations to form grain
boundariesand the absorption of dislocationsas secondary grain boundary
didocations.

Furthermore, thegrainrefinement which can befollowed only inan
integral way by x-ray or neutron scattering methods has been investigated
in moredetail by TEM onintermetallic AIRu powder samples.[®3 Figure 9
shows a series of TEM micrographs of an AlRu particle after mechanical
attrition. It can be seen that the crystal is heavily strained and the
deformation occursin arather inhomogeneousway. Thearrowsin Fig. 9a
indicate ahighly deformed region of awidth of about 1 um which extends
throughout the entire particle. These shear bands have been observed in
rolled metal sand aretypical for deformation mechanismsthat occur at high
strainratesin contrast to slip and twinning mechanismsat |ow and moderate
strain rates.[®4
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Figure9. (a) TEM bright field images at relatively low magnification of an AIRu powder
particle after 10 minutes of mechanical attrition. The arrows point to highly deformed
regions(shear bands). Theinset showsthe corresponding diffraction pattern demonstrating
thegradua smearing out of theinitially sharpdiffractionspots. (b) TEM high-resolutionbright-
fieldimagewithitscorrespondingdiffraction patternsof AlRuafter 10minutes. (¢) Twohours
and (d) 64 hoursof mechanical attrition.

The observed shear bands are separated by areas of similar lateral
dimensions in the micrometer range having low defect densities. High
resolution imaging of areas in the shear bands reveal a microstructure
consisting of individual grainswithadiameter of approximately 20nmwhich
aredlightly rotated with respect to each other at arotation angle of lessthan
20° asshownin Fig. 9b. With longer durations of mechanical attrition, the
shear bands grow over larger areas and eventually (Fig. 9¢) the entire
sampl edisintegratesinto subgrainswithafinal grainsizeof 5-7nmfor AIRu
after 64 hours (Fig. 9d), thus ductilizing the originally brittle intermetallic
compound.
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Theelemental processesleadingtothegrain sizerefinementinclude
three basic stages:

i. Initially, the deformation is localized in shear bands
consisting of an array of dislocationswith high density.

ii. At a certain strain level, these dislocations annihilate
and recombineto small angle grain boundaries separating
theindividua grains. The subgrainsformed viathisroute
are already in the nanometer size range (about 20-30
nm).

iii. The orientations of the single-crystalline grains with
respect to their neighboring grains become completely
random.

This can be understood in the following way. Theyield stress, o,
requiredtodeformapolycrystallinematerial by dislocation movementis
related to the average grain size, d, by o = o, + kd-Y2, where o,andk are
constants (Hall-Petch relationship).[83[86] An extrapolation to nanoc-
rystalline dimensions shows that very high stresses are required to main-
tain plastic deformation. Experimental valuesfor k and o, are typically
k= 0.5 MNm¥? and o, = 50 MPal® For a grain size of 10 nm, the
minimumyield stressis of the order of 5 GPacorresponding to 15% of the
theoretical shear stress, which sets a limit to the grain size reduction
achieved by plastic deformation during ball milling. Therefore, the reduc-
tion of grain size to a few nanometers is limited by the stresses applied
during ball milling as long as no dramatic elastic softening of the crystal
lattice occurs.

Further energy storage by mechanical deformationisonly possible
by an alternative mechanism. Grain boundary sliding has been observedin
many casesat high temperatures|eading to superplastic behavior. Alterna-
tively, grainboundary sliding can also beachieved at avery small grainsize
and low temperature by diffusional flow of atomsalong theintercrystalline
interfaceswhich allowsthe synthesis of ductile ceramics.!®€ Thisprovides
amechanism for the self-organization and rotation of the grains observed
here, thusincreasingtheenergy of thegrain boundariesproportional totheir
mi sorientation angle and excess volume.

This behavior is typical for deformation processes of bcc metals
and intermetallic compounds at high strain rates. However, it issurprising
that nominally brittle materials, such as intermetallics, develop consider-
able ductility under shear conditions.
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3.3  Property—Microstructure Relationships

Decreasingthegrain sizeof amaterial tothenanometer rangeleads
to a drastic increase of the number of grain boundaries, reaching typical
densities of 10% interfaces per cm®. The large concentration of atoms
locatedinthegrainboundaries, incomparisonwiththecrystallinepart, scales
roughly with areciprocal grain size dependence 1/d.

Consequently, dueto their excessfreevolume, the grain boundaries
innanocrystallinematerial s can cause considerabledifferencesin the physi-
cal properties compared to the conventional polycrystalline counterpart.

Thermal Properties. Asaresult of thecoldwork, energy hasbeen
stored in the powder particles. During heating in a Differential Scanning
Caorimeter (DSC), a broad exothermic reaction is generally observed.
Integrating the exothermal signals gives the energy release, AH, during
heating of the sample.

For example, the stored enthal py reaches values up to 7.4 kJ/mol
(after 24 hours) and 10 kJ/mol (after 32 hours) for Ru, which corre-
sponds to 30-40% of the heat of fusion, AH;. One would expect that the
recovery ratesduring themilling process correl atewith the melting point of
the specific metal. With the exceptions of Co (due to a large number of
stacking faults) and Hf, Nb and W (possibly dueto anincreased level of Fe-
impurities from the milling tools stabilizing the nanostructure) such a
relationship is indeed observed. Similar results have been obtained for
metals with fcc structure as well.[8 Consequently, most effective energy
storage occurs for metals with melting points above 1500 K resulting in
average grain sizes between 6 nm (Ir) and 13 nm (Zr). For the compound
phases, similar high valuesfor the stored energies are found ranging from
5t0 10 kJ/mol and corresponding to val ues between 18 and 39% of the heat
of fusion for grain sizes between 5 and 12 nm.

Thefinal energiesstored during mechanical attritionlargely exceed
those resulting from conventional cold working of metalsand alloys (cold
rolling, extrusion, etc.). During conventional deformation, theexcessenergy
israrely found to exceed 1-2 kJ/mol and, therefore, is never more than a
small fraction of the heat of fusion.[®” In the case of mechanical attrition,
however, the energy can reach valuestypical for crystallization enthal pies
of metallic glasses, corresponding to about 40% AH;.

A simple estimate demonstrates that these energy |l evels can not
be achieved by the incorporation of defects which are found during
conventional processing. In the case of pure metals, the contribution of
point defects (vacancies, interstitials) can be safely neglected because of
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the high recovery rate at the actual processing temperature. Even taking
non-equilibrium vacanciesinto account, which can form as aconsequence
of dislocation annihilation up to concentrations of 10-3,1°Y such contribu-
tions are energetically negligible in comparison. On the other hand, for
intermetallics, point defectsarerelevant in order to describethe stability of
the material.

Themaximum dislocation densitieswhich canbereachedinheavily
deformed metal sarelessthan 10 m?whichwoul d correspondto an energy
of less than 1 kJmol. Therefore, it is assumed that the major energy
contribution is stored in the form of grain boundaries, and related strains
withinthenanocrystallinegrainswhich areinduced through grain boundary
stresses.

Large differences generally also arise in the specific heat, c,, at
constant pressure. Thespecific heat of the heavily deformed powder particles
was measured in therange from 130K to 300K, i.e., at temperatures |ow
enough to prevent the recovery processes from taking place. For all
samples, aconsiderableincreaseinc, has been found experimentally after
24 hoursmilling, reaching valuesupto 15%for Ru. For puremetal s, alinear
correlation between theincrease of the heat capacity Ac, at 300K, and the
stored enthal py, AH, given as a percentage of the heat of fusion (AH/AH;)
after extended mechanical attrition is observed (Fig. 10). Such arelation-
ship isalso predicted by the free volume mode! for grain boundaries.!?2
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Figure 10. Specific heat increase Ac, (%) in comparison to the unmilled state at room
temperature as function of the stored enthalpy AH (given as percentage of AH;) after 24
hours ball milling of pure elemental powder samples.
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This energetic microstructure-property relationship isfurther em-
phasized by Fig. 11. Here the stored enthalpy, AH, in attrited Fe powder is
shown as a function of average reciprocal grain size, 1/d, since 1/d scales
also with the volume density of grain boundariesin the nanocrystalline
material (~35/d where § is the thickness of the grain boundary).[®%! Two
different regimescanbeclearly distinguished: For small grainsizereductions
at the early stages of mechanical attrition, i.e., stage (i), the stored
enthal py showsonly aweak grain size dependencetypical for dislocation
controlled deformation processes. After theaveragedomain (grain) size
isreduced below d* = 30—40 nm, energy storage becomes more efficient.
Thecritical grain size, d*, corresponds to the size of nanograinswhich are
formed within the shear bands. Therefore, for d < d*, aregime can be
identified where deformation is controlled by the properties of the small
angleand, later, high anglegrainboundarieswhich aredevel oping in stages
(i) and (iii). The slope of the corresponding strain versus 1/d relationship
correspondsinthegrainboundary regimeto 0.1 nm, typical for atomiclevel
strains.[52
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Figurel1l. Thestored enthal py AH asfunction of reciprocal grainsize 1/d of Feat different
levelsof mechanical attrition. Two distinctively different stages can be observed: stage (i)
which is dislocation-controlled for d > 40 nm and stages (ii),(iii) for d < 40 nm where
deformation becomes controlled by grain boundaries.
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Mechanical Properties. As a further consequence of the grain
size reduction, a drastic change in the mechanical properties has been
observed (for areview, see Refs. 94 and 95). In general, nanocrystalline
materials exhibit very similar mechanical behavior to that of amorphous
materials due to shear banding as the prevalent mechanism of deforma-
tion.[%! Strain hardening is not observed and thus conventional dislocation
mechanisms are not operating. The lack of dislocationsisthe result of the
image forces which act on dislocations near grain boundaries.

L ocal mechanical propertiescan be measured by nano-indentation
methods. Here, the load as well as the indentation depth is monitored
continuously during the loading and unloading process (Fig. 12). Typical
results for nanocrystalline Fe powder samples exhibit an increase in
hardness by afactor of 7 (9 GPafor nx-Fe with d about 16 nm versus 1.3
GPafor annealedpx-Fe). Ingeneral, the hardnessfollowsatrend similar to
theHall-Petchrel ationship, though thedi sl ocati on-based def ormation mecha-
nisminthenanocrystallineregimecertainly doesnot apply asshowninFig.
13. The Young's modulus can be measured by this method as well, and
typically shows a decrease of about 10% compared to the polycrystal.
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Figure 12. Hardness measurement using a nano-indentation device on polycrystalline
(upper curves) and nanocrystalline (lower curves) attrited iron powder samples.
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Figure 13. Hall Petch relationship for the hardness of nx- and px iron.

It is suggested that the mechanical properties of nanophase mate-
rials prepared by mechanical attrition after extended periods of milling are
not being controlled by the plasticity of the crystal due to dislocation
movement anymore but, rather, by the cohesion of the nanocrystalline
material across its grain boundaries. From the considerable increase of
hardness and the principle changes of the deformation mechanisms, im-
proved mechanical properties can be expected as attractive featuresfor the
design of advanced materials as bulk or layered materials.

4.0 PHASE STABILITY AT ELEVATED
TEMPERATURES

Asaresult of the cold work, considerable energy has been stored
inthepowder particles(seeFigs. 10and 11). Therefore, thermodynamically,
thesematerialsarefar removed fromtheir equilibrium configuration, and a
large driving force towards equilibrium exists. On the other hand, for a
number of applications, the nanocrystalline powder hasto be compacted to
auniform bulk sample. Since cold compactionisusually not sufficient, Hot
Isothermal Pressing (H1P) processes®"1% are usually applied; therefore, it
isimportant to understand the atomic processes occurring during annealing
over extended periods of time.
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The stored energy isreleased during heating to elevated tempera-
turesdueto recovery-rel axation processeswithintheboundaries, and grain
growth. As a consequence, during annealing at elevated temperatures,
relaxation and grain growth processeswill occur, leading to aconcomitant
increase of the grain size.

This behavior has been investigated for iron in detail 1?9190 For
extended periods of milling time, a decrease of the average grain size to
nanometer dimensionsis observed with astationary average grain sized =
16 nmand0.7% microstrainasshowninFig. 2. Theenthal py releaseduring
aDSC heating experiment spreads over the entiretemperature range of the
scanasshowninFig. 14. Thevery broad signal doesnot exhibit any distinct
events but afurther increase of the exothermic signal for T > 250-300°C.

X-ray diffraction of powder samples annealed for 80 minutes at
eachtemperaturereveal ed the evolution of grain sizeand strain asfunction
of annealing temperature as shown in Fig. 15. The microstrain decreases
rapidly below 200°C while the grain size remains nearly constant, so the
enthalpy release during the first exotherm in Fig. 14 is only related to
relaxationand not to graingrowth. Graingrowth startsto becomesignificant
aboveabout 300°C. Furthermore, it hasbeenfoundthat, after afast increase
at early times, theaverage grain size d changesfrom 16 nmto about 3040
nm. The average grain size remains constant for t > 2400 sec and reaches
values of 100-200 nm at temperatures about 600°C.
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Figure 14. DSC heating scan at 10 K/min of iron powder after mechanical attrition
for 5 and 25 hours.
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Figure 15. Dependence of stationary grain size and microstrain on annealing
temperature.

Two regimes with and without grain growth can be distinguished.
Since the influence of lattice point defects and lattice dislocations is
negligible, the enthal py release can be clearly assigned to the existence of
grain boundaries. The reduction of the microstrainsis probably caused by
grain boundary relaxation and annihilation of secondary grain boundary
dislocations. Based on el astic theory, it isestimated that thiscontribution to
the overall energy islessthan about 5%. On thisbasis, the grain boundary
energy can be estimated.

By simple geometric considerationg1°M[102 the specific grain
boundary excess enthalpy is estimated to be about 2.1 ¥m?. This would
correspond to a value for non-equilibrium, unrelaxed, grain boundaries,
whereas after rel axation, the grain boundary energy isreduced to 1.5 Jm?.
Values resulting from computer simulations suggest excess enthalpies
between 1.2 and 1.8 ¥mZ.11%! Therefore, we concludethat grain boundaries
inthe as-prepared state are characterized by increased val ues of about 25%
due to their unrelaxed atomic structure or secondary grain boundary
dislocations.

Isothermal DSC measurements allow further analysis of grain
growth processesin nanocrystalline Fe. For example, the isothermal DSC
curve shown in the upper part of Fig. 16 was measured at 500°C after
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annealing the sample at 400°C and heating to 500°C at arate of 50°C/min.
A monotonically decreasing signal typical for grain growth is observed.
Similar signalsare obtained at 200°C, 300°C, and 400°C and clearly differ
fromthosemeasuredinisothermal recrystallization processescontrolled by
nucleation and growth in conventional polycrystalline metals which are
described by Johnson M ehl Avrami typemodels. Figure 16 doesnot exhibit
the expected maximum related to an incubation time for nucleation, but
shows only a decreasein the signal.

0 200 400 600 800 1000 1200
Time [s]

Figure16. Isothermal exothermic DSC curveat 500°C of nanocrystallineiron(upper part)
and plot of (AH/dt)%3 versustimet (lower part).

Furthermore, (dH/dt) %3 should scale linearly with timeif normal
parabolic grain growth behavior is assumed. This assumption is well
approximated for t < 1200 sec as shown in the lower part of Fig. 16. The
upper part of Fig. 16 includes afit to the measured DSC signal assuming
parabolic grain growth. Based ontheavail abledata, an activation energy of
178 kJ/mol has been determined for grain growth in nanocrystalline Fe,
which is comparable to the activation energy for grain boundary self
diffusioninFe.[1%4
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5.0 SEVEREPLASTIC DEFORMATION

51 General

Similar observationsregarding thedeformation mechanismsduring
mechanical attrition have been reported in chips removed during machin-
ing,[1%] and simplemetal filings, (19811197 aswell asduring extremedeforma-
tion of bulk materials.[1%8[109 Analogous to the mechanically attrited
powder at the early stage, large inhomogeneities have been observed in
filingswiththedeformation process|eading to theformation of small angle
grain boundaries. Here, thedislocation cell sizedimensionsarebasically a
function of the acting shear stress, 7, resulting in an average cell size
dimension L of L =10 Gb/t where G is the shear modulus and b is the
Burgersvector.[110]

More detailed studies are obtained from cold rolling and tor-
sion,** wire drawing,**? and cyclic deformation!*3 processesresulting
in an asymptotic saturation of the flow stresses. Thisis considered to be a
result of the simultaneous occurrence of dislocation multiplication and
annihilation leading to asaturation of thedislocation density. In particu-
lar, under cyclic deformation of, for example, Cu, at amplitudes above y,
~ 104, slip becomes highly localized in so-called “persistent slip bands’
(shear bands). Theselieparallel tothe primary glideplaneand are separated
by regions containing the original matrix structure. These bands consist of
densewalls of dislocations; largely, screw dislocations having adensity ~
10" m2. The closest spacing between screw dislocations of opposite sign
is ~ 50 nm, the minimum distance before annihilation occurs. For edge
dislocations, which are more relevant for the deformation of fcc crystals,
this critical annihilation length is found to be 1.6 nm for Cu. It has been
concluded that the annihilation of dislocations can set anatural limit to the
dislocation densities which can be achieved by plastic deformation (typi-
cally less than 10 m for screw dislocations and 10 m? for edge
dislocations). Steady-state deformation is observed when the dislocation
multiplication rate is balanced by the annihilation rate. This situation
correspondsto the transition of stage (i) to stages (ii) and (iii) as described
above. Inthisstage, theroleof dislocationsbecomesnegligibleand further
deformation occurs via grain boundaries. It is expected that the shear
modulus of the grain boundary regions lowers by about 40% when the
“volume-fraction” of the grain boundaries becomes comparable to that of
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the crystals.[11411%] |_ocalized deformation then proceeds by the dil atation
of the grain-boundary layers similar to superplastic behavior16l with the
undeformed crystallites moving in a “sea” of dilated grain-boundaries.
Furthermore, the relative motion of the crystalline grains within the shear
band |eadsto impingement which should giverisetolarge, locally inhomo-
geneous elastic stresses. As a consequence, in order to relax these strains,
formation of nanovoids about 1 nmin diameter is expected to occur which
inevitably leads to crack formation under tensile stress.[*17] Such a defor-
mation mode basically also providesamechanism for the repeated fractur-
ing and rewel ding of the fresh surfaces during mechanical attrition leading
to a steady-state particle size.

5.2 Cold Rolling of Thin Sheets

An alternate route to producing samples with high levels of both
plastic deformation andinterfacial areaisby cold-rolling layered elemental
sheets which are folded between each deformation cycle. In this case, the
large increase in interfacial area is created internally with absolutely
negligible contamination. Similarly, in contrast to mechanical attrition, the
uncertainty in the temperature during processing is removed since the
sample isin firm contact with the massive rolls, and deformation can be
performed at a low strain rate to maintain ambient temperatures. This
approach has been used to examine amorphous phase formation in several
binary alloys such as Zr-Ni 8 Cu-Er,[119 and Al-Pt*?% and also for the
preparation of bulk Fe/Agnano-multilayerswith giant magnetoresistance.[12]

Intheprior work onamorphousphaseformation, deformationrates
in excess of 1 sec! were employed and some annealing was needed to
compl ete the amorphization reaction. Recently, fully amorphousfoilsof a
multicomponent ZrgzAl, sCuj, sNi,,alloy havebeen synthesized at ambient
temperatures from a layered array of individual elemental sheets by
repeated low-strain-rate (0.1 sec’?) cold rolling.[*24 Figure 17 shows x-ray
diffraction patterns from the Zr-Al-Ni-Cu foil s taken after 10, 40, 80, and
120 deformation cycles. Each deformation cycle consisted of rolling the
multilayer sandwich to athickness of approximately 80 um and subsequent
folding. High resolution TEM analysisexhibitsfurther evidencethat atrue
amorphous phase has been formed as shown in Fig. 18.

Thex-ray spectrum of the amorphous sampleisbasically identical
to that of a metallic glass produced by liquid quenching with the same
composition. Thermal analysis of the cold rolled amorphous sample with
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Figure 18. High resolution TEM image of nanocrystalline/glass transition during

cold rolling of thin foils of composition ZrgsAl; 5Cuy7sNiyg.
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aDSCreveasadistinct glasstransition at T, = 647 K followed by asharp
exothermic crystallization peak at 745 K. Note that very similar to amor-
phization reactions observed in mechanically alloyed Zr-based powder
mixtures of similar composition (see “Non-Equilibrium Crystalline and
Amorphous Solid Solutions” in Sec. 3.1), theinitial stageof coldrollingis
characterized by the dissolution of soluteinto Zr along with areductionin
grain sizeto about 30 nm before the onset of the crystal-to-glasstransition.
The formation of similar amorphous phases from two inherently different
initial states, i.e., the solid and theliquid state, suggest that compositionally
induced stati c disorderinamechanically driven system canleadtothesame
final glassstatewhichisconventionally derived from freezing thedynamic
disorder of aliquid out to aglass.

The present examples demonstratethat cold rolling for the synthe-
sis of nanostructured materials or multicomponent metallic glassesis an
attractive alternative to more traditional techniques such as mechanical
attrition or liquid undercooling. Dueto therelatively simple experimental
conditions, size restrictions do not limit the formation of bulk samples.

53 Friction-Induced Surface Modifications

M any microscopic processesoccur during mechanical attritionand
mechanical alloying of powder particleswhich exhibit featuresin common
with processes relevant in tribology and wear. For example, the effects of
work hardening, material transfer, and erosion duringwear situationsresult
in microstructures of the wear surface which are similar to those observed
during mechanical attrition.[123124] | n particul ar, during sliding wear, large
plastic strains and strain-gradients are created near the surface. Typical
plastic shear strain rates can correspond here to several 10° sect.

Closeto the surface of wear scars, aswell asin the wear debris of
Cu, nanocrystalline structureshave been observed by high-resolution elec-
tron microscopy with an average grain size of 4-5 nm.[*? Within the
interiorsof thegrains, no defectswere observed, suggesting that most of the
defects are absorbed by the grain boundaries due to their proximity.
However, thistype of plastic deformation at high strain rates does not seem
to belimited to metal sand all oys,[22¢ but hasbeen observed in ceramics' 7]
and diamond!*?8 aswell.

During sliding wear, a specia tribological layer develops on the
surface of asliding component being subjectedtolargeplastic strains. This
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surface layer often is called the Beilby layer, which, for along time, was
thought to be amorphous because its microstructure could not be resolved
with the instruments commonly used.[*??! There are indeed some systems
in which truly amorphous layers are produced by sliding!3% but, in most
cases, the sub-surface layer with athickness of several micrometers has a
nanocrystallinestructure.

For example, during ultrasonic shot-peening, the formation of
nanocrystalline Fe-surfaces has been observed where theinitially coarse-
grained structure in the surface layer was refined into equiaxed ultrafine
grains (about 10 nm) with random crystallographic orientation asshownin
Flg 19_[131][132]

Asafurther exampleof technical relevance, the devel opment of
high speed trains reaching velocities higher than 300 km/h is also a
materials challenge concerning the mechanical integrity and safety
required for therailway tracks.[*331134] |n particul ar, theinteraction and
slip between wheel and rail has been optimized and is controlled by
sophisticated el ectronicswhereasthe material sfor therail have not been
changed in two decades. In particular, on the steel surface (Fe-0.8 at%
C-1.3 a% Mn) where the local pressure typically exceeds 1.0-1.5 GPa,
solid state transformations have been observed which are caused by
friction-induced shear forces and have strong similarities to mechanical
attrition of powder samples.

Corresponding x-ray diffraction and TEM resultsindicate that the
average grain size of the extremely deformed surface layer correspondsto
about 20 nm, whereasagradient in grain sizeisobserved further away from
thesurface, reaching val uesup to 200 nm.[133] For example, Fig. 20 exhibits
TEM photographs and the corresponding diffraction patterns of theinitial
pearlitic structure (@) in comparison with the nanocrystalline layer near the
surface (b).

As a consequence, hardness measurements have been performed
using a nanoindenter at small loads as shown in Fig. 21. Steep hardness
gradientshave been foundin cross section with alateral resolution of afew
micrometerswhichareclearly correlated with thechangein microstructure.
As aresult, the hardnessis increased from typical values for the pearlitic
steel of approximately 2.5 GPato 13 GPa next to the surface.

This remarkable increase in hardness and mechanical strength of
regions near the surface is clearly related to the fact that the average
grain size is considerably decreased by the continuous deformation pro-
cess. Similar results have been obtained for mechanically attrited o-Fe
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and o-Fe-C-powder processed in a ball-milling device. Here also, an
increase of hardness by a factor of five has been observed.!*3! During
mechanical attrition of rail filings(identical compositionasrail), adecrease
in grain size to 7 nm after 50 hours of milling time has been observed
together with adissolution of the carbides. The same observation holdsfor
the highly deformed rail surface, i.e., a dissolution of carbides and super-
saturation of the o-Fe with carbon. However, due to the powder milling
experiments, it is obvious that the main contribution to the hardness
increase results from the grain size reduction and only partially from the
highly strained martensite-like structure of thebcciron supersaturated with
carbon.

Moreover, the wear resistance of the nanostructured areas is
increased by a factor of two. Fretting wear measurements typical for the
type of wear in wheel-rail contact reveal wear rates of 1.55 x 10
mm3m* for the nanostructured layer and 3.77 x 10> mm® m* for the
undeformed surface. The large improvement of the mechanical properties
clearly shows the importance of the formation of nanostructures for
technologically relevant wear problems.

Figure 19. Nanocrystallineiron produced by means of ultrasonic shot peening. (Courtesy
of K. Lu.)
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Figure20. TEM imagesof (a) thepearlitic structureof alow alloyed Fe-C-Mn steel and (b)
the nanocrystalline structure of an extremely worn surface of ahigh speed railway track.
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Figure 21. Hardness vs depth (distance from surface) for a high speed railway track with
a nanostructured surface due to extreme wear conditions.

6.0 SUMMARY AND OUTLOOK

The solid-state processing methods of mechanical attrition and
mechanical alloying have been devel oped asaversatile alternativeto other
processing routes in preparing nanoscaled materials with abroad range of
chemical compositionsand atomic structures. Inthisprocess, | attice defects
are produced within the initially single-crystalline powder particles. The
internal refining processwithareduction of theaveragegrainsizeby afactor
of 103—10*resultsfromthe creation and sel f-organi zation of dislocation cell
networksand the subseguent formation of small-angleand high-anglegrain
boundarieswithin the powder particlesduring the mechanical deformation
process. As a consequence, a change of the thermodynamic, mechanical,
and chemical properties of these materials has been observed with the
properties of nanophase materials becoming controlled by the grain size
distribution and the specific atomic structure and cohesive energy of the
grain or interphase boundaries. Such a transition from dislocation con-
trolled properties to grain boundary controlled properties is expected for
nanocrystalline materials synthesized by other methods as well.[137]



References 107

Mechanical attrition offers interesting perspectives in preparing
nanostructured powderswith anumber of different interfacetypesinterms
of structure(crystalline/crystalline, crystalline/amorphous) aswell asatomic
bonding (metal/metal, metal/semiconductor, metal/ceramicetc.). Duetothe
broad range of possible atomic structures, very different properties in
comparison with conventional materials are obtained. For example, nano-
structured particles prepared by mechanical attrition can exhibit unusually
highval uesin hardness, '3 enhanced hydrogen solubility, 3?1140 enhanced
catalytic properties,[*41 magnetic spin-glass behavior,!*? etc. This opens
exciting possibilitiesfor the preparati on of advanced material swith particu-
lar grain- or interphase-boundary design.

It is expected that the study of mechanical attrition and alloying
processes in the future not only opens new processing routes for avariety
of advanced nanostructured material s but al so improvesthe understanding
of technologically relevant deformation processes on ananoscale level.
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A

Nanocrystalline Powder
Consolidation M ethods

Joanna R. Groza

1.0 INTRODUCTION

Totake advantage of the unique propertiesof bulk nanocrystalline
materials, the nanometer range powders have to be densified into parts of
certain properties, geometry, and size. Thekey to the nanopowder consoli-
dation process is to achieve densification with minimal microstructural
coarsening and/or undesirable microstructural transformations. In addi-
tion, the fully dense specimen must be of sufficient sizefor reliabletesting
of final propertiesor auseful final product. Attemptsto produceand densify
nanopowders started as early as 1968.[1 These efforts were related to
sintering M gOto achievesuperplasticbehavior. Inthe80s, when nanopowder
production was initiated on a larger scale, attention was directed to
nanopowder processing, as well. However, densification commonly re-
sulted in either grain coarsening, or unacceptably small specimen sizeand
insufficient bonding. Thisseverely limited the assessment of nanomaterial
properties, particularly mechanical. Uncertain processing of nanopowders
produced artifacts that generated at least some of the controversies on
nanomaterial properties. For instance, lower Y oung’ s modulus and ductil-
ity values are now attributed to the remaining pores, oxides, or incomplete

115



116 Chapter 4 - Consolidation Methods

particle bonding from nanopowder processing.!2[3! The early 90s empha-
sizedtheneedto devel opreproduci ble processing methodsfor manufacturing
nanopowdersinto sizabl epartsthat retain nanometer features. The past half-
decade has brought significant advances in the practice and theory of
nanosintering which consequently resulted in the production of fully dense
parts with nanometer grain size (considered throughout this chapter as <
100 nm).

Thedensification processfor conventional powdersiswell known,
both theoretically and practically. However, the densification of
nanopowders poses significant additional challenges. Powder agglomera-
tion, high reactivity and, therefore, contamination, grain coarsening, and
ultimate loss of the nanofeatures, and inability to fabricate large and dense
partsareamong themain problems. Thelower temperaturesfor minimizing
grain growth may hinder good intergranular bonding, thus compromising
the expected high mechanical strength and ductility. Such low sintering
temperatures may also interfere with the thermochemical oxide reduction
on particle surfaces necessary for subsequent sinter bonding. The most
recent effortshavebeenvery fruitful in overcoming someof these problems
(e.0., agglomerationand grain sizecontral). Thishasbeen accomplished by
major improvements in the nanopowder synthesis methods and under-
standing of thedensifi cation processessuch asporeeffectsin nanosintering.
For nanopowder consolidation, an intriguing question is whether the
sintering mechanisms scale with grain size or are there changes in these
mechanismswhen nanoscal eisreached? Thisreview hasbeenwritten with
thisquestionin mind. More specifically, differences between the sintering
of regular and nanosize powders are highlighted. It is shown that when
smaller scales are approached, atomic mechani sms become more obvious.
For instance, the reorientation during early sintering stages becomes
evident only when particlesbecomevery small. Alternatively, the possibil-
ity of new sintering mechanismsis examined.

A number of reviews specifically on nanopowder processing4-6l
and general reviewsaddressing sintering i ssues have been published.[1-11]
This chapter first covers some thermodynamic and kinetic aspects of
nanopowder densification: driving force, surface energy, sintering mecha-
nisms, activation energies, and scaling laws. Due to the critical effect of
surface contamination on small particles, the impurity rolein sintering is
described separately. Next, cold compaction with resultant pore size
and distribution and their effects on sintering and grain coarsening are
addressed. The presentation of the sintering process of nanoparticles is
divided into pressureless (conventional) and pressure-assisted sintering.
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Finally, methods for full densification of nanopowders and their ability to
maintain the nanosize features are presented.

2.0 SPECIFIC ISSUES IN THE
DENSIFICATION OF NANOCRYSTALLINE
POWDERS

2.1 Thermodynamic and Kinetic Effects

Thermodynamically, nanopowders are highly unstable, some-
times by as much as 10-50 kJ/mol. The sintering processis driven by the
tendency to reducethe excessively large surface areaper unit volume. The
extraenergy of asurface with aradius of curvature, R, may be calculated
asastress (o) in aLaplace equation:

Eq. (1) o=7R

where yis the surface energy. In nanomaterials, this sintering stress may
reach very high values. For instance, the sintering stressmay be aslarge as
300 MPain 10 nm particles compared to only 3 MPafor 1 ym particles, if
v has atypical value of 1.5 Ym?.[12

For traditional sintering studies, thesurfaceenergy isassumedtobe
isotropic. Theimplicationsand difficultiesbrought about by thissimplifying
assumption in conventional powders, particularly for ceramics which are
more anisotropic than metals, have been addressed.[*®l For nanocrystals
with significant surface area, the anisotropy problem becomes even more
critical. First, sintering startsat alower temperature. Inthiscase, theeffects
of surfaceenergy anisotropy aremorepronounced. Usually, if thetempera-
ture is sufficiently high, the surface energy anisotropy may be reduced.
Second, direct TEM studiesof y-Al,0,,14 ZrO,,[*9126] and CeO,1* " indeed
showed that nanoparticles have a faceted appearance with anisotropic
surface energies. Even for metals, a departure from the ideal spherical
particle concept and, therefore, isotropy is accentuated in the nanosize
range. Theory and experiments haveindicated that clean fcc particles, with
diameterslessthan4—7 nm, haveanicosahedral configurationwithmultiple
twinsin their equilibrium condition.'8 In metals, HREM studiesrevealed
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faceted nanoparticles which are ascribed to surfaces with minimum ener-
gies.¥ The highly anisotropic behavior of nanoparticle surfaces may be
responsible for the crystallographic alignment, which has been often ob-
served. Asdetailed later, bothin-situ TEM sintering studiesand Molecular
Dynamics simulations indicated that nanoparticles rotate and align when
necking occurs between loose particles.[19120 Agglomeration of B-SiC
nanoparticles into open strings has been noticed by Conder, et al.[?) An
atomicforcemicroscopy study showed that nano-TiO, powdersobtai ned by
gas condensation have a preferred alignment in a chain-like structure for
specimens compacted at room temperature.2? Although not specifically
shown, somecrystallographic alignment may beimplied.

Thedifferentlocal atomicarrangement at thesurfaceof ananocrystal
may resultinadifferent surfaceenergy valuethanin conventional powders.
Thismay bethe case of amorphous|ayerswhich have been observed on Al
nanoparticle surfaces.[?®! AsCahninfers, thedifferent nature of the surface
oxide on nanopowders may be an indication of a different surface struc-
ture.[24 Experimentally, Trudeau, et al ., showed highly non-stoichiometric
surface oxides on nanocrystal line catalysts.[? BaTiO; has a cubic surface
layer onthetetragonal bulk nanocrystal 1?8l Although somecautionisinorder,
Payne also showed that interfaces display electronic states and, therefore,
properties different from bulk crystals.[?”] The interfacial energy may be
modified by any distortion of a surface structure such as segregation or
adsorption of impurities. Impurities dictate the thermodynamics of surface
and surface behavior of nanoparticles. In the Al,O5 system, calorimetric
studiesby Navrotski and co-workersindicated that hydration at surfaces of
nanocrystal sresultsinequal surfaceenergiesof oandypolymorphs, despite
thelower surfaceenergy of anhydrousy-Al,0,.128 Thislower surfaceenergy
inducesthestabilizationof y-Al,O5innano-aluminasinstead of thea-Al,0;
which isstablein conventional crystals.[?! Surface hydroxylson y-Al,O,
surfaces which are present up to high temperatures induce sintering
difficulties of this ceramic.l?8l Macroscopically, stabilization of particle
surfaces, i.e., lower surfaceenergy valueswhen oxidesareformed, resultsin
a decrease of the driving force for sintering. This has been observed in
nanosi ze particleswhichtypically containlargeamountsof adsorbates(e.g.,
highoxygenin TiN[E9),

Inadditiontotheinherent morphol ogical metastability relatedtofine
grainsize, nanocrystallinematerial softendisplay topological (e.g., ternate
crystal structuresthan at equilibrium) or compositional (e.g., extended solid
solubility or amorphousphase) metastabilities.!>34 Alternatecrystal struc-
turesarefoundinmaterial swith high pressure polymorphism, suchascubic
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BaTiO3,[%4 monoclinic Y ,0,,%3 and tetragonal ZrO,34 owing to Gibbs-
Thompsoneffect. Alternatecrystal structuresduetointerfacial energy effects
atlargeundercoolingswereshown by Kraussand Birringer innanocrystalline
refractory metals (the A15 modification of B-W and B-Ta).[? These
metastabl e phases are obtained only in powder form. When films of W and
Ta have been synthesized with same grain size, only the equilibrium
structureshaveformed. In contrast to high pressureceramic phases, thel atter
metal structures have a lower density than the equilibrium crystals. The
retention of initial powder metastability intothebulk partsisrelevant totheir
sintering. Toretaintheuniquepropertiesof nanocrystal sthroughout sinter-
ing, grain size must remain below the critical value at which property
conversionoccurs. Somecritical grainsizesat which nanomaterial structure
or physical propertiesrevert tothoseof conventional materialsarecompiled
inTablel. For someother properties, i.e., mechanical, suchathresholdvalue
has not been proved or thisvalueis property dependent. Moreover, thereis
not yet consensusonthestrengthening benefitsinthenanocrystallinerange,
but thecurrent effortsareto pushthelimittowardsincreasingly smaller grain
sizes. Therefore, an arbitrary limit for the maximum grain size in the
nanocrystalline materialsisoften considered at< 100 nm.

Table 1. Critical Grain Size of Nanocrystals Below Which Structure/
Property Characteristics Are Different From Conventional Materials.

Critical Grain Structure/Property Material | Reference
Size (nm)
Nano Conventional
~13 monoclinic cubic Y.,0,
8-26 tetragonal monoclinic Zr0, 34
24-30 reduced thermal regular Zr0O, 36
conductivity (YSZ)

50 anatase rutile TiO, 37
>80 superparamagnetic antiferromagnetic Cr,0, 38
120 cubic tetragonal BaTiO, 32
120 variable T, constant T, BaTiO, 26
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Significantly enhanced kinetics are expected for processes that
display adirect grain size dependence. For sintering, this dependence may
beillustrated usingtheequationfor thedensificationrate(dL/Ldt) devel oped
by Johnson and co-workersfor all stagesof sintering:(°

£ () —izﬂ(wbrb +DVTV)
Ldt KT d4 ds

where v is the surface energy, Q is the atomic volume, ¢ is the grain
boundary width,D,, andD, arethegrain boundary and bulk diffusivities,I',
andT", arefunctionsof density, KT hasthe usual meaning, anddisthegrain
size. Fromthisequation, itisseenthat decreasing grain size by three orders
of magnitude (e.g., from pm to nm) could enhance sintering rates by up to
12 orders of magnitude. Consequently, sintering of nanopowders may be
accomplished at significantly lower temperatures and shorter durations
than conventional powders. This has been noticed for numerous real
nanoparticle sintering, as detailed later in this section. A more dramatic
effect of the sintering temperature depressionin nanopowdersisseeninthe
liquid phase sintering systems, such as WC-Co. Due to the accelerated
sintering at lower temperatures in the nanoregime, full densification may
take place entirely during solid-state sintering.[”]

2.2 Sintering Mechanisms

Thedensification processconsistsof solid particlebonding or neck
formation followed by continuous closing of pores from a largely open
porosity toessentially apore-freebody. For simplicity, solid-statedensifica-
tionisconsideredto beaccomplished throughthreestages: initial, intermedi-
ate and final. Multiple mechanisms are involved throughout these stages,
namely, evaporation-condensation, surfacediffusion, grainboundary diffu-
sion, bulk diffusion, viscousflow, and plastic deformation. Each transport
processexhibitsaparti cular dependenceontheparticle/grain sizeand defect
density. The highest sensitivity on particle sizeisthat of surface and grain
boundary diffusion. Although simultaneous mechanisms participate, the
common sintering models attribute a predominant mass transport path to a
specific sintering stage. For instance, surface diffusion is considered the
principlemechanismduringtheinitial stagewhenthemaineventistheneck
formation. Sofar, asimilar partition of thesintering processisacceptedinthe
existing sintering theori esapplied to nanopowders.!!
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For nanoparticles with excessive surface area and highly curved
surfaces, surfacediffusionisexpectedtobeextremely rapidinearly sintering
stages. Evidence of the surfacediffusion contributionto theneck formation
in nanopowder sintering is given by many researchers. Thuenissen, et al .,
attributed the neck areaincrease to surface diffusion in nanoscale Y-TZP
ceramics.[*l Hahn, et al., observed the elimination of small poresby rapid
surfacediffusionbetween425and 775K innano-Ti0,.[4? Surfacediffusion
wasthe main mechanismfor neck growth noticed by in-situ TEM studiesof
aluminal and zirconia.[*81“% Bonevich and Marksstudied neck formation
between two aluminagrainswhichretained their orientation.[* Thefast neck
formation and atomically sharp neck interfaces prompted them to conclude
that surfacediffusionisthemost probablesintering mechanism. Intheir study
of neck formationand growthinnano-zirconia, Rankinand Shel don consid-
ered the lack of change in the particle center spacing as an indication of a
surface diffusion mechanism.*® Surfacefluctuationsinvolving clusters of
atomswerevisibleinaway similar toformationand dissol ution of ledgeson
atomically smooth surfaces.'9[*% Surfacediffusionisknowntooccur by this
terrace-ledge-kink mechanism. Thismechanismbecomesmoreevidentfora
faceted, anisotropic surfacestructuresuchasinultrafineal uminaparticles.*4l
Thisisanillustration that atomic mechanismsmay be moreeasily unveiled
when smaller scalesare approached.

For conventional powders, itisknownthat surfacediffusiondoesnot
lead to densification but to grain coarsening.[*!l As already shown in this
section, surface diffusion mechanisms are most sensitive to particle size.
Therefore, enhanced surface diffusion with reduced low-temperature den-
sification should be observed in sintering nanoparticles. Abnormal grain
growth and pore coarsening without densification were noticed at low
sintering temperaturesin ultrafine silicon.[*®l However, thisis more of an
exception, sincefor nanoparticles, enhanced |ow temperature densification
hasbeentypically observed. Whereasdetailed | ater, asubstantial reduction
of thesintering onset temperaturewasexperimental ly reported.[4-€ Mol ecu-
lar Dynamicssimul ationsal soindicate extremely fast sintering behavior of
nanoparticles.[21146] Syrfacediffusion cannot explainthisbehavior. Further-
more, the usual approach of using high heating rates to avoid del eterious
surfacediffusion doesnot seemto alwaysapply to small powders. Insome
cases, slow heating ratesinduced surprisingly high densities.[*”] In other
cases, ho effect of theheating rateson densification or graingrowth hasbeen
observed.[#8l Althoughinthelatter, the heating rates used (2—200 K/min)
may be too slow to suppress grain coarsening, the contribution of surface
diffusionto nanosinteringisnot clear. Theratio between bulk (and/or grain
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boundary) and surface diffusion contribution to overall densificationisnot
known and may be different compared to conventional materials. Grain
boundary diffusion is certainly enhanced in nanopowders compared to
conventional sintering. Either amajor shift in the contribution of various
diffusionmechanismsor achangeinthesintering mechanismsispossible, at
leastintheinitial densificationstage.

Some other mechanisms for neck formation in nanopowders have
been suggested: grain boundary dlip, dislocation motion, grain rotation,
viscousflow andevengrainboundary melting. Thuenissen, etal.,impliedthat
grainboundary sliding assi sted by surfacediffusionisthemain contributor to
early densification in Y-TZP.I! For the particular grain and pore size
conditions, thecal culated sintering stress (70 M Pa) isconsidered sufficientto
cause grain boundary sliding and particlerearrangement. A low cal culated
activationenergy, smaller thanfor any knowndiffusional mechanisminthe
context of largeporosity and small grain size, may becompatiblewithgrain
boundary slip assisted by surfacediffusion. Asshownlaterinthissection, if
grainrotationisrestricted, grainboundary sliding may becomeactive.l*! This
grain boundary sliding, similar to superplasticity, may be effective in the
densification of nanoparticlesby severeplastic deformation.!*%

Dislocation mation, viscous flow, and grain rotation mechanisms
were identified by Averback and co-workers using Molecular Dynamics
(MD) calculations to simulate nanoparticle sintering.[21[461150[51] They
showed sintering of a nanoparticle pair taking place in picoseconds.
Calculationsfor the observed shrinkage based on surface or grainboundary
diffusion cannot explain this rapid sintering.[8! To account for the shrink-
age, the grain boundary diffusivity in Cu at 700 K has to be 102 cm?/s, a
valuewhichistwo ordersof magnitudelarger than liquid diffusivity in Cu.
They attributed this rapid shrinkage simultaneous with neck formation to
fast dislocation activity driven by the contact Hertzian stressesthat exceed
the ideal shear strength.[®% An experimental confirmation of such high
stresses has been recently provided by dipole stressfringes observed at the
contact of two Co nanoparticles.[5 Inthiscase, dislocations are generated
in the neck and move along the usual slip systemsin thefcc crystals. This
dislocation motion was sufficient to explain a shrinkage of ~10.6% in the
sintering of two copper spheres. After the neck forms by dislocation dlip,
the adjacent particles rotate to achieve a minimum grain boundary
energy.[29150 TEM studiesof ceriananoparticlesindicate some particle
coalescence which may be attributed to such a rotation process.*”]
Similarly, copper nanoparticleswereshowntorotatetotaketheorientation



Section 2.0 - Densification of Nanocrystalline Powders 123

of aclean copper substrate after deposition and modest heatingto0.35T,,,[5%1
The reorientation that induces coalescence occurs when grain boundary
motion is faster than surface diffusion. Thisrotation may at least partially
explain twin formation in nanosize metals. Twins have been commonly
observed in fcc nanoparticle pairs.! 183459 Particle rotation was actually
observed by in-situ TEM of ZrO, nanoparticles.'® An epitaxial regrowth
processof onegrainthat initiated at theneck wasal soreporteding-Al,04.114
A simulation of seven initia cylindrical particles further indicated grain
rotationtofinally formonesinglegrain.[*8l150 Experimentally, Thuenissen, et
al., documented the formation of single crystal aggregates (14 nm) from
severa initial 8 nm particles.*d Thisoccurred in early densification stages
with no visible macroscopic shrinkage, typical when surface diffusion
operates.

For material swith difficult dislocation motion, such asintermetal -
lic compounds, MD simulations indicate that viscous flow is the main
mechanism for neck formation and growth.[*6l When three or more particle
sintering is simulated, the contributions of these mechanismsis different.
Dislocation motion cannot providefull densification, and diffusion mecha-
nisms have to contribute to densification. Grain rotation is al so restricted.
This restriction creates large residual stresses. Further densification is
accomplished by grain boundary sliding.[“€! Alternatively, the large grain
boundary stresses may induce melting or amorphization that also resultsin
enhanced densification.[>54 Onadifferent theoretical basis, Trusov, etal .,
also claim that viscous flow is the predominant mechanism in the early
stages of sintering nanoparticles.®®! They demonstrate that vacancies
generated at grain boundaries and pores may reach pre-melting levelsina
very shorttime. Dominguez, et al., al so describesintering of nanosizeCuand
Febased on grain boundary amorphization or melting mechanisms.!>’]

While there is some theoretical and experimental evidence to
support these new mechanismsinvolvedinthe nanopowder sintering, there
isstill much uncertainty about their individual or collective contributionto
theoverall sintering process. Whether these new mechanismsaregenerally
applicable or system specific is largely unknown. If new mechanisms
contribute to nanosintering, a simple scaling down of the conventional
sintering equationsisnot applicable. Careful re-inspection of the simplify-
ing assumptions used to derive the sintering equationsisrequired. Particu-
larly, surface effects and particle anisotropy should be reconsidered.
Sintering diagrams indicating different mechanisms as a function of
sintering stage and powder size would be most helpful.
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Activation Ener gy. Commonly, thecal cul ation of activation energy
valuesprovidesinsightintothemicroscopic processmechanisms. As already
showninthissection, sinteringisaccomplished by multiplemechanisms. The
identification of the specific mechanismsiscomplicated sincethey change
whilesintering progresses. Asaresult, theinterpretation of the Arrheniusplots
insinteringisdifficult,asemphasi zedinsinteringliterature.[*458 Thisiseven
more true for nanoparticles as seen in only afew activation energy values
available. Inadditiontothedifficulty of identifying adominant mechanism,
sintering mechanismschangewith particlesize. Thelargest departurefrom
conventional sinteringisseenintheinitial sintering stages. |nthese stages,
lower activation energiesthanfor conventional diffusionhavebeenreported.
For instance, Trusov, et a., report alower activation energy (134 kJ/mol)
thanfor surfacediffusion (~ 300 kJ/mol*4) in 40 nmtungsten.!>® Vergnon,
etal., citeactivationenergiesof 234 kJ/mol for 13.5nmAl,0;and 96 kJmol
for 11.5nm TiO,.[%% Asmentioned earlier, Thunissen, et al., also found an
atypically low activationenergy (100 kJmol) intheearly sintering of 15nm
Y-TZP.I*l |n contrast, when the particle size was 50 nm, the activation
energy hadtheusual value of 275kJmol. An activation energy comparable
toliquid diffusionwasreported for nanoparticleiron and copper sinteredin
hydrogenby Dominguez, etal.,[>1 Someof thesel ow activationenergy val ues
can not unambiguously be assigned to surface diffusion due to the lack of
comparableliteraturedata, particul arly for ceramics. Inaddition,amorevalid
comparison shouldusenanomaterial diffusiondatarather thandiffusiondata
onregular materials. Asalready mentioned, thelow activationenergy values
inearly sintering stagesmay beindicativeof somedifferent mechanismsthat
occur insintering nanopowders.

For latesintering stages, activation energiesarein better agreement
with valuesdetermined for sintering of conventional powders.[*1[6061] For
instance, Messing and Kumagai found activation energiesthat correspond
to volume diffusion for sintering o-Al,O, at 90% density.l% By |ate
sintering conditions, theinitial nanopowders have already |ost some of the
more conspicuous initial nanofeatures and, therefore, their densification
behavior convergestowardsthat of regularly grained materials. Only slight
changes, such as the predominance of grain boundary diffusion instead of
volume diffusion, have been noticed in the densification by power law
creep of Fe-10wt% Cu during sinter forging.[8Y Thisshift tograin boundary
diffusionisnot unreasonabl e since sintering temperaturesarelower thanin
large grain powders.
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Scaling Law. As already mentioned, the onset of sintering is
consistently reported to be significantly lower in nanoparticul ates com-
paredto conventional material s.[3A571161-6% Thesintering of both metal and
ceramic nanoparticleswasfoundto start at temperaturesof 0.2—0.4T,,as
compared to 0.5-0.8 T, for conventional powders. Some examples of the
sintering onset variation with particle size are shown in Table 2. Densi-
fication of nano-TiN starts at 1170 K and is completed below 1823 K,
whereas, the microcrystalline powder is only 63% dense at 1823 K .[30
Full densification of nanopowdersiscompleted at temperatureslower than
that for conventional powders, as well. In Si;N,, Pechenik, et a., fully
sintered nanopowdersat 700K |ower than the coarsegrained anal ogs.[661167]
TiC powder of 140-170 nm particle size sintered to 91% density at 1900 K
ascompared to 5 um powder that achieved the same density at 3070 K .[68]
Sintering of nano-ZrO,iscompleted at 1745 K, whilecommercial powders
sinter at > 1945 K 163 Nanometer size TiO, (12—14 nm) compl etessintering
at ~1300 K compared to more than 1670 K for 1.3 um TiO,.[*d For gel-
derived TiO, powders, near full density isachieved at 1075 K.[% Presently,
the lower sintering temperatures of nanopowders are well recognized and
fully exploited in numerous applications. Technologically, there are sig-
nificant benefits from the lower sintering temperatures of nanopowders:
possibility of avoiding sintering aids, phase decomposition, deleterious
interfacial interactions, and undesirable phase transformations (e.g., the
monoclinic to tetragonal ZrO, transformation that inevitably results in
cracking).[63I170]

Table 2. Sintering Onset For Nanoparticles

Material Particle Size (nm) | T, K (T/T,) | Ref.
TiO, 40 950 (0.46) 62
TiO, 13 823 (0.4) 42
Y,04 4 600 (<0.25) 63
ZrO, 70 1370 (~0.5) 64
ZrO, 8-9 870-920 (~0.3)| 63

W 9 900 (0.24) 65
Fe 2000 ~900 (0.5) 57
Fe 30 393 (0.21) 57
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To rationalize this decrease in the sintering temperature, different
scaling lawshave been applied. For particlesunder 100 nm, Alymov, etal.,
devel oped anempirical relationshipfor thedependenceof thesintering onset
temperature, T, on the mean particle size, d:[

Eq. (3) InTy=1/d

They calculated aratio of sintering onset to melting temperature which is
in good agreement with experimental datafor sintering of nanometals. In
1950, Herring developed the classical scaling rule for the effect of the
particlesize on sintering time.[”Y] Thetime, t, to achieve the same sintering
condition is related to the powder particle size, d, if the same sintering
mechanisms operate, by the equation:

Eq. (4) t,/t,= (dy/dy)"

where n is the exponent which has a value of three if the main
sintering mechanism is volume diffusion and avalue of four if the main
sintering mechanismisgrainboundary diffusion. Consideringthe Arrhenius
expression for temperature, the sintering temperature dependence on the
particle size becomes:

Eq. (4a) nin(dy/d,) = QIR[(UTy)-(1/T,)]

whereQ istheactivation energy for the predominant sintering mechanism,
Risthe gas constant, d; and d, are the different powder particle sizes and
T, andT, aretheir respectivesi ntering temperatures. Reasonabl eagreement
of experimental and cal culated datawasfoundin TiO,and Al,Oz assuming
certain diffusion mechanisms.[%9162 For instance, in TiO, the quantitative
agreement was better when grain boundary diffusion was considered the
sintering mechanism.[%? The fitting value for the activation energy used
(139 kJmol) iscloseto half of the activation energy for lattice diffusionin
TiO, (251 kJmol), atypical ratiofor grain boundary tolatticediffusion. For
Al,O5 the calculated values arein closer agreement with the experimental
valuesagainif theactivation energy for grain boundary diffusionisused.!6%
But, in this system, Kumaga and Messing measured an activation energy
for sintering close to volume diffusion (543 kJmol). When applying
Herring’ slaw to Andrievski’ s datal "2 on sintering pure nickel particles of
different sizesto 60% density, the calculated activation energy value (239
kJ'mol) wascloser to volumediffusion (284 kJ/mol) thanto grain boundary
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diffusion (115 kJ/mol) in nickel. However, volume diffusionislesslikely
to be the principle sintering mechanisms since temperatures are low and
particlesarefine. Thesediscrepanciespoint totheuncertaintiesinusingthe
scaling law to determine the activation energy values and thus, deduce the
sintering mechanisms. Conversely, the predictions of sintering tempera-
tures as a function of particle size may not be accurate, giving primarily
qualitative estimates. The main concern in using Herring’'s scaling law is
related to a possible change of sintering mechanisms from conventional
sizeto nanopowdersand sintering temperature. Sintering at lower tempera-
turesmay induce amechanism shift even if particlesare conventional size.
For nanoparticles, indications of possible changesin the sintering mecha
nisms have been already shown. Furthermore, in using Eq. (4), theinitial
grainsizeisconsidered despitegrain coarsening that alwaysoccursstarting
withtheintermediatesintering stage. Usually, sintering model sal so neglect
grain growth. Finally, as in any extrapolation, a careful inspection of the
initial assumptions is in order. Herring cautioned that the degree of
contamination on the surface should be kept the samefor all particle sizes.
Thisis definitely questionable when conventional and nanosize particles
arecompared. Not only havehigher contamination levels beenreported,[
but al so different typesof oxideshavebeenidentified on nanoparticles.[2312°]
In addition, when sintering occurs at lower temperature, the complete
reduction of oxides or hydroxides may be hindered. The specific effect of
the surface contamination on sintering is discussed in the next section.

2.3 Impurity Role

Asasurfacecontrolled process, sinteringiscritically dependent on
particle surface condition. Surface properti esbecome even more dominant
inthe sintering of nanoparticles. Studies of thistopic abound since particle
surface properties affect not only individual particle properties and sinter-
ing behavior, but also final mechanical properties. This explains the
precautions to eliminate contamination by in-situ consolidation of metal
nanopowders produced by inert gas condensation for careful mechanical
property characterization.[4[73 |n ceramics, sinterability and mechanical
propertiesareal so highly affected by surfaceimpurities. For instance, when
the inherent surface SiO, is present on Si;N, particles, sintering is en-
hanced, but creep strength and toughness are impaired during SisN, part
service™
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The excessive surface area of nanoparticles justifies the focus on
powder contamination. Using photoacoustic infrared spectroscopy, Ying
documented larger amounts of adsorbates on nanoclustersthan on conven-
tional y-Al,05.1 Andrievski measured about 120 cm?/g of absorbed gases
suchasN, H, and H,O in 50 nm pure Ni powders compared to 40 and 8
cm?/g for 5 and 50 pm powders, respectively.[7? The impurity amount is
highly dependent on the processing method. Generally, the processing path
has a significant effect on nanocrystalline microstructures and, hence,
sinterability.!48I6A76] For instance, powders obtained by mechanical
attrition are inevitably more contaminated than those produced by other
processes (e.g., by inert gas condensation). Oxides, nitrides, and other
compounds are often found in consolidated parts made of attrition-milled
nanopowders.[”71178 Although productsof contamination, thesecompounds
may be used to advantage to prevent grain coarsening!’® when present as
fine dispersions. Conversely, afinegrain sizewasmoredifficult to retain
inhigh purity powdersor during consolidationin high purity conditions.!”3]

Theinfluence of contamination on sintering was studied by in-situ
TEM under controlled oxygen levels compared to ultrahigh vacuum
conditions.[*8 Studies of the early sintering stagesin ultraclean conditions
have been performed for both metal and ceramic nanopowders.[24151(79]
All resultsindicate that ultraclean nanoparticlessinter very rapidly even at
room temperature. This rapid sintering is in agreement with MD simula-
tions.[2A146151 As shown in Sec. 2.2, neck growth occurs by surface
diffusion, dislocation motion, and grain rotation. In contrast, when the
sintering of nanoparticlestakes place in the presence of controlled oxygen
traces, very littleor noneck growthisobserved.!*8 Thisoxygen contamina-
tion decreases the surface energy and slows down the sintering kinetics.
More specifically, TEM studies showed that sintering of Fe-Ni nano-
particles starts only when oxide layers are reduced.!® Sintering occurred
above 500K in hydrogen. When vacuum was used, no sintering took place
upto 725 K. Asaready mentioned, reducing the amount of oxygenin TiN
nanopowders decreases the sintering temperature.[°]

The sintering environment appears to have a similar effect in
nanopowdersasin conventional ones. Dominguez, et al., calculated alower
activation energy for the sintering nano-iron in hydrogen compared to
vacuum.®” In these results, the former activation energy corresponds to
liquid-like diffusion, while the latter is for more conventional grain
boundary diffusion. Consistently, ceramicssintered better—higher densities
at sametemperaturesor similar densitiesat lower temperatures—invacuum
than in air.[631164]
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To avoid further contamination, the as-produced nanopowders
may be either consolidated in-situ or handled in controlled environment
prior to sintering. Both approaches add | arge coststo the actual component
production. In amanufacturing environment, powders are consolidated in
aplaceremote fromthe powder producing area. Therefore, contamination
of small particlesislikely to occur. The oxygen rolein nano-iron sintering
was addressed by Bourell and K aysser.[8! The powderswere produced by
an evaporation-condensation method. Althoughsinteringwascarriedoutin
areducing hydrogen atmosphere, oxygenwasfound asfineoxidesinthe
densified product. Alternatively, consolidation processes that are less
susceptible to the contamination levels are recommended (e.g., high pres-
sure consolidation and severe plastic deformation), although not always
practical. Some electrical field assisted sintering processes that claim an
initial oxidereductionmay bealsohelpful (e.g., plasmaactivated sintering).

2.4  Green Density of Nanopowders

The initial step in most densification processes is to compact the
powders at room temperature, or cold compaction, to form a green body.
Final sintering resultsarelargely dictated by the green compact microstruc-
ture. A larger number of initial point contacts, smaller poresinahigh green
density compact, and auniform poredistributionfavor higher final density.
Sintering times may be shorter and lower sintering temperatures may be
used. Conversely, many sintering defects may be traced to the green
compact structure. Inhomogeneitiesin density, packing, and particle size
in green compact will limit the final sintered density. Such an exampleis
the crack generation in ceramics upon sintering inhomogeneous cold
compacts. Generally, nanocrystalline powdersarelessforgiving of defects
in green compacts compared to conventional powders. The most common
problem is the elimination of large pores that originate from the green
compact. This elimination requires high temperatures upon subsequent
sintering, thereby, promoting unwanted grain growthandlosingthedesired
nanosize features.

Cold compaction comprisesspecific stagesthatinvolvesliding and
rearrangement of particles, elastic compression at particle contact points,
plastic yielding for metals or fragmentation for brittle materials. Similar
steps are seen in nanopowder compaction. The principle differences in
nanoparticles arise from the specifics of small particle sliding and friction,
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aswell as from the changes in dislocation-assisted deformation behavior.
Sliding and rearrangement in nanopowdersare severely restricted owingto
large frictional forces among powder particles.!4l73[82 Theseforcesare a
result of mechanical, electrostatic, van der Waals, and surface adsorption
phenomenathat become much more significant as particle size decreases.
Mechanical friction resistanceis substantial due to numerousinterparticle
contact points. Irregular particle boundaries favor agglomerate formation.
Asaresult, particlerearrangement ishindered and lower green densities
are likely to be achieved compared to conventional micron size powders
(Fig. 1). For example, Bourell, et a., achieved 45% density for 70 nm Y -
TZP and only 29% for 40 nm.[84 Conversely, when particle sliding is
facilitated, high green values are obtained. This may be accomplished by
using lubricants or coatings. The latter technique has been used predomi-
nantly in ceramic compaction to isolate individual particles by encapsul a-
tion or sheathing.[#°1(86]

Asan example, rare earth carbide nanocrystals have been carbon-
coated to prevent degradation by oxidation or hydrolysis.[® Similarly,
carbon coating on ferromagnetic powders acted as an effective oxidation
barrier.l Although no results on packing or consolidation behavior of
coated particles are presented, the carbon surface layer and the spherical
morphology thus aobtained should improve powder flow and aleviate
agglomeration problems. For both metals and ceramics, the lubrication
action of liquid nitrogen during low temperature compaction has been
shown to improve rearrangement, thus providing higher green density
values (note the cryogenic compaction datapoint in Fig. 1).183 Asanatural
extension, wet processing providessignificantly improved packing unifor-
mity of ceramic nanopowders.[l For instance, agreen density (74%) close
totheideal valuethat resultsby packing monosize sphereswasachievedin
12.5nm'Y ,0,-doped ZrO, by centrifugation from aslip suspension.[#’]

A better initial particle rearrangement facilitated by good wetting
enhancessinterability even without increasing green density. For instance,
Y an and Rhodes achieved 99% density by pressureless sintering of only
41% dense green compact of TiO, nanopowders prepared by the
centrifugation method.[%2 Similar full densificationwith 80 nmfinal grain
size after wet compaction isreported by Mayo in ZrO,-3mol% Y ,05,.14
These results are to be contrasted to dry compaction of the same powders
that requires0.5-1GPapressureto achievesimilar densification characteris-
tics. Therefore, techniques that take advantage of the wet processing of
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ceramics such as centrifugation, tape and slip casting, and osmotic and
pressure filtration are on the rise. Osmotic compaction has been recently
applied to ceramic powder compaction based on the osmotic chemical
potential action. Equal or greater green densities than in physical pressure
applicationshavebeen achieved with no mechani cal breakagethat external
forcesmay produce. In 8 nm zirconia, Miller and Zukovski obtained about
47% dense samples by an osmotic pressure equivalent to 12 MPal®8
Although final sintering of osmotic specimenshas not yet been performed,
the expectation is for high density values due to homogeneous packing
similar towet compaction. Moreresultson cold compaction of ceramicsare
discussed in areview by Mayo.!
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Figure 1. The effect of particle size on green density upon conventional dry compaction
(uniaxial pressing) for 50 nm Ni and 50 nm Si;N,.["Y) Also shown are data points for dry
(triangle) and cryogenic compaction (square) of 20 nm y-Al,0,%28 and 8 nm zrO,
(diamond).[% All compactions performed at 1 GPa.
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Cold Compaction of Nanocrystalline Ceramics. Indry compac-
tion, cerami c powdersaremoredifficult to compact than metal s(compareNi
and Si;N, compactionlinesinFig. 1). Anequationfor cal cul atingthepressure
necessary to achieveacertaindensity based onvolumechangeswith pressure
was devel oped by Chen and Malghan for cold compaction.!®3 Experimen-
tally, theliteraturereportsindicateroomtemperaturedensitiesreaching >95%
for nanometal sbut only 75-90% for nanoceramics.[°ll8 However, thereare
afew caseswhen ceramics pack better than metals by compaction at room
temperature(seeAl,O;and ZrO, datapointsinFig. 1). Notethat al | thesehigh
densitieswere achieved by applying avery high pressure of 1 GPa. Indeed,
greendensity increaseswith pressureapplied. For instance, resultsfor 70-80
nm TiN nanopowders show that green densities up to 65% may be reached
by conventional cold compaction. Atvery highpressures(7 GPa) thedensity
obtainedwascloseto 80%.%°! | n col disostatic pressing at very high pressures
(upto5.6 GPa), densitiesinexcessof 90%for nanocrystallineAl ,O;and 80%
for SiO, have been achieved by Gallas, et al.,1®% A major inconveniencein
applyinglargepressures, other than equipment limitation, isthehighlevel of
residual stresses in ceramic powders that may result in fracturing upon
subsequent handling.[

Atlower pressurevalues, thehard agglomeratesformedin ceramics
cannot be fractured. To break these agglomerates, a critical pressure is
necessary (Fig. 2). On a density-pressure plot, the transition point, P,
where the slope change occurs, is interpreted as the strength of the
agglomerates. Above P, the weak agglomerates break (Curve 1, Fig. 2).
When agglomerates are strong and dense, they do not break and, conse-
guently, no transition point is seen (Curve 2, Fig 2). Thisisthe case of the
agglomeratesin calcined water-washed yttria-stabilized zirconiathat sur-
vive cold isostatic pressing at 400 MPa.l®!l |f powders contain no or weak
agglomerates, the final result of the pressure application is a uniform
distribution of small poreswith favorable consequencesfor final sintering.
Such agradual change from a bimodal pore distribution in agglomerated
powders to only small pores by pressure application was documented by
vandeGraaf, etal.,in8nm 17% Y ,05—ZrO, ceramics using aporosimetry
technique.[%Z

A highvalue of the green density may not alwaysreflect auniform
pore size and distribution. When large agglomerates are present, the green
density may be larger than in non-agglomerated powders, similar to
bimodal size powder packing. For instance, a high density of 75% in as-
compacted nano-TiO, at 425 K under 2 GPa pressure for 2 hours was
explained by easier packing of large agglomerates (50 nm) rather than
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individual smaller particles (14 nm).[*2 For practical purposes, transpar-
ency of green ceramics may be used as a quick check of the compaction
results.[4l8 A translucent green compact is an indication that pores are
smaller than thevisiblelight wavel ength and conseguently may reach high
densities upon further densification.
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Figur e2. Compaction behavior of ceramic powders(from Refs. 91and 92).Curve1l: Weakly
agglomerated ZrO, -17% Y ,05. Curve 2: Hard agglomeratesin 5%Y -TZP.

Cold Compaction of Metals. To achieve high green densities of
metal nanopowders, plasticyieldingisnecessary which, inturn, requireshigh
compaction stresses. Thesehigh stressesarerationalized based ontheHall-
Petch dependence of yield stress, o, upon grain size, d, (i.e., o o d"V/?).[%
Accordingtothepressuredensification models, plasticyieldingtakesplace
whentheeffectivepressureisseveral timestheyield strength of theparticle
material B4 Such high stresses may be commonly achieved using high
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pressure equipment such asadiamond or WC cubic anvil cell. Gutmanas,
etal., obtained highdensitiesupto 97% at roomtemperatureand 99%at 575
K inNi (65nm) and Fe (30 nm) at 3 GPainahigh pressurecell madeof high
speedstedl [*YHistorically, high pressureconsolidationhasbeenthepreferred
in-situ consolidation methodfor classical nanopowdersobtai ned by theinert
gascondensation (IGC) method.!?![%31-%] Specimen sizeisusually small, not
exceeding 1 mmin thickness. Sometimes, densities closeto the theoretical
have been achieved by low temperature sintering (e.g., 575 K) after cold
compactionunder high-pressureof nanocrystallinemetal s(Ni, Fe, Al).1*4 For
amoredetailed theoretical and experimental treatment of high pressurecold
compaction of nanopowders, thereader isreferred to Gutmanas' review.!”]

Theusual dependenceof green density of nanometal sasafunction
of applied pressure hastwo regions (Fig. 3). At lower pressures, thereisa
linear increase of density with pressure. At larger pressurevalues, theslope
is considerably less. Thisregion is attributed to work hardening.[1[%% As
seenin Fig. 3, little work hardening is experimentally observed (Note the
flattened compaction curves at high pressuresin 50 nm Ni, Fig. 3a). This
is in contrast to submicron or micron size powders for which strain
hardening of 200-300 MPa has been observed in cold sintering.[’] The
difficulty for strain hardening in nanomaterials is explained by restricted
dislocation generation and flow. A more detailed discussion of therole of
strain hardeningin nanopowder consolidation may befoundin Gutmanas.[”)

A particular caseis represented by mechanically alloyed powders
which most commonly consist of micron size particleswith multi-grainsin
the nanometer range. In this case, the particle size dictates the cold
compaction behavior and high green densitiesare, therefore, achieved. For
instance, agreen density of ~90% has been reached under 1 GPa pressure
inmechanically alloyed Fe;Al powders.[%

Asshown in Sec. 2.1, the particle surface state becomes increas-
ingly important in nanopowdersdueto the dramatic increasein the surface
area. Literature examples illustrate the interdependence of green density
value on surface chemistries, adsorption characteristics, and reactivity.
Andrievski measured high absorbed-gas|evelson 50 nm Ni powders and,
consequently, attained low final green densities even at high pressures.[”
Asseenin Fig. 3a, the green density values reached in these powders at 1
GPapressureby uniaxial pressing areonly ~58%. Evenlower greendensity
valueswereobtainedfor smaller Ni powders(e.g., 15nmNiinFig. 3a). For
comparison, 50 um Ni powders reached 82% density in uniaxial pressing
and 86% in cold isostatic conditions. The degradation of surface condition
by oxidation of metal nanopowders due to storage further limitsthe green
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density values obtained. Andrievski showed such a decrease of the final
green density of metal nanopowders after storage (see the two data points
inFig. 3b). Noteworthy alsoisthe minor density difference after storagein
air and argon. In contrast, adsorbed humidity in ceramicsisat significantly
lower levels. The adsorbates on Si;N, powderswere about twenty fold less
thanto Ni powdersof samegrainsize (50 nm).[" Asaresult, most ceramics
arefar less sensitive to storage in humid conditions.[*l However, the level
of adsorbed gases such asCO, CO,, N, and H, in ceramic nanopowders
may be quite high.[73[%% Eveninvery controlled preparation conditions
such asin inert gas condensation, nanopowders may retain high levels of
adsorbates.[ 7l
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Figur e 3. Pressure effects on the cold compaction of 15 and 50 nm Ni powders and 26 nm
Fe powders (from Refs. 72 and 93); (a) uniaxial pressing, (b) cold isostatic pressing (CIP).
Noteslightly higher density valuesfor ClIPthanfor uniaxial compaction. Thetwo datapoints
in (b) arefor air stored (square) and argon stored (full triangle) Ni powders.[’2
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Warm Compaction. To eliminate adsorbates and enhance inter-
particle bonding, warm compaction at temperatures up to 675 K has been
largely applied to nanopowders. For most metal nanopowders, these
temperatures are dtill in the cold working regime. Selection of such
temperatures below recrystallization is purposely sought to prevent grain
growth.[®9%4 Only for low melting point materials, compaction at room
temperature may induce recrystallization and sintering effects. For in-
stance, in Bi-Sb system, cold pressing at 350 MPayielded an 89% dense
specimen whilegrain size doubled.!'% Significant work in warm compac-
tion has been carried out for metal nanopowders by Weertman and co-
workers.[731[101-103] The |GC processed powders were densified under
high pressureapplication (1.4 GPa) for 5-900 min at temperatures between
375 and 575 K.[101[102 Densities exceeded 95%. Higher densities were
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obtained when volatile contaminants were carefully eliminated based on
studies of gas desorption temperatures and kinetics.[”®![1%3] The main
purpose of such studies was to minimize the consolidation artifacts which
hindered the accurate characterization of the mechanical properties of
nanomaterials. High pressure compaction (1 GPa) at 525K alsoresultedin
high densities of TiAl intermetallics.[1%4 Ceramic nanoparticles have also
been densified under high pressures at low temperatures. Warm compac-
tion at 675 K of 70-80 nm TiN powders resulted in densities exceeding
90%.1%0 Similar to metals, the degassing of ceramic powder contributesto
high densities.!*®l68] The key to achieving such high densities by cold or
warm compactionisclean particle boundariesthat allow interatomicforces
to come into play, thus, providing better intergranular bonding. Higher
compactiontemperaturesand, consequently, slightly larger grainsizesmay
alsoallow plasticdeformati onto contributeto nanometal densification.[11192]

2.5 Pore Size and Its Effects on the Densification
Behavior

Similar to conventional powders, full density or rapid sintering of
nanosi ze powders is achieved when the green structure contains a narrow
pore size distribution. Conversely, densification is retarded or inhibited
when pore distribution is wide. In this case, big pores become larger and
only small poresshrink. Theremoval of largeporesisalengthy processand
requires higher temperatures. Thisway, the overall effect of large poresis
to slow densification and induce undesirabl e coarsening.

A thermodynamic model of the pore shrinkage was devel oped by
Kingery.!1%! Based on curvature considerations, he predicted the poresize
for thetransition between pore shrinkage and pore growth. A complicating
event isthe separation of large poresfrom the grain boundariesthat occurs
in final sintering stages. Brook developed pore-size-grain size maps to
designate the regions where such pore separation from grain boundary
occurs.[1%! When pore—grain-boundary breakaway takes place, the de-
tached poreswill no longer benefit from easy transport paths such asgrain
boundaries. Instead, transport is by slower volume diffusion and, conse-
guently, densification occurs at a slower rate. Thisisthe stage when open
porosity breaks down and pores become closed. Since grain boundary
migration isno longer restricted by pores, grain coarsening takes place, or
pinning of grain boundary migration due to residual pores is no longer
effective. Therefore, in the final sintering stage, densification is hindered
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and significant grain growth occurs. Mayo, et a., extended Kingery’s
treatment to second stage sintering of hanoceramics and demonstrated that
they also obey Kingery’'s critical ratio for pore shrinkage.!'°711108] Fyj|
densificationislikely tooccur whenall poresaresmaller thanthecritical pore-
to-grainsizeratio. Largeporesaremorelikely to undergothe pore-boundary
separation. Thispreventshigh densitiesfrom being achieved. The effect of
largeporesfromanon-uniformgreenstructureonfinal sinteringof nanopowders
isevenlessforgivingthanfor normal grained powders. I f coarsening occurs
inlate sintering stages, the overall notion of nanograin size is compro-
mised. Experimentally, a strong correlation between the closure of
open porosity and the onset of exaggerated grain growthwasnoted in both
ceramic and metal nanopowders.[42A[63][72J[107][109]-{113] AgseeninFig. 4a
for Ni and TiO,, accel erated grain growth occursat densities above 90%
or when the pores become closed. Often, the final grain size upon full
densificationiscloseto 1 ym,or thematerialsarenolonger nanocrystalline.
In contrast, no exaggerated grain growth takes place upon densification of
non-agglomerated Al,O5 powders (Fig. 4a).
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Figure4. (a) Exaggerated grain growth in Ni and TiO, when porosity becomes of closed
type.[7A11%4 The densification behavior for non-agglomerated powders is shown for
Al,0,.180 (b) The effect of dopants on grain growth of TiO,.[1%3]
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Large pores usually originate from agglomerated powders. As
shownin Sec. 2.4, nanoparticlesareinevitably linked to ahigh agglomera-
tion tendency. Although agglomerates are more often reported in ceramic
nanopowders, they have been also noticed in metals.[5811114] For instance,
Trusov, et al., gave experimental evidence that aggregates of ~1 um may
be found in 10 nm metallic powders.[> Agglomerated powders have a
bimodal pore distribution with small inter-agglomerate and large intra-
agglomerate pores. Theremoval of largeinter-agglomerate poresbased on
vacancy diffusion requires significantly higher temperatures and longer
sintering times. Mayo, et al., compiled evidence for three TiO, powders
showing that sintering temperature scales with agglomerate size, rather
than with size of theindividual powder particle (Fig. 5). Also noteworthy
in Fig. 5 isthat the smaller the particles, the larger the agglomerates. The
non-agglomerated powders sinter at the lowest temperature, despite their
largest nanoparticle size. See NA (<40 nm) data pointsin Fig. 5.
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Figure 5. The effect of agglomerate size on the sintering temperature of nano-TiO,.[17]
Agglomeratesize (particlesize): 1) Non-agglomerated (<40 nm),2) 80 nm (16 nm), 3) 340
nm (8-10 nm). (With permission from Elsevier Science.)

Based on the observed dependence of the sintering processon pore
size, Mayo developed a modified sintering law that directly accounts for
pore size effects on the densification rate:[*

1 do 11 -Q
Eq. (5 — = T Sexp| ==
a- () g(l—g)dt dnrexp(RT]

where p isdensity, d is the particle size, n is a constant dependent on the
sintering mechanism, r isthe pore radius, Q isthe activation energy, Ris
the gas constant, and T isthe absol ute sintering temperature. Thisequation
predictsthat the highest densification rate occursfor thefinest poresize. It
was found to hold throughout the sintering process and for alarge range of
poresizes, at |east when poresizedistributionisuniform. Thisrelationship
has two implications. First, the pore size, in addition to grain size, should
becontrolled during sintering. Fast sintering kineticsresult when poresizes
are small. Second, the densification rate is dictated by the instantaneous
pore size, not only the initial pore size. Therefore, to maintain a fast
sintering ratein late sintering stages, the pore should remain small evenin
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late sintering stages. A small pore size throughout the sintering processis
also critical in controlling the final grain size. For these purposes, a small
and uniform pore population is desired in the green compact. Most often,
such a pore distribution is associated with a high green density in non- or
weakly agglomerated powders [4[9[1181[116] A5 early as 1981, Rhodes
demonstrated that de-agglomeration of a commercial ZrO, may reduce
sintering from 4 hat 1775to 1 h at 1375 K.[87] In the past years, effortsto
produce non-agglomerated powders haveintensified. A good summary of
the progress in producing non-agglomerated ceramic powders may be
foundinMayo’ sreview.[¥l Thebenefitsof asmall poresizeand narrow size
distribution in reaching high densities and reduced grain coarsening have
been shown by many researchers in non-agglomerated Al,O,[6%117 (see
asoFig.4a), Y ,0;and ZrO,, 6641151 5n O, [116] and TiNI nanopowders.

2.6  Grain Growth

The success in nanopowder consolidation isintimately related to
the control of the competition between densification and coarsening. As
shown in Sec. 2.1, the driving force for densification is largely due to the
extreme curvature of nanoparticles. As sintering progresses and grain
boundaries are created, the driving force, Ap, for mass transport may be
expressed as a Gibbs-Thomson effect:[118]

Eq.(6) Ap= zdﬂ + %

where y, isthe grain boundary energy, d isthe average grain size, yisthe
surface free energy, and r is the radius of curvature of pore surfaces. The
first termisthegrain coarsening tendency, whilethe secondisthesintering
driving force. When pores are small, sintering predominates or the pores
control grain growth. When particles bond and grain sizes are small, the
driving force for coarsening becomes important. The key to nanopowder
consolidationisto control this coarsening which inevitably competeswith
sintering.

The thermal stability of nanocrystalline materials has been the
subject of recent reviewd 9120 or covered by a number of general
reviews.[®ll10 Heretheattentionismainly on grain growth during sintering.
In nanomaterials, grain coarsening is described by an equation similar to
that of conventional materials:
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Eq. (7) d"-dy =kt

where d isthe average grain diameter, d, istheinitial grain diameter, nis
the grain growth exponent, k is an Arrhenius type constant, and t istime.
Koch and coworkers summarized the n values for the isothermal grain
growth of nanocrystals and compared them to those for conventional
polycrystalline materials.['2?! At low temperatures, n values are high or
grain growth isslow, similar to regular materials. Such increased n values
are rationalized by restricted grain boundary mobility which is most
commonly due to pore or solute effects. In nanocrystalline materials such
asiron, Mallow and Koch found an average n value of 12 at low tempera-
tures but the n value decreased with increasing temperatures in the same
way asfor thecoarsegrained materials.*?Y InZrO,-3mol %Y ,05 ceramics,
nislarger than four at low temperatures and decreases to three at interme-
diate temperatures.[*! In other cases, constant n values were reported, e.g.,
n=4ingraingrowthduringsintering of Al,O,1*?? orn=3inTiO,and yttria
stabilized Zr0, (414111123

Activation energies for grain coarsening are generally difficult to
assess particularly when the n exponent deviates from the ideal value of
two. Malow and Koch compiled the existing activation energy data for
grain coarseninginconsolidated nanosizemetal s, intermetal lic compounds,
and ceramics.'?! |n most cases, the activation energy is close to that of
grain boundary diffusion, whichissimilar tolargegrained materials. Some
exceptions were found for elemental nanometal s with activation energies
equal to that of lattice diffusion.[*21[124 Two apparent activation energy
valueswere calculated in nanocrystalline Fe: alow valuefor low tempera-
tures (125 kJ/mol) and a high value (248 kJ/moal) corresponding to high
temperatures.!?!! The|atter value was close to that of volume diffusionin
iron and is similar to the value found in coarse grained iron. The low
temperature value is less than that for grain boundary diffusion. A low
activation energy value for grain coarsening in early sintering stages was
alsocalculatedby Thunissen, etal.,inZrO,-5.8 mol %Y ,O4, although some
uncertainty may be due to an unknown n value.l*] Eastman also reports a
low activation energy for grain growth (83 + 40 k¥mol) in nano-TiO,.[*%3]
However, any speculation for a new mechanism based on these low
activation energy values is risky because of the reported uncertainties in
impurity or porosity levels, aswell asthe lack of specific diffusion datain
nanomaterialsfor direct comparison.

The influence of pores on grain coarsening has been well docu-
mented theoreti cal ly[41129][126] gnd experimentally, particularly in ceram-
ics.[42107[1271[128] A shown in Sec. 2.5, the presence of open pores in
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nanopowdersinhibits grain growth similar to the way pores prevent grain
coarsening in ordinary grain sized ceramics. As soon as the pore isolation
occurs, graingrowthisunrestricted (Fig. 4a). Thepinning action of thepores
is, however, difficult to predict. Gupta established an empirical direct
relationship between density and grain sizein theintermediate stage sinter-
ing.12° Onabetter fundamental basisinaporecontrolledgraingrowthmode!,
Liuand Pattersonfound alinear rel ationship betweentheinverseof grainsize
andtheporesurfaceareaper unitvolume.l*3 Thismodel, similartoZener’'s
drag effect, is valid only for an immobile pinning phase. Therefore, the
experimental verification of thismodel wasperformed onmaterial sthat have
either openpores(e.g.,in UO, between densitiesof 62 and 86%) or dopants
that suppressporebreakaway (e.g., MgO additionsin Al,O5). Thisrelation-
shipholdsexperimentally for metals(Cu, W), aswell. A further improvement
in grain growth predictions may be accomplished if the modeling of pore
closureisachieved.

The simplest way to control grain coarsening isto take advantage
of the pinning effect of open pores and limit the density to ~90%, if this
density isacceptable for thefinal product. To limit grain size beyond 90%
density, asmall and uniform pore size distribution in the green compact is
desired. As shown in Eq. 5, small pores enhance densification because
densificationratesscaleswiththeinverseof poresize, whilealargenumber
of pores (i.e., many small poresrather than afew large pores) pinthegrain
boundariesin an effective manner.[41081[11611122] Other strategiesto control
grain growth after pore closure include kinetic and thermodynamic ap-
proaches.['% The coarsening kinetics may be slowed down by restricting
grainboundary mobility using asolutedrag or particlepinning effect. Small
particlesor second phase precipitatesstabilizeafinegrain sizeupon heating
at high temperatures, as long as particles do not dissolve or coarsen. The
maximum grain size (dy,,) isdependent onthe particlesize,r,, and volume
fraction, f, by arelationship given as Zener drag:

4rp
Eq. (8) dimax = 3t

The solute drag effect is based on the decrease of grain boundary
mobility and free energy when solute segregates at grain boundaries.
Theoretically and experimentally, it was shown that grain boundaries in
nanomaterials have increased solubilities for solute atoms.[1131[132] The
enrichment of the grain boundary with solute atoms has been shown to
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diminish or even reverse the free energy available for grain growth.
Weissmuller demonstrated that segregation at grain boundariesreducesthe
grain boundary specific energy, o, to zero or negative values.[*132 |n
these cases, the nanocrystal becomes thermodynamically metastable with
respect to grain growth. The experimental verification of the grain growth
metastability theory was performedintheY -Fe system and agood stability
of grain size was found in alloys that contain up to 20 at% Fe.['32

Experimentally, dopants in ceramics have been widely used to
suppressgrain growth by providing adrag force on the moving boundaries
or forming secondary phaseparticles,[4A113]11271[133+135 For instance, Hahn,
etal., foundthat 6% Y addition to TiO, retarded grain coarsening to >95%
density, thus retaining a grain size less than 100 nmi*%3 (see Fig. 4b).
Terwilliger and Chiang showed that Caand Sn are grain growth inhibitors
in 95% dense nano-Ti0,.I*33 Perhaps one of the most dramatic effects of
dopantsis the addition of 6% Cato CeO, that retained a 30 nm grain size
after full sintering by heating at 10 K/min to 1625 K.[*3 |n the same
sintering conditions, undoped CeO, reached agrain size of 400 nm. Grain
boundary chemical segregation of 5% Nbwasvery effectivein suppressing
grain growth of milled Fe;Si.[*3¢1 Promotion of chemical ordering in
intermetallics [NizAl, Fe;Si and (Fe, Mn);Si] also retards grain growth by
reducing grain boundary mobility.[137]

If no dopants are desired because of their negative effect on the
final properties (e.g., on dielectrict® or mechanicall” properties), sinter-
ing under pressure may be another effective means to suppress grain
growth. This approach is discussed in Secs. 3.3 and 3.4.

3.0 METHODS FOR FULL DENSIFICATION OF
NANOPOWDERS

3.1 Characterization of Nanomaterials Densification:
Density and Grain Size Measurements

Toinvestigate any consolidation results, two main characteristics
are usually examined: density and grain size. When analyzing different
nanopowder densification methods, caution is required when comparing
reported density and grain size values. This is due to the diversity of
measurement methods and their inherent experimental errors. Someissues
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related to these measurement techniques for nanoparticles and theoretical
density values are briefly addressed below.

Density M easur ements. Thedensity may bedisplayed asaphysical
valueor apercentageof thetheoretical density. Thetheoretical density value
of nanocrystallinematerialsiscontroversial. Somearguethat alower density
value in nanocrystals may arise due to a large volume fraction of grain
boundaries which, in turn, may have lower densities than adjacent crys-
tals.[138-H141 A more detailed discussion on the theoretical density val ue of
nanocrystalline materials may be found in Ref. 142. Another source of
theoretical density error isthe uncontrolled presence of asecondary phase
suchasremaining oxides.[”71184

Experimentally, density measurementsareusually performed using
Archimedes' principle. Theerrorsassociated withthismethod derivemainly
from thermal and surface effects, pore presence and specimen size. The
reproducibility of density valuesiswithin~2%. Toincreasetheaccuracy of
density measurements, some higher density immersion liquids (e.g., ethyl
phtal ate or methyleneiodide) may be used. Larger specimensresult inless
density error. For specimenswith interconnected porosity, prior impregna-
tionisrequired.!* Theultimateindication of poreeliminationisby positron
annihilation spectroscopy. Thistechniqueisvery sensitiveto ultra-finepores,
which are otherwise difficult to observe even in TEM. It has been used to
study densification by monitoring the pore sizes as afunction of sintering
parameters.**I145 Further information on nanoporesandtheir distribution
may be furnished by small angle x-ray or neutron scattering and BET
(Brunauer, Emmett, Teller) nitrogen adsorption methods, [4301[421[108][110][146]
Similar to other porosimetry techniques, BET is suitable only for open
porosity. Some more sophisticated pore size characterization has been
performedusingthreedimensional scanningtunnelingmicroscopy (STM)in
cold compacted metal s produced by the | GC method.[147]

Grain Size M easur ements. Thistype of measurement is commonly
carried out by x-ray diffraction (XRD) and el ectron microscopy techniques
(TEM or highresolution SEM). InTEM and SEM, grain sizesaremeasured
directly and grain size distribution may al so be obtained. In contrast, XRD
techniguesprovideonly anaveragegrainsize. Thesetechniquesrely onthe
dependence of broadening of Braggs' reflectionson grainsize. Corrections
for instrumental broadening must be made. Scherrer analysisisstraightfor-
ward and assumesthat the broadening of x-ray peaksisonly duetothesmall
crystallitesize. The Warren-Averbach (WA) method is more sophisticated
and accounts for broadening caused by internal stresses, as well. Further-
more, theWA analysismay distingui sh between broadening duetograinsize
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andtointrinsic faultsand twins. Therefore, measurable differencesmay be
found between Scherrer (larger values) and WA (smaller val ues) resultsand
also when using different x-ray peaks for grain size calculations. The
Scherrer methodyieldsavolume-weighted averagewhilethe WA yieldsan
area-weighted averagegrainsize. Typically, thesetwo averagesdiffer by a
factor of 2.9 Nieman, et al., report asmaller error (10-25%) in grain size
determination by the WA method for grain sizes up to 25 nm but the error
may be up to 100% when the grain size exceeds 50 nm.[%6]

Generaly, average TEM grain size and x-ray results are in good
agreement, particularly for the WA analysis with strain and fault correc-
tions.[’% As expected, the best agreement is found when the grain size
distribution isnarrow (e.g., Ref. 61). Wheniitislarge, the TEM method is
preferable. Inonly inafew cases, large discrepanciesarereported between
microscopeand X RD measured grain size.[*21148] For instance, Hahn, et al..,
reported SEM grain sizesto befour timeslarger than XRD line broadening
datal*d However, in this case, the SEM size was found to be that of
agglomerates rather than that of individual nanoparticles. More details
about grain size measurement methodsin nanocrystalline materialsmay be
found in Refs. 10 and 119.

3.2 Conventional Sintering

Both ceramic and metal nanopowdershave beenfully densified by
conventional (pressureless) sintering. Aspointed out in Sec. 2, sintering of
nanoparticlesis expected to take place at significantly lower temperatures
duetoanincreaseindrivingforce. Theselower temperaturesmay minimize
or even eliminate the use of sintering additives or grain growth inhibitors.
For instance, Siegel, et al., sintered nanophase TiO, at atemperature 600 K
lower than for conventional sintering, thus avoiding the need for sintering
aids.*! |n someother systems such asWC-Co, thelow sintering tempera-
tures required to consolidate nanopowders may render the grain growth
inhibitors unnecessary.[*% However, little research has been performedin
understanding the interplay of dopant and pore effects to inhibit grain
growth. A better understanding of the mechanism by which grain growth
isinhibited may result in significant payoffs.

Ceramic Sintering. The benefits of fine grain sizes in ceramic
sintering were reported morethan 30 yearsago when thesintering onset for
very fine grained MgO was found as low as 625 K.[4 Low temperature
sintering of ceramics has been achieved in fine grained ceramics in the
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1980s.[62[721[871[149] Rhodes sintered the centrifugally cast ZrO,-6.5 mol
Y ,05 to 99.5% density at 1375 K to a final grain size of 200 nm.[#7]
Colloidally processed alumina sintered to 99.5% density at 1425 K.[149]
Similar attemptsto sinter ZrO, achieved 98% density at 1493 K when'Y ,04
wastheadditiveand 93%at 1208 K whentheadditivewasBi,O,.[" Inboth
latter cases, thefinal grain sizewas600-700 nm. Lately, intensified efforts
on sintering nanograined ceramic powders (ZrO,, Al,0Og, CdO, and TiO,)
by pressureless sintering resulted in fully dense ceramics with restrained
grain growth. The sinterability of ceramic nanopowders has been greatly
enhanced by improvements in nanopowder synthesis, particularly the
control of nanopowder agglomeration.[46AI10151 Examples of dense
ceramicsthat have retained nanosize grains up to 100 nm by conventional
sintering are provided in Table 3. As seen in thistable, full densification
without grain coarsening has been achieved predominantly in the ZrO,
system. This system has received substantial attention for two main
reasons. [l Firgt, ZrO, has the slowest coarsening tendency
among ceramics. Second, the pore size does not seem to affect grain
coarsening.[* Certainly, abetter understanding of sintering and coarsening
competition in other systemswill improve our ability to fully densify them
while retaining nanosize grains.

Inthe sol-gel titania, thefinal nano-range grain sizeisattributed to
atransformation enhanced sintering.[%9 Thisisin contrast to the results of
Mayo who found that phase transformation during sintering of titania
promoted grain growth.[29%153 A complicating factor in this comparison
ispowder agglomeration. Thelatter powderswere agglomerated whilethe
former had alow degree of aggregation. The exact role of phase transfor-
mation and powder agglomeration in pressureless sintering is certainly
worth further attention. In conventional sintering of coarsely grained
ceramics, high densities and smaller grain sizes may be achieved by using
fast heating rates. The explanation isbased on bypassing the low tempera-
ture range where the effect of surface diffusion is predominant and grain
coarsening takesplace. Thetheoretical predictionsrequire heating rateson
the order of 100 K/s to avoid surface diffusion contribution in early
densification stages.[*> The only results consistent with this theory were
achieved in sintering alumina and titania nanoparticles to high densities
(95%) by using a heating rate of ~100 K/s.I5) Otherwise, the effect of
heating rate on nanoceramic densification seems to be controversial. On
onehand, no effect of heating rateintherange of 2200 K/minongrainsize
and retarded densification havebeennoticedin35nm Zr0O,-3%Y ,0,.[481115]
On the other hand, sintering with a similar heating rate (> 100 K/min)
resulted in high densities and small grain sizesin Y-TZP.[15¢] A practical



Table 3. Density and Grain Sizes in Nanoceramics Consolidated by Conventional (Pressureless) Sintering

Material Sintering Parameters: Final Properties: Ref.
Init. Gr. Size (nm)  Temp. (K) Time (hrs) Atm. Dens. (%)  Gr. Size (nm)
CeO, 10to 15 1523 2 air near full ~ 100 135
Ce0,-6 at.% Ca 10to 15 1623 10 C/min. air full 30 135
Zr0, 6109 1400 1.3 air full 80 64
ZrO, 6to9 1250 .67 vac near full 60 64
Zr0,-3 mol.% Y,0, 6 1343 2.00 NR near full <100 152
Zr0,-3 mol.% Y,0,' <10 1373 1 NR’ 99.9 80 4
Zr0,-5.8 mol.% Y,0, 8 1273 100 air >95 80 41
Zr0,-5.8 mol.% Y,0, 8 1323 7 air 96 60 41
TiO, 14 1173 151020 oxygen ~90 50 42
TiO,? ~6 873 NR NR 99 <60 69
TiO,-6% Y ~15 1173 15-20 oxygen ~98 30 113

1. Centrifugally consolidated. 2. Sol-gel prepared. 3. NR= not reported.
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problem in the fast sintering of low thermal conductivity nanoceramicsis
the flaw formation asaconsequence of thermal gradients.[*8! Theseresults,
along with enhanced sintering at |ow temperatures, emphasi zethe compl ex
and unclear roleof surfacediffusioninthesintering of nanopowderswhich
certainly warrantsfurther studies.

Metals. Conventional sintering has been less successful when
applied to nanosize metals and intermetallics compared to nanoceramics.
For instance, full densities have been achieved only in afew cases such as
pureNi and Fe-(Fe, M 0);C powders.'5711158] Rate controlled sintering of pure
Ni resultedin 99% dense specimenwith 70-80 nmgrainsize.[*> However,
for the other cases, thefinal grain sizewas 500600 nm since sintering was
carried out at regular sintering temperatures(>0.5T,,,). Consequently, warm
compaction hasbeen the preferred way to combinehigh densitiesand grain
sizeslessthan 100 nminnanometals, asshownin Sec. 2.4. Nanograined WC-
Co powders have been fully consolidated with minimal grain growth by
conventional sintering, but thefinal grain sizewason the order of 100200
nm.[1581-161] This final grain size is mainly attributed to the liquid phase
mechanismwhichtypically promotesgraingrowth. Oneapproachinrestrict-
inggraingrowthinWC-Coistouseinhibitors.[*>% Another promisingway is
toexplorethesintering temperaturedepressioninthenanoregimeto possibly
achievedensificationonly inthesolid stateand thuslimitthegrain growth.[C)
TiAl intermetallics produced by IGC were sintered to >95% density by
conventional sinteringat low temperatures(0.4T,,) withgrainsizeslessthan
15-20nm.[1621[163]

Nano-Composite Densification. Handwerker, et a ., summarized
thesintering behavior of ceramic composites.[**9 Threedifferent behaviors
areidentifiedinthesintering of viscousmatrices. Thecommonruleof mixture
appliesonly when thevolumefraction of the second phaseislessthan 10%.
Scherrer’ stheory for viscoussinteringwithrigidinclusionsappliesbetween
10 and 12%. At higher volume fractions, deviations from both models are
observed. For crystallinematrices, densificationratesarel ower thantheoreti-
cal at all volume fractions, indicating that the second phase retards matrix
densification. Sintering of nanocomposites seems to adhere to the same
mechanisms. For instance, Prabhu and Bourell have observed that the
experimental shrinkagefor ananocompositeof ZrO,-3mol% Y ,O5;with 20
wt% Al,O4 was lower than for the zirconia matrix.!'84 The densification
rate of the nanocomposite is not alinear function of the densification rate
of the two components and each phase in the mixture has its own densifi-
cation and coarsening rate. Thenanocomposite sintered to adensity of 97%
at 1573 K for 1 hour using a pressure of 30 MPa in hot pressing, while
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zirconia sintered to a density of 98% density at 1498 K. The grain size
exceeded thenanometer range (200-300 nm). Similarly, theadditionof SIC
particles delayed the densification and grain growth rates of the Al,O;
matrix.1'%% In an Al,O; - 20% ZrO, composite, densities of 87-97% have
been reached but the final grain size was between 400 and 700 nm.[1661 A
final density of 98% was achieved in Al,O5-SiC composite but grain size
wasin the micron range.[*6711n a Cu-Nb composite, the Nb phase success-
fully restricted grain growth upon conventional sintering that achieved a
high density and retained agrain size of 100 nm. 168!

3.3  Pressure Effects in Nanopowder Consolidation

The classical temperature-pressure trade-off for sintering brings
distinct advantagesto nanopowder densification duetotheability torestrict
grain growth. Numerous examples of pressure-assisted sintering of nano-
powders demonstrate enhanced densification with reduced grain growth
compared to pressureless (conventional) sintering,[4A61[B4115][134][169]{173]
An illustration of the pressure effects on nanopowder densification is
shownin Fig. 6.

An applied stress adds a new component to the curvature related
driving force for densification. The applied mean stress, known as the
hydrostatic stress, induces new plasticity-driven sintering mechanisms, as
well as a stress-assisted diffusion mechanism. Both mechanisms enhance
the densification rate. The shear component of the applied stress causes
particle rearrangement and the collapse of large pores. The particle rear-
rangement and macroscopic deformation of pores increase the number of
particlecontacts. Thisdifferent poresizeand distributionismoreamenable
to pore removal than in pressurel ess sintering.!?°111281 The main benefit is
the elimination of large poresin agglomerated powder. As shown in Secs.
2.5and 2.6, the presence of large poresisthe cause of theexaggerated grain
coarsening at densities above 90%. If large pores can be eliminated, grain
growth is minimized. Generally, the capability to collapse the pores in
pressure-assisted sintering scales with the shear stresslevel. Thisstress
isminimal inhot isostatic pressing (HIP) and increases gradually from
guasi-isostatic pressing to uniaxial pressing in a die (hot pressing), to
uniaxial pressing without adie (sinter-forging) and finally to extrusion.!74
A shear stressisalso beneficial for mechanical disruption of surface oxide
layers which provides better interparticle bonding.
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In nanocrystalline powders, the effect of the applied stress is
noticeable only if it exceedstheintrinsic curvature-driven sintering stress.
Skandan, et a., analyzed the contributions of the intrinsic and external
pressures.[B411511175] The applied pressureisindependent of theparticlesize.
Theintrinsicsintering pressureincreaseswhentheparticlesizeisreduced and
may reach high values as the particles become increasingly small. At this
particlesize, theapplied pressure hasto be higher than the curvaturedriven
pressure. Consistent with this threshold effect, no external pressure effect
was observed inthe densification of ZrO,,[641104 TjQ,[107109][1761[177] (see
Fig. 6b) or CdO!78! unlessacertain pressurelevel wasachieved. However,
thisstresslevel significantly departed from the threshold values cal culated
based on the particle curvature effects. As shown in Sec. 2.1, theintrinsic
curvature stress in nanopowders may be on the order of hundreds of M Pa.
Theexperimentally observed threshol d pressurein nanopowdersisan order
of magnitudel ess.[841107191177] Thisdiscrepancy may suggest awideparticle
sizedistributionwithlargeparticleswhichmay giveonly asmall contribution
totheintrinsicsintering stress. Alternatively, grain coarsening may occur by
thetimethe pressureisapplied, thuslowering theintrinsic sintering stress.
Many times, pressure application is deliberately carried out only at high
temperatures where the resistance to deformation is less and the pores are
morelikely to collapse.[641071[179][180] Asshownin Sec. 2.4, largeporesare
moredifficultto fracture, evenat very high pressures, whenthetemperature
islow. If pressureisapplied at an elevated temperature, densification of the
compact ismuch easier. For instance, Schwarz, et a ., achieved full density
andretainedfinegrainsize(44 nm)inmechanically aloyed Al;CuZrusinga
hot forging technique with pressure applied when the system achieved the
sintering temperature.[*” Similarly, density improvements have been no-
ticed when pressure was applied after heating vs application of pressure
at room temperaturein sintering mechanically all oyed iron powders. 180

The classical pressure-assisted sintering diagrams developed by
Ashby and co-workerg181[182 have been used to describe nanopowder
consolidation.* (61841183 For thesamepressurelevel, Bourell, et d ., indicated
achangein the sintering mechanisms from stress-assisted densification in
coarse grained zirconiato curvature driven grain boundary diffusionin
nanocrystalline Y-TZP (Fig. 7).[%4 Similarly, McKimpson showed an
enhanced boundary diffusion contribution when calculating Ashby maps

* A new and comprehensive model has been developed since the completion of this
chapter. See Suryanarayan, R., and Sastry, S. M. L., Consolidation of Nanoparticles—
Development of a Micromechanistic Model, Acta Mater., 47:3079-3098 (1999).
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for hot isostatic pressing of nanosize (Al, Cr);Ti, Cu, and Al,O3 pow-
ders.[183 However, comparison with experimental HI Presultsindicatethat
the calculated densification rates are consistently overestimated. For in-
stance, 20 nm Al,O5; HIPped for 1 hour at 1625 K under 300 M Pa pressure
resulted in an only 84% dense sample. Among the possible reasonsisthe
retarded densification due to large pores in agglomerated powders. HIP
induces only local shearing stresses and at the lowest levels among the
pressure enhanced sintering methods. However, even these small devia-
tionsfrom apurely hydrostatic stressin HI P have been shown to contribute
to enhanced sintering rates.[184]
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Shaik and Milligan applied the Ashby model torapid sinter forging
of milled Fe-Cunanopowders.!8 They used theexperimental greendensity
(0.8) compared to the theoretical value (0.64) used by Ashby, and also
modified the stress state. Noteworthy is the good agreement with the
experimental results when grain boundary diffusion was considered the
mass transfer mechanism in nanograin powders within micron particle
sizes. Creep wasthe dominant densification mechanism. The contributions
of yielding and diffusion were significantly less with densification rates
about two orders of magnitude lower than those for creep densification.
When the applied pressureishigh, such asin the piston-cylinder method or
explosive forming, plastic deformation may contribute to nanocrystalline
materials densification, despitetheir high yield stressvalue. Other mecha-
nismssuch asgrain boundary sliding and grainrotation may alsoplay arole
in nanopowder deformation sintering such asin sinter forging.[1041185(186]
Grainboundary sliding isassumed to be the main densification mechanism
in severe plastic deformation consolidation.[°]
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34 Pressure-Assisted Consolidation Methods

With only afew exceptions, all known pressure-assisted consoli-
dation methods have been applied for nanopowder densification: hot
pressing, sinter forging, HIP, extrusion, and high pressure techniques. As
already shown in Sec. 3.3, hot pressing and sinter forging involve a
uniaxially applied pressure in a die (hot pressing), or with no die (sinter
forging). InHIP, afluid transmitsahydrostatic stress. Variantsof HIPwith
guasi-isostatic stress distribution may be obtained if afluid-like pressure
transmitting medium is used such asin the Ceracon process.!174[187]

Hot Pressing. Hot pressing gives distinct advantagesin compari-
son to pressureless sintering in achieving full densities and minimal grain
growth as shown, for example, in nanograined Fe-(Fe, Mo)C,[188l[1&]
TiN,B ZrO,-Al,0,,1*64 or TiO,.1*? Theoretical or near-theoretical densi-
ties and grain sizes less than 100 nm have been achieved by hot pressing
mechanically alloyed Fe-2% Al Fe-10% Al,["8 Al-10% Ti,['% Fe,
Fe,Al and NizAl1911192] and TiAL[% A grain size of only 16 nm hasbeen
retained in cryomilled Fe-10 wt% Al which was hot pressed at 823 K and
heat treated for 1 hour at 1223 K.[78 Thisunusual stability is attributed to
nanometer dispersoidsof y-Al,O;and AIN particles.[”8 Similar densificar
tion results with final nanosize structures have been reported by hot
pressing W-Ti and metal -nitridescomposites.[ 194119 Hot pressing retained
an amorphous structure in (Fe, Co, Ni)B alloys.%! Hot pressing of
nanoceramicssuchasZrO,,[%4 Ti0,,[19711%] and CeO,11%] or nanoceramic
composites such as ZrO,- Al,0,3,2% Si;N,/SIC,[2%U and Al,O4/Nil202
achieved full densitiesand grain sizesbelow 100 nm, aswell. Generally,
the pressures used in hot pressing span a large range from low (<100
M Pa),[7711841[164] to moderate (100-500 M Pa),[64[78l[19] and high pressure
levels(>0.5 GPa).[42I63]1191[208] | nereasing the pressurediminishesthefinal
grain size. Some meaningful examples are given by Hahn who sintered
nano-TiO, to its theoretical density at 725-825 K (~ 0.35 T,) applying 1
GPawith no grain growthl® and Araki, et al ., who densified mechanically
alloyed Al-10.7 at% Ti powdersto 98% under 2 GPaat 573K withvirtually
no grain growth and retention of theinitial Al supersaturation.[?% A very
high pressure application (>1 GPa) retained grain sizeslessthan 75 nmin
nearly fully dense ceramics such as TiO, and Al,O; sintered to 95%
density!2%4[2%%] and aluminides (Fe;Al and NijAl) sintered to 91-95% at
775 K [191]
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Hot Isostatic Pressing (HIP). By design, HIP densification
involves longer times and therefore grain growth is more likely to occur
than in hot pressing. The final grain size in dense materials obtained by
HIPping nanopowders may easily reach micron size.[?%112%8 However, a
careful control of HIPparameters, particularly temperature, resultedingrain
sizesof 100-300nminball-milled TiAl and Ti,AlL12%? Fe-10% Cu,I"™M SigN,-
SiC nanocomposites, 229 and sometimesl essthan 100 nmin FeAl?*Y and Cu-
Nb.[?12 Thelatter densenanocrystal linematerial swereobtai ned at tempera-
tures less than 0.3 T,,, and pressures between 175 and 300 MPa. HIP was
appliedto nanoceramic densificationinonly afew caseswheredensities of
91-92%werereached suchasin SiC at 2175 K297 and SijN , at 1925 K 12061
Grainsizeswell exceeded nanometer range. OnelimitationinusingHIPfor
ceramic densificationisthelack of adequateencapsul ation materialswith
temperatures closeto ceramic sintering temperatures. [l

Sinter Forging. Generally, thestresslevelsrequired for densifica-
tion by sinter forging are lower than in hot pressing or HIP. This method
received substantial attention, both theoretically and experimentally, as
applied to ceramic densification.[1281[169[185][213][214] The most attractive
benefit in using the sinter-forging techniqueisthe capability of densifying
green compacts with large interagglomerate pores. As shown in Sec. 3.3,
the high shear stresses associated with uniaxial pressure application con-
tribute to the closure of large poresthat cannot otherwise be eliminated by
only diffusion. Plastic strains necessary to close large pores are high.
Beyond pore closure, the application of high plastic strains induces dy-
namic grain growth. Therefore, to eliminate large pores and prevent grain
coarsening, large strains must be applied before small poresare eliminated
by diffusion, i.e., during the intermediate sintering stage.’?®! For this
purpose, a two-stage sinter-forging (high, then low, strain rate) has been
devel oped andresultedinthehighest densitiesand smaller grainsizes[11°1[177]
Conversely, if large pores are not fractured, such asin some constant |oad
sinter-forging cases, densification is not complete.[12811188] Sinter-forging
has been extensively applied to nanoceramic particle consolidation such as
zirconi a[64][128] [134][173][175][186][215] aumi na'[213] [216] titani &[104][107][153][177]
and zirconia-toughened alumina.l?*® Asan illustration of the efficiency of
sinter forginginretaining nanometer grains, Mayo, et al ., sinter-forged nano-
TiO, with agrain size of 87 nmwhile pressurel ess sintering gave a400 nm
grain size for the same final density (91%).1197111% The benefits of sinter
forging in comparison to HIPping may be seen in Fe-10% Cu powdersin
whichtheformer consolidation processachieved 45 nmgrainsat 800K and
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525 MPawhereasHIPping at 975K and 170 MPayielded afinal grainsize
of 130 nm.[8H[171 |10 numerous cases, sinter forging was very effectivein
achieving full or near full densitiesand grain sizeslessthan 100 nmin both
cerami cg SAH3IISIL771215] gnd metal s.[6U170119U Grain sizesevenlessthan
50 nm have been often retained such asinnanocrystallineZrO, at 0.4T,,,[64
TiO, at 0.43T,, 11 Fe-Cu at 0.44-0.5T,,.[179171 Practically, precautions
haveto beconsidered to avoid ceramic specimenfractureat high strainrates
at low temperatures.'?8! In contrast, high strain rates may be used in sinter
forging of metals.[64

Extrusion. Hot extrusion usually involves high stresses that may
be applied at relatively lower temperatures than in other pressure-assisted
techniques, such asHIP. A good grain boundary strength isachieved only
if sufficient diffusion and bonding occur at extrusion temperature. A
compromise is usually sought between the strength, which requires high
temperatures, and final grain size, for which low temperatures are desired.
Hot extrusion has been primarily used to consolidate metal nanopar-
ticles.?2711220] Grain sizeslessthan 100 nm were achieved at 1120 K using
a0.5GPastressinNi and Fe,[2171 Al-Ni-Zr with mischmetal additionsunder
anextrusion ratio of 10:1,[?'8 andin Mg-5% Cu-10% Y alloysat 323-773
K with extrusion ratios of 5:1 to 10:1.12%% |f the extrusion temperature is
sufficiently low, anamorphousstructuremay beretainedinthelatter alloys.

Ultrahigh Pressure Sintering. Pressure levels up to 5-7 GPa
have been attained using piston-anvil devices, cubic anvil cells, and
toroidal- and belt-type apparatuses. Similarly high pressure levels may be
achieved by anew technique known assever e plastic deformation consoli-
dation (SPDC). Shockwave or dynamic consolidation may reach even
higher pressure levels, up to tens of GPa. This latter technique will be
detailedin the next section. Some examples of high pressure sintering have
already been shown in the paragraph on hot pressing. Misra, et al.,
consolidated Al,O5to near full densities (>99%) and afinal grain sizeof 93
nmat 1223 K using apiston cylinder method to reach 1 GPa.[??4 A pressure
of 5.5 GPaconsolidated Al ,O5t0 95% density and 73nmgrainsizeat 1073
K in 15 minutes.?% A bulk nanostructure with 22 nm grain size was
achievedinAl-Fe(Mo, Si, B) alloysby high pressure consolidation (3 GPa)
at 1073 K of alternate amorphous layers of constituent metals.[?22 Fully
dense Ni and Cu-50 wt% Ag specimens with < 20 nm grain size were
produced by SPDC.[223][224]



158 Chapter 4 - Consolidation Methods

3.5 Non-Conventional Sintering Methods

A number of non-conventional consolidation methods have been
applied to nanopowder densification: microwave sintering, shock or dy-
namic consolidation, andfield assisted sintering. Themain purposeinusing
these methods is to enhance densification, thus, reducing the sintering
temperature or time with the ultimate benefit of preserving final finegrain
sizes.

Microwave Sintering. The processing time in microwave sinter-
ingisreduced compared to conventional heating from external sourcesdue
to the direct energy coupling with electric dipoles within the heating
bodly.[2251[2268] These shorter times bring about energy and final property
benefits. Temperature gradients are reduced and an overall short sintering
timeminimizesgrain growth. In addition, therapid heating rate can bypass
thelow temperature region wheretherate of grain growthishigher thanthe
rate of densification. Since grain boundaries are the primary sites for
electric dipoles, microwave sintering appears particularly attractivefor the
densification of nanocrystalline powders. The method has been applied to
ceramic nanoparticles such as TiO,12271-229 and Al,0,.1229H4231 |n these
materials, only densitieslessthan 95% have been achieved when grainsize
waslessthan 100 nm. For instance, microwavesintering had to berestricted
to 1425 K to maintain a nanometer grain size in y-Al,O; which fully
transformed to a-Al,0,.1231 The final density was 93%. Contrary to
expectations, the density-grain size combinationsin y-Al,O; were almost
identical to those achieved in more conventional pressureless sintering
experiments at the same temperature.[?>’ The sequence of phase transfor-
mation in Al,O;was also similar to that in conventional sintering.

Field Assisted Sintering. Electric field application has been
shown to enhance powder densification thereby achieving higher densities
atlower temperaturesor inshorter times.[232-235 v ariantsof field sintering
whichinvolve pulsed current discharge and resistance heating, sometimes
termed plasma activated sintering (PAS), field activated sintering tech-
nique (FAST), spark-plasma sintering, or pulse electro-discharge con-
solidation, havebeen effectively appliedto nanopowder consolidation. The
enhanced densification in PASismost noticeable at |ower temperatures or
when multiple discharges of current through the powder compact are
applied.[180[232] For non-conductive ceramics, a tentative explanation of
the enhanced densification by multipledischargesisrelated to theincrease
in the dielectric constant with the temperaturelevel at which the discharge
was applied.[7232 Generally, it isbelieved that pul sed current application
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promotes the removal of adsorbates or surface oxides due to a possible
plasma generation.[233 This enhances the sinter bonding of particul ates.

Field sintering for three minutes at 725 K of mechanosynthesized
Fe-85% Fe,C achieved 99% density with afinal grain size of 45 nm.[>%3]
Thisisto be compared to HIPping of the same powdersat 1025 K for sixty
minutes which yielded the same density but final grain size of 87 nm.
Kimuraand Kobayashi fully sintered mechanically alloyed TiAl powders
and retained nanosize grains by spark sintering at 1051-1312 K under
modest pressures (29-147 MPa).[234 Similar to conventiona sintering,
they showed that the densification temperature inversely scaled with the
applied pressure.

An aternate electric pulsed-power method induces short, high-
pressure pulses that result in powder densification such as in dynamic
magnetic compaction (DM C).[2381[237] |yanov, et al., obtained up to 5 GPa
pressure and thus consolidated alumina powders to 83% density while
retaining ananocrystalline structure.238l The DM C method was applied to
sintering of large parts of nanocrystalline iron and alumina.l2%"]

Shockwave Consolidation. Dynamic or shockwave consolida-
tion proceeds with the passage of a large-amplitude compressive stress
generated by plateimpact or expl osionwithout any external heating.[187123€]
Thepeak pressureval uesmay beontheorder of tensof GPa, thusproviding
densification by plastic yielding for both metals and ceramics.[23811242]
Localized heating, possibly up to melting temperatures, due to particle
interfriction occurs and enables good interparticle bonding. In nanosize
powders, the heat may transfer throughout the entire particle, thus provid-
ing an advantage over coarser materials where the heating is only superfi-
cial. Best results are achieved when high temperatures are reached before
the shockwave passes. If particles are heated, they may deform rather than
fracture when the stress is applied. This very short, high-temperature
exposure provides the best means to retain fine grain size or out-of-
equilibrium conditionssuch asamorphousstructures,!?*?! or supersaturated
solid solutions.[?*2 The major drawback is the difficult coordination of
these short stress and heat application events which result in frequent
specimen fracture (cracking).

Shockwaveconsolidation hasbeen appliedto consolidation of both
ceramic and metal nanoparticles. For instance, fully dense specimenswith
grainsize of 20 nm were obtained in ball milled Fe-N solid solution.[?42 In
the Ti-Si system, shock consolidation yielded 3040 nm grain size of
crystalline TiSi, and TisSi; phases.?49 Only limited grain coarsening took
place upon subsequent annealing at 800°C for one hour. Full densification
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was also reported in mechanically alloyed TiAl specimenswith final grain
sizesof 15nm.[2% Theseresultsare compared with HI Pping that provided
full consolidation at 1075 K, 207 MPa, 2 hours, but grain sizeswere about
100 nm. Ceracon consolidation at 1225 K, 1240 M Pa, 1 minute, resultedin
grainsizesof 60 nmin TiAl and 120 nmin Ti,Al.[187]

4.0 SUMMARY

The most distinctive features of the sintering process of nanosize
powders are the high driving force and enhanced kinetics due to large
curvatureeffects. Densification of nanopowderstakesplaceat temperatures
consistently bel ow thoseof larger grained powdersby upto several hundreds
of degrees. Therearenumerousbenefitsfromusinglower sinteringtempera-
tures: small final grain sizes, elimination of sintering aids, avoiding
undesirabl e phasetransformations, and del eteri ousdecomposition or inter-
facial reactions.

Analysisof thenanopowder sintering processprovidesnewinsights
intolessconspicuousfeaturesfor regular sintering such asinterfacestructure,
anisotropy, or contaminant and defectsrol e. Theatomic mechanismsbecome
more obvious when smaller scales are approached. When particle size
decreases, new sintering mechanismssuchasgrainboundary slip, dislocation
motion, grain rotation, viscous flow, and grain boundary melting may also
becomeoperative. Densification of nanopowdershasleadtoanew and better
understanding of therole of poresin sintering and grain growth.

Densification behaviorislargely dictated by poresizeand distribu-
tion. A compact with uniformandfineporestructuresinterstofull densities
without grain coarsening. Most of the time, such a pore distribution is
associatedwithahighgreendensity innon- or weakly agglomerated powders.
The recent efforts to synthesize non-agglomerated nanopowders have re-
flected positively on their final densification results. Better control of
synthesisand processing enabl esfabrication of fully dense nanocrystalline
parts, particularly ceramic, evenby conventional sintering. Pressure-assisted
densificationappliedtonanopowdershasal so shedlight onnew stresseffects
onsintering, suchasthethreshold effect. Thescienceand practiceof pressure
application has significantly improved with positive results to achieve
sound and dense nanocrystalline parts. This is particularly the case for
sinter forging. Other pressure-assisted sintering techniques are still in the
development stage.
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Although somedistinct differencesin the densification of nano- vs
micron-grained powders seem to emerge and a better understanding of
nanosintering has been accomplished, the specific effect of densification
variables on the final density and properties of nanomaterialsis not well
understood yet. The interdependence of the sintering behavior on size,
chemistry, and structure of nanoscale particlesis an areaof fruitful future
research. More fundamentally, there is a tremendous need for specific
material sdatain the nanoregime, such asdiffusion coefficientsand surface
energies.
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