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ABSTRACT

The sintering of nanosized particles (or nanosintering) is an apprta the
manufacture of bulk nanocrystalline materials. The goal of nanasmter to achieve
fully densified parts with grain size less than 100 nm. Howewepyractice, it is very
difficult to reach. Due to the extremely small size and tlyb burface to volume ratio of
nanosized powders, nanosintering exhibits a number of different phencompared to
the sintering of coarse powders. For example, it is genei@liyd that the sintering
temperatures of nanosized particles are drastically lower tth@se of their micron or
submicron sized counterparts, and grain growth during heating up isle@isy rapider
for nanosized powders in comparison with micronsized powders. In ordeatdam a
comprehensive understanding about these different phenomena during nangsitisr
study, by using tungsten as the example material, aimsatoie& size dependence of the
sintering behavior and further explore the characteristics ofifdati®n and grain
growth of nanosized powders, especially during initial and irddrate stages of
sintering. The nanosized tungsten powder was produced by high energgnmat
milling. It is demonstrated that the sinterability of nanosizedj$ten powder, compared
with that of coarser powder, is significantly enhanced at Iesiering temperatures,
and the enhancement of sintering at low temperatures for nanosizetkrpogsan be
rationalized by Herring scaling law. The characteristicdasfsification and grain growth

during nanosintering are examined by both nonisothermal heating upa@hdrmal



holding experiments. The experimental results show linear dexigficbehavior during
the initial stage of sintering at low temperatures when derssiess than ~50% relative
density. Grain growth also exhibits a linear behavior during initiel sntermediate
stages of sintering. The mechanisms for linear densificatoh liaear grain growth
during early stage of sintering of nanosized tungsten powder aressésl based on
kinetic analysis of experimental data. The evaluation results show sufffaseodiis the

mass transport mechanism for linear densification and linear grawth. On the basis
of the understanding of the densification and grain growth mechanismgetiesal

principles for inhibiting grain growth during nanosintering are proposed.
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CHAPTER 1

INTRODUCTION

Nanomaterials are defined as those which have structured compuritngd least
one dimension less than 100 nm. Nanomaterials can be categorizedimgooiaps with
respect to dimensions: 0 dimension (e.g., nanoparticle), 1 dimensignn@ngwire), 2
dimension (e.g., nanofilm), and 3 dimension (bulk nanocrystalline majeridsilk
nanocrystalline materials are solids composed of crystalgtams) with a characteristic
size of a few nanometers [1]. The sintering of nanosized powslarsiable approach to
the manufacture bulk nanocrystalline materials. Therefore, sinceerttergence of
nanoscaled science and technology, nanosintering has been a topic sfibotific and
technological importance.

In the context of engineering processes, sintering implies the bordirsplid
particles to each other. The sintering process can be regardeshsisting of two
intertwined processes: densification and grain growth. Although thieriag of
nanoparticles shares the same principles as that of the raintdricoarser particles, a
number of issues and challenges are unique to nanosintering. For exammeying
force for nanosintering is extremely large, calling into questioruigeof conventional
sintering doctrines based on linear diffusion theories. A nonlineéusiih behavior
leads to different kinetics of diffusion, which in turn would result ifiedent rates of

sintering. Another unique issue of nanosintering is that nanopartaiaost always



experience extremely rapid grain growth during sintering, rendeitireg loss of
nanocrystalline characteristics at fully sintered stateh\Adspect to the manufacture of
bulk nanocrystalline materials from nanoscale particles, the olgemft nanosintering is
to achieve maximum densification while retaining nanoscalen gseges. This goal,
however, has been very difficult to reach. In fact, it is a mgatechnological challenge
for many materials.

In order to find solutions to control and optimize densification anith grawth, this
study will focus on understanding the characteristic behaviorsnasfoparticles,
particularly the size dependent properties and their effectsanasintering. Based on
literature research and experiments, the differences inismtef nanoparticles versus
that of coarser particles will be highlighted from the perspestof grain growth and
densification. The characteristics and mechanisms of densificand grain growth

during nanosintering will also be discussed.

1.1 References

[1] Gleiter H. Nanostruct Mater 1995;6:3.



CHAPTER 2

LITERATURE REVIEW

Bulk nanocrystalline materials, characterized by the gy which is less than 100
nm, have unique properties due to the small grain size and high sSat&ta¢e volume
fraction, e.g., transition from brittle materials to ductilatemials, transition from opaque
materials to transparent materials, etc. Manufacture ofrmankcrystalline materials can
be divided into two categories: top-down approach and bottom-up approach. Top-down
approach includes severe plastic deformation such as equal clargiel pressing
(ECAP) and controlling crystallization from amorphous phase. Bottom-upoagipr
indicates consolidation of nanosized powder into bulk nanocrystalline riatsate
Therefore, since the emergence of nanoscience and nanotechribegintering of
nanosized powder has been a hot research topic.

Owing to the importance of the sintering of nanoparticlesrgelaody of literature
on nanosintering has been accumulated and published over the past 20 kgears. T
literature on nanosintering can be classified into two groups: tfomsesed on the
densification and grain growth behavior during sintering at the palesand those on
innovative sintering technologies and processes. Fundamental studieedhoiolecular
dynamics (MD) simulations at the atomic scale, the kindtidiss of sintering using
nonlinear diffusion theories, and the modeling of kinetic behavior based oraljgst

parabolic model of grain growth. In addition, a number of efforts heeen directed



toward the grain growth of nanosized particles. This literaewveew will examine and
summarize the characteristics of nanosintering from the péirgeeof densification and

grain growth.

2.1 Densification During Nanosintering

In general, the sintering of nanosized or nanocrystalline powdéosvéothe same
path as larger grain powders. However, compared to conventional ns@ed or
submicron sized particles, densification behavior of nanoparticlesxgdigintering
exhibits notably different behavior with respect to the rate ofsifieation and the
temperature range at which densification occurs. The densificaf nanoparticles is
strongly affected by agglomeration of particles, pores, and otherssingevariables.
Although many of those factors also impact the sintering of comreitmicron sized
particles, those effects are more dramatic and magnifiethe case of nanosized
particles. The densification behavior of nanosintering can be adafyam both the

perspectives of the thermodynamics and kinetics of the process.

2.1.1 Thermodynamic Driving Force of Nanosintering
The thermodynamic driving force for sintering particles of sig is the reduction of
surface energy. Based on conventional sintering theories, thegdfosnce of sintering

can be given by [1]

o= =yt 1) (2.1)



wherey is the surface energy of the materiais the curvature of a surface, which is

defined byzc:é+%(for a convex surface, it is taken to be positive; for a concave

surface, it is taken to be negativB),andR; are the principal radii of the curvature. The
driving force for the sintering of nanosized particles is, thergfowersely proportional
to the sizes of the particles. This relationship would lead ta@hrhigher driving force
for the sintering of nanosized particles compared to micrad $articles. For example,
based on equation (2.1), the driving force for a 10 nm particle is twaoitndgs higher
than that for a one micron patrticle.

The driving force of nanosintering is also affected by surface ergrgyhe value of
vy may change as a function of the particle size. Campbell §] studied the effect of
size dependent nanoparticle energetics on catalyst sintering. iy mgrocalorimetric
measuring the heat of adsorption of Pb onto MgO (100), they showethé¢hatirface
energy increases substantially as the radius decrease b&lom. Separately, Nanda et
al. [3] also showed that the surface energy of nanoparticlegyngfiGantly higher,

compared to that of the bulk by studying size dependent evaporation of Ag nategartic

2.1.2 Kinetic Behavior of Nanosintering

2.1.2.1 Sintering Temperature

Notably the sintering of nanosized particles occurs at lowgrdestures than that for
the sintering of conventional micron sized or submicron sized powdsrshown
schematically in Fig. 2.1. Sintering temperature is, in genanalpse concept, referring
to the entire temperature range of densification. In order t@dafie and quantitative,

the starting temperature is often used for comparison. Howbgeause sintering and



The onset
temperature of
sintering of nano-

sized particles

The onset
temperature of
sintering of micron-
sized particles

Relative Density

] |
Temperature (k)

Fig. 2. 1 Schematic diagram illustrating different onset temperatures ofistering of
nano- and micron-sized particles

densification is a continuous kinetic process, rigorously speakingingle spoint
demarcation for the starting temperature of sintering does xistt 8ased on typical
experimental behavior, the starting temperature can be definduk aemperature at
which the rapid densification stage initiates, as marked on Fig. r2.f§jeneral, the
densification versus temperature plot shifts to the left (lovesnperature) when
nanosized powders are used rather than micron sized powders. For exsauplal
studies on the sintering of nano yitrium stabilized zirconia (Y&&)e shown that the
sintering temperature of nanocrystalline Zifitiates at a temperature 200 degrees lower
than that of the microcrystalline powders [4-6]. An even greater tempeifference of

sintering—400 °C--was reported by Mayo [7] for nanosized titania compared to



commercial TiQ powders. Similar results were observed for sintering naedsieria[8]
and nano titanium nitride powders [9].

Relatively speaking, fewer systematic studies exist on theifteation behavior of
nanosized metal powders than on nanosized ceramic powders [10-12]ecA aind
systematic study of the sintering of nanocrystalline Fe and Culgyowas reported by
Dominguez et al. in 1998 [13]. Compared to micrometric powder, the d@nsification
of nanosized Fe and Cu powders started at approximatetZ 20@er temperatures. The
reduction of the sintering temperatures was also reported for ngstear{14, 15]. The
reported sintering temperature of nanosized tungsten powders producegh lnéigy
mechanical milling was dramatically decreased from conventiemaperature of 2500
°C to 1700°C. More surprisingly, Oda et al. [15] showed that the nanosized tangste
powders could be sintered even at 180y using spark plasma sintering.

General sintering theories hold that a material’'s sinterimgpégature is often
correlated with the material’s melting. It has long been knawat the melting
temperature of very fine particles decreases with the sizpadfcles [16-31]. For
nanosintering, the decreasing onset temperature of sintering cawldérstood, therefore,
on the basis of the lowered melting temperature of nanopartialegskii et al. [32]
studied the initial sintering temperature of different sized powders and found the

relationship between initial sintering temperatliceand particle sizeis:

T (r) =T () exd-c-(r'-r)/r] (2.2)



WhereT(oo) is the initial sintering temperature of coarse particiess a constant

determined by the properties of the material and the enesgate of the surface layer;
r' is arbitrary size.
Jiang [33] ascribed size dependent initial sintering temperaturanafsized particles

to the decreased melting temperature of nanosized particles based oatitresiep:

(2.3)

Tis (r)= Ogrm (r)= 03Tm (0) ex{_ 28m (OO) 1 :|

3k (r/ry)-1

where T, (0 ) is melting temperature of the bulk materi&, (o is) bulk melting

entropy,r is particle radius;o=3h (h is atomic diameter) for nanoparticléss Boltzman

constant. Fig. 2.2 shows the predicted size dependdial sintering temperature of
some metallic powders by using equation (2.3) [BRjte that the significant changes of
the initial sintering temperature do not occur lrtie particle size is less than

approximately 20 nm.

2.1.2.2 Scaling Law

In conventional sintering theories, the dependesfcdensification behavior on the
size of particles is described by the scaling lBn1950, Herring [34] first introduced the

scaling law as follows:

Atz = //inAtl (24)

where 4 = Rz/Rl, R, and R, are patrticle radiusn depends on specific diffusion
mechanisms of the densification. Specifically, 4 for viscous flow, 2 for evaporation

and condensation, 3 for volume diffusion, and 4dmrface diffusion or grain boundary
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diffusion. The scaling law states that the timeursgf to sinter powders with particle
radii of Ry and R, is proportional to the ratio of the particle raglivAlthough the

densification behavior of nanosized powders caguaditatively understood on the basis
of the scaling law, few direct analyses of expentakdata exist in the literature. The
few studies that applied the scaling law used tilwing expression to analyze the

activation energies of the sintering of nanosizeddgers [35, 36]:
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where d, d, are particle sizes,;Tand T are corresponding sintering temperatures, R is
the gas constant, and Q is the activation energyuddng the above equation, some
reported studies obtained activation energy valhe$ are closer to grain boundary
diffusion, while others obtained values closer tdume diffusion, which is believed to
be unlikely at low temperatures for small particl&ése discrepancies in the values of
activation energies obtained using this methodefbee, raise questions on the validity
of the scaling law for sintering of nanoscale des.

The derivation of scaling law is based on an assiemphat the particle size of two
different powder systems used for comparison dasschange during sintering and
microstructural changes remain geometrically simifar the two systems. This
assumption leads to key limitations to the usehefdcaling law because it is difficult to
maintain the conditions in the assumption in reawger systems [37]. During
nanosintering, particle size changes rapidly anties@haracteristics of nanoparticles,
such as agglomeration and the nonuniformity of gmensity, increase the difficulty of
maintaining similar microstrutural evolutions dugisintering. In addition, because the
classic scaling law was derived from linear equejothe validty of the scaling law
during nanosintering is called into question. Thenlmear diffusion behavior of
nanosintering [38] and the size dependent diffusictivation energies [39] will change
the expression focalculating the diffusion flux. Furthermore, thealeg law considers
different mechanisms separately. In practice, ipl@ltmechanisms of sintering may occur

simultaneously, especially in nanosintering.
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2.1.2.3 Effect of Green Density, Agglomeration on Nanosintering

In the practice of nanosintering, the densificati@mavior of nanopatrticles is affected
by not only the intrinsic nature of the nanoscake of the particles, but also by the
processing conditions and related difficulties,isas green density, agglomeration.

First, similar to powder compacts of micron sizemvders, the densification of a
powder compact depends significantly on the greamsitly of the compact. The green
density must be sufficiently high in order to asle@dequate densification under similar
sintering conditions. On the other hand, the fither particle sizes, the lower the green
density of powder compacts assuming the compagtiessure is the same. Therefore, it
is generally observed that the sintering of naremsipowders is affected by the
compaction pressure [40-42].

It has been widely recognized that agglomeratiomamnoparticles has a critical
impact on the sintering of nanoparticles. Due t® éixtremely fine size and the strong
interactive force between particles, nanopartitéesl to form agglomerate. The size and
the strength of the agglomerated particles affeetdensification rate. The most direct
investigation of the agglomeration of densificatiwwas summarized by Mayo [43] whose
data were based on numerous published experimestats as shown in Fig 2.3.

In essence, a powder compact can be viewed asstiogsof a bilevel hierarchical
structure: the compact is made of agglomerateshwaiie made of nanosized particles.
There is, therefore, a bimodel pore size distrdyuti The pores existing within
agglomerates are finer than the pores between mgghktes. The densification of
individual agglomerate is relatively easy, whilee telimination the interagglomerate

pores is more difficult.
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By tracking the evolution of pore size distribuisy Peterson et al. [44] studied the
sintering of fine grain cemented tungsten carbidd aobalt system (WC-Co). They
showed that during the intermediate stage of simgerthe considerable densification
obtained is primarily connected to removal of snpaltes rather than shrinkage of larger
ones.

To sinter nanoparticles for fabrication of bulk sregring components, a colloidal

solution must be dried; agglomerates will ineviyatdrm. Ideally, the agglomerates are
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soft and the interagglomerate pores are small. €apgvided a more extensive
discussion on ceramic powder processing technidoreswvoiding agglomeration and

achieving uniform pore distributions within a powdempact [45].

2.1.2.3 Effect of Pores on Nanosintering

A common thread for the effect of green density agglomeration on sintering is the
effect of pores on densification [46].

A compact consists of particles and pores, and eacd has a volume, shape and
coordination number. The pore coordination numbelefined as the number of touching
particles surrounding and defining each void sp#cegore’s surface morphology is
determined by the dihedral angle and the pore’sdioation number. In general, for a
given dihedral angle, a critical coordination numlrg, exists that defines the transition
of the pore surface morphology from convex (> concave (n<g). Kingery and
Francois [47] first recognized that only those gonath n<n are able to shrink during
sintering because the concave surface morphologly megative chemical potential is
thermodynamically unstable. As a result, atoms difluse to the pore surface and fill
the void space. The stability of pores is dependentthe dihedral angles and the
coordination number. For a given dihedral angleictviis dictated by the material, there
is a critical coordination number below which thergs will shrink and above which the
pores will grow.

The effects of green density and agglomerationemsification can be explained by
the pore coordination number theory. Higher greemsdy and less agglomeration result
in fine and uniform pores that shift the pore camation number distribution from high

values to low values, i.e., more pores fall inte ttategory below the critical pore
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coordination number. These pores are easily remduedg sintering and, thus, lead to
denser products. As for the large pores that aeentbhdynamically stable and have
coordination numbers higher than the critical valu@rocess by which the coordination
number can be reduced during sintering is essesirate the pores will again become
unstable and the densification will then contintrarticle rearrangement and grain
growth are the two processes that can play the wkating a dilemma, of course, and

difficulty for any attempt to achieve maximum déigsition without grain growth.

2.1.3 Densification Mechanisms During Nanosintering

2.1.3.1 Calculation of Activation Enerqy

In order to understand the mechanisms of sinteaegyation energy is commonly
used as an indicator of the internal mechanisticgss. In most cases, activation energy
can be calculated from isothermal experimental.datderivation by Johnson et al. [48]
resulted in a densification equation based on tpleege models and both volume and
grain boundary diffusion mechanisms. The initialgst sintering of a powder compact is

described byrheunissen et al. [49]

(Al/l5), —mE,
[T] = constexp?) 2.6)

wherem is a constant characteristic for the sintering maecsm, i.e., 1/2 for volume
diffusion and 1/3 for grain boundary diffusioB, is the apparent activation energy for
densification,Al/ly is the relative shrinkage during continuous heaangR andT are
the gas constant and absolute temperature, regglgctLinearization of the equation

results in [49]
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(Al /1,)
T

=] =

_:TE" +const (2.7)
On plotting (-In[(Al/lp)/T] ) vs 1/T, a straight line with slope R is obtained when
only one single mechanism is operative.

Obviously, isothermal relationships of densificatias a function of time at several
temperatures are required to obtain relativelyabdd data of activation energy. An
inherent assumption of this approach is that thehaeisms of densification, or any other
process of interest, should not change within #mperature range of the experiments.
Otherwise, the calculated value does not represesihgle mechanism; rather, it is an
effective activation energy that results from npl&imechanisms.

As stated earlier, densification and grain growtlriry sintering of nanosized
powders take place rapidly during the heating uyeess. In order to capture the changes
during continuous heating, Dorn method [50] carubed to calculate activation energy.
To determine the activation energy of creep, Ddlowmeed a sample to deform under a
constant tensile stress at a temperatureafid then rapidly raised or lowered the
temperature to a new valug Where the sample was allowed to deform furtheenTthe
deformation rates corresponding to the temperaanmesletermined for the time in which

the temperature is changed. According to this ntkthibe activation energy of the

responsible mass transport phenomenon can be de¢erorsing the relationship

RTT, | Ta(dg /d

Q= T,-T, 'T,(de,/d

} (2.8)
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where T and T, and are the temperatures of the sample beforeati@drapid heating,
(de/dt) and (deg/dt) are the respective shrinkage rates immedidiefgre and after the
temperature rise, R is the universal gas constart, Q is the activation energy. The
temperature difference betweenand T, should not exceed 50°C.

To evaluate activation energies of kinetic procgesdering continuous heating, a

number of other methods can be found in literaffbte53].

2.1.3.2 Analysis of the Mechanism of Densification

Using the various methods described above, aativanergies for sintering a variety
of nanosized powders were reported. For examplegrg low activation energy for
densification is observed in initial sintering--aih@34 kdmot for nanocrystalline AlO3
and 96.2 kJmél for nanocrystalline Ti@[54], 268 kdmof for nanocrystalline ZnO [55],
66.2 kJmol for nanocrystalline nickel [56], 82 kJniofor nanocrystalline: titanium and
49 kJmof* for nanocrystalling titanium [57].

Using these activation energy values to deduceerangt mechanisms has inherent
shortcomings with respect to accuracy, becausémost all cases, multiple mechanisms
may be operating simultaneously. Especially dutiregearly stages of sintering, when no
one clearly dominant mechanism can be identifideg &ctivation energy values
calculated using the kinetic data give an effec@otivation energy value that is the
combined effect of multiple mechanisms.

It can be seen from the data, however, that themapf studies point toward lower
activation energies for early stages of sinteriftys is reasonable for the obvious reason
of the huge surface areas and expected high gctivitanoparticles. Surface diffusion is

one of the most cited mechanisms that contributiaeécsintering of nanosized patrticles.
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However, in conventional sintering theories, swfdidfusion is believed to induce initial
neck formation between particles, but not dendifice In principle it is correct that
surface diffusion will only cause the bonding ofrtpes to each other, but not the
dimensional shrinkage, i.e., the densificationaahultiparticle compact. This seemingly
conflicting thought on the effects of surface dsifan on sintering of nanoparticles can be
understood from a perspective of indirect roleswface diffusion to densification.

The indirect role of surface diffusion on densifioa can be understood based on
theories of the relationship between coarsening sintéring of particles [58-61]. As
discussed earlier, effects of pores on nanosigeancording to theories first proposed
by Kingery and Francois and further elaborated lande et al. [46, 47], a pore will
shrink during sintering only if the coordinationmber of the pore is smaller than a
critical value n<gbecause only then is the surface of the pore eenddhermodynamic
driving force dictates that mass will diffuse fraaonvex surfaces to concave surfaces.
Initial sintering of a compact will develop an dduium configuration at which the
driving force for further sintering is zero. Gragnowth, or coarsening, will perturb the
equilibrium configuration to reinitiate neck growfsintering) and densification. In other
words, at a critical value of coordination numbkaepore is at equilibrium. The shrinkage
of the pore, i.e., sintering will no longer proggamtil the equilibrium condition can be
tipped in favor of sintering again by grain growwWith respect to the mechanisms of
densification of nanosized particles, surface diffa can cause the coarsening of
nanoparticles which, in turn, contributes to thegasss of densification. Therefore, it can

be stated that the surface diffusion contributelréctly to densification by inducing
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coarsening. Further discussion on the relationlsatpreen grain growth and densification
will be given later.

Surface premelting is another mechanism that cieald to rapid densification at low
temperature during nanosintering. As a result ofdasurface to volume ratio in
nanoparticles, surface premelting can happen at femperature, and under this
condition, particle rearrangement is facilitated $liding, rotation, or viscous flow.
Alymov et al. [10] calculated the dependence of mhelting point of a particle as a

function of its size using the following equation:

Tm /TO =1- 2Q_1ps_l[o-sl /(r _5)—'— Ulgr_l(l_ Ps /pl )] (29)

whereT, is the bulk melting point of the soliq is its latent heat of fusiorr, and o

are the interfacial surface tensions between thé and the liquid and between the liquid

and its vapor respectively, and, and p, are the densities of the solid and liquid

respectively,r is the radius of particle, andl is the thickness of melted layer on a
particle surface.

Based on the relation that sintering temperatupeaportional to the melting point, it
was suggested that as the melting point decretisesjntering temperature decreases. It
was stated that the melting of a particle with dééand will result in its coagulation with
its neighbors and will become the center of a ngphrticle. In an independent study of
the sintering of nanometric Fe and Cu, Dominguezlet[13] attributed the initial
densification to surface melting mechanisms becaluseactivation energies that were
obtained from either constant heating or isotherexgberiments were too small to

ascertain lattice diffusion mechanisms. In fact,nidiguez et al. claimed that the
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activation energy measured in the course of thggeements is very small, compared to
the values published for the self-diffusion of tnetal in the liquid state. Therefore, it
was reasoned that the presence of a liquid-likerlay the surface of the nanometric
particles during sintering could simultaneously lekp such phenomena as high
diffusivity, enhanced grain growth at a narrow temgture range.

Although surface melting is a reasonable mechafosrsintering nanosized particles,
no direct experimental evidence supporting the &iom of liquid phase has been
published to date. In fact, because the formatibany liquid at temperatures below
equilibrium melting point will be thermodynamicallynstable, there could be only
transient liquid which makes experimental verificatof the presence of liquid phase
even more difficult.

A more generally applicable theory that explaires dpid densification of nanosized
particles is based on the hypothesis of honequihibthigh concentration of vacancies at
the interparticle grain boundaries. In 1974, Vergebal. studied the “initial stage for the
sintering of ultrafine particles Tixand ALO3” [54]. Using flash sintering and isothermal
experimental techniques, it was shown that durirggfirst 20 seconds, a fraction up to
95% of the total observed shrinkage was registgsdfl There was an initial loss of
surface area, before the shrinkage starts duriaddating of the compact to the desired
temperature, a process which requires only a fevorsts. It was reasoned that this
almost instantaneous loss of the surface areaspmmnels to the formation of junction
zones between particles of the compact. The fastdtoon of the junctions between
particles, before the shrinkage onset, involvesdteation of a high concentration of

vacancies inside these junctions. The shrinkagehefcompact results then from a
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decrease of the distance between the centerstaflesidue to annihilation of the trapped
vacancies in the junction zone. Because the coratent of trapped vacancies inside the
junction zone largely exceeds the thermodynamiciliegum concentration, the
diffusion can be considered as independent of eintkcontrolled only by the probability
of jumping of ions, as long as the concentrationvatancies exceed the equilibrium
content. Any further sintering, after the initiadmequilibrated concentration of vacancies
is exhausted, corresponds with the diffusion ofildarated vacancies.

Also based on the theory that there is excessineartration of vacancies (c>1))
Trusov et al. [12] stipulated that there appeass pbssibility of liquid like merging
(coalescence) of particles into large ones. Lidike-coalescence as well as slippage
causes the ultrafine particles’ compact shrinkage.

In another study focusing on size dependent graowity kinetics observed in
nanocrystalline Fe, Krill et al. [62] also estabgsl their model on the basis of existence
of excess volume at the grain boundaries. The ‘®Xc&olume is in the form of
vacancies, which leads to a nonequilibrium vacacmycentration. The issues of grain
growth of nanoparticle during sintering will be thuer discussed in later sections of this
review.

Finally, the rapid densification mechanisms of raned particles are also related to
the preferential crystalline orientations. In loas@nocrystalline powders, it has been
observed that the first neck formation occurs aodomly between particles, but by the
orderly mating of parallel, crystallographicallygred facets on the particle surfaces [63,

64]. Some nanocrystalline powder compacts also appee reflect a kind of ordered
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structure resulting from less than random type mgatiof particles during the initial stage

of sintering [65].

2.1.3.3 Kinetic Theories, Modeling and Simulations of Nanosintering

Given the unique physics when sintering nanosizatigtes, considerable work has
also been reported on theoretical modeling of tleelynamics and kinetics of sintering
of nanosized particles. In one of the more sigarficstudies, Pan recognized that the
rapid kinetic rate of sintering is a direct respiitthe large driving force for sintering of
nanosized particles, and revised the two-sphertersig model by using nonlinear
diffusion law [38]. Because the diffusion is thesul of jumping atoms, the flux of
diffusion as a function of the frequency of jumpiffyy volume atomic concentration
(Csoiig), @and the atomic spacing (a) can be given by

J=—""sin

2D a—Fj (2.10)
a0\ 2KT

whereD is the diffusion coefficientQ2 is the atomic volumes is the atomic spacingy, is

the driving force for diffusionik and T are the Boltzmann constant and absolute
temperature, respectively. Pan pointed out that élguation reduces to linear diffusion
law, when aKKT, then sinh(aF/2kBaF/2kT. However, when patrticle sizes are in the
range of nanometers, the linear approximation islomger reasonable. Then, the
diffusion equation becomes a nonlinear equatioh ¢ha only be solved via numerical
methods. Applying this approach to the case ofesimg two particles, the ratio of the
neck to particle radius as a function of the tirha given temperature was calculated and

the rate predicted by nonlinear solutions is latpan that predicted by linear solutions
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during initial stage of sintering. But the diffecas between the two diminish as sintering
time increasesThe distinction between linear and nonlinear sohgialso diminishes as
particle size increases.

The rapid rate of sintering based on the rapid odtdiffusion is also supported by
recent studies that indicate that the coefficidrdiffusion, D, is size dependent as shown

in equation 2.11 [39]:

_ — E() _ZS/ib(OO) 1
D(r,T)_DOex;{ RT ex;{ 3R r/ro—lﬂ (2.11)

where Dy is preexponential constang(«) is bulk activation energyS,, (o 5 bulk

melting entropyy is particle radiustp,=3h (h is atomic diameter) for nanoparticlésjs
ideal gas constant, is absolute temperature.

The dependence of the coefficient of diffusion antiple size is attributed to the fact
that,as the size of the nanocrystals decreases, thatt energy of diffusion decreases
and the corresponding coefficient of diffusion ea&ses based on the Arrhenius
relationship between them. Together these thedreesed on nonlinear diffusion law and
the increase of the coefficient of diffusion witleadeasing particle size, convincingly
argue for the rapid formation of necks bonding hbaing particles together.

With the development of modern tools of computatlommaterials science,
considerable effort has been made toward numestaulation of the sintering of
nanoparticles. One of the most notable works wddighed by Zhu and Averback [66,
67] in 1995, who simulated the sintering of YSZngsimolecular dynamics (MD)

approach. MD simulations of sintering have beerdooted on numerous other materials
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as well [68-73] The basic approach toward simugatsintering using MD method
involves tracking the motion of atoms under theestrthat is caused by surface or
interfacial energy. The kinetics of sintering iven as the rate of decreasing distance
between two atoms in the middle of two particlescantact. It was shown that the
sintering of nanosized particles at the atomic lleam be accomplished by dislocation
motion and grain boundary rotation, as well as othechanisms. It was further predicted
that the sintering time of nanoparticles would Ipe the range of a few hundred
picoseconds. Although the predicted sintering tisx¢éar from engineering reality, the
results of the simulation can be used as a basisrfderstanding the initial bonding or
formation of the necks between nanoparticles.

Due to the limitations of studying sintering by ngiatomic scale simulation,
multiscale simulation is considered a promising rapph. Pan [74] categorized the
simulations of sintering in three levels: atomiedk particle level, and component level.
The primary method of atomic level simulation is M8 mentioned earlier. In particle
level simulation, which is also classified as mesates simulation [75], classic sintering
models [1, 48, 49, 76-88] based on mass transpvden two or multiple particles
provide the basis of simulation. The kinetics oftsfing densification depends on the
kinetics of specific difftusion mechanisms that cohthe rate at this stage of the process.
In Pan’s review, the typical numerical methods useparticle level simulations include
finite difference method, variational calculus, dmite element method. To model the
evolution of the microstructure during sinteringwever, Monte Carlo method is often a

popular choice [89-93]. The finite element methedhe primary method for simulation
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at the component level, which is chiefly concernsdh macro scale shrinkage,
distortion, and dimensional accuracy control.

Overall, most published studies of simulations oftesing were not nanoscale
specific, except for the MD simulations describdmb\ae. Although these methods are
arguably applicable to sintering of nanosized pkasi, especially during the later stages
of sintering, further details on simulation of &inhg is beyond the scope of this review,

which focuses on the size dependent characterddtisintering of nanoparticles.

2.2 Grain Growth During Nanosintering

2.2.1 The Issues of Grain Growth During Nanosintering

A primary motivate for studying sintering of narwesl particles is rooted in the issue
of rapid grain growth during sintering. In many esisparticularly when the goal is to
produce nanocrystalline bulk materials, the obyectdof nanosintering is to not only
achieve full densification but also retain nanosdabrain structure in the sintered
material. Research has generally shown that aftéershg, nanosized particles lose
nanoscale characteristics because grain size gimwseater than 100 nm. Therefore,
understanding and controlling grain growth is di@al scientific and technical issue of
nanosintering.

In a systematic study of the stabilities of nanedimetal powders, Malow and Koch
[94-96] reported that the rate of grain growth ahacrystalline iron (Fe) powders made
by ball milling is initially very rapid (<5 min) wén annealed at various temperatures

(Fig. 2.4). Grain growth then stabilizes during éxtended isothermal holding (up to 142
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Fig. 2. 4 Evolution of the grain size as a function of the annealing timat three
annealing temperatures for nanocrystalline iron. The grain sizavas determned by
the Scherrer equation.(Reprinted with permission from The Minerals, Metals &
Materials Society)

hours). During the isothermal holding, grain grofidhows a generalized parabolic grain
growth law and is similar to that found in bulk m@als. It is noted, based on Fig. 2.4,
that at the first data point of the isothermal aing curves at higher annealing
temperatures (825 and 875 K), the grain sizes laeady several times (3-6x) greater
than the original as milled grain size (~8 nm)other words, grains grow rapidly during

heat up, prior to reaching the preselected isothehwolding temperature.
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In another study of the grain growth of nanocrystalFe using in situ synchrotron
X-ray diffraction techniques, Krill et al. [62(irther demonstrated that grain growth of
nano Fe particles is comprised of three stepsitiigal growth spurt,” a linear growth
stage, and then the normal parabolic stage, asrshiowig. 2.5. Once again, the normal
parabolic stage can be modeled using the clasaio growth parabolic law. However
the “initial growth spurt” of nanocrystalline Fe rihg annealing was not captured by

isothermal studies.
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Fig. 2.5 Size-dependent grain growth kinetics observed in nanocrystale Fe
(Reprinted with permission from American Physical Society)



27

Grain growth during nanosintering is also a stréumction of temperaturerig. 2.6
[97] shows the relationship between grain size tengperature during heat treatment of
nanocrystalline cobalt powder. It is obvious tte grain growth is initially slow at very
low temperatures and it accelerates dramaticallgnvthe temperature is above an
apparent critical temperature range. Similar badralvas also been reported for sintering
of other nanocrystalline ceramic, as well as fotatlie powders [98-104]. It appears that
a critical temperature exists, above which therggabwth accelerates dramatically as a

function of temperature.
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Fig. 2.6 Change of the nean grain size (the linear intercept) with annealin
temperature, measured in pure nanocrystalline Co. Reprinted with permission
from Elsevier)
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The unique issues of grain growth during sintegag be studied by examining the
grain size versus relative density relationship.olme of the earliest studies of the
sintering and grain growth of nanosized ceramic gerw in the 1990s, Owen and
Chokshi[105] and Averback et al. [106] showed thxetes densify without significant
grain growth until the density reaches approxinya@€% of the bulk density. Then the
grain growth becomes very rapid. This phenomenomhserved in many different
materials [40, 43, 107, 108]. A typical relatiorshietween grain size and density during
nanosintering is schematically shown in Fig. 2.fisTrelationship implies that the grain

growth during sintering consists of two stages: ¢aely stages of sintering, before the

Grain Size

50 60 70 80 90 100
Density (%)

Fig. 2. 7Relationship between grain growth and densification during nanosinteng.
|. early stage of grain growth; Il. late stage of grain growth
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powder compact reaches 90% relative density; aedlate stages of sintering, when
relative density is greater than 90%. It is belcetteat the late stages of grain growth can
be viewed as rformal’ grain growth, similar to that in bulk materials/ tlboundary
migration, but incorporating the effect of pinniby closed pores. In contrast, the early
stage of grain growth during sintering is oftereredd to ascoarsening.

Fig. 2.8 shows another example of grain growth werdensification during the
sintering of nanocrystalline 203 materials [109]. This work demonstrated that the
normal grain growth stage during sintering, the ma@ism of which will be discussed

later in this section, can be controlled. The reealdo shows that at the starting point for
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Fig. 2. 8 Sintering trajectories for normal and two-step sinteing. (a). Increasing
grain size of Y,O3; with density in normal sintering. (Heating schedule showrin
inset). Even with fine starting powders (30 nm), the finalgrain size of dens
ceramics is well over 200 nm regardless of whether dopant wased. The shade
area indicates the grain size regime commonly defined as nanostruced materials
At lower densities, the mean grain (particle) size was éstated on the fracture
surface. At higher densities, the grain size was obtained bwultiplying by 1.56 the
average linear intercept length of at least 500 grains. (b). Grairize of Y,O3 in two-
step sintering. (Heating schedule shown in inset.) Notbat the grain size remain:
constant in the second sintering step, despite density pmovement to 100%.
(Reprinted with permission from Nature Publishing Group)
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the normal grain boundary controlled grain grovgtain size has grown to 4 to 6 times
the initial grain size of the nanosized powder.sTpart of grain growth is attributed to
coarsening.

In short, from a kinetic perspective of grain growas a function of time,
experimental observations as described above suthgeghe grain growth of nanosized
particles during sintering can be treated as ctingi®of two steps: a dynamic grain
growth process that occurs during heating up arideabeginning of isothermal duration,
and the static grain growth during isothermal hwdgdiFrom another perspective of the
interrelations of grain growth to densificationetgrain growth during sintering consists
of two stages: first, when the relative densityawer; and, second, when the relative
density is greater than 90%. It should be emphddizat although the late stage of grain
growth, when relative density is greater than 98étounts for the majority of total grain
growth, early stage grain growth that occurs duhiegting (when relative density is still
lower than 90%) is significant and sufficient tach beyond nanoscale. Thus, if grain
size is to be maintained at nanoscale, this pargrain growth must be controlled.
However, it appears from the search of open litgeathat although the early stage of
grain growth process is critical to nanosinterifeyy published studies to date focus on
this aspect of grain growth. In the following seaos, the issues of grain growth during

nanosintering in both the “normal” and “initial’agfes will be examined.

2.2.2 Normal Grain Growth During Nanosintering
when Rel. Density >90%
In general, when the relative density is greatantB0% during sintering of micron

sized particles, bonding between powder particleadrk growth is well developed and
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the majority of pores within a sintered body amseld and isolated. Grain growth during
the continued sintering densification process is &k that of bulk materials during heat
treatment, although the remaining pores can snlllér the kinetic rate of grain growth
during this stage. Consequently, this stage ofnggrowth is referred to as “normal”
grain growth. Typically, because the propertiesintered materials depend on their final
grain sizes, the final stage of grain growth dursngtering has received, therefore, the

most attention.

2.2.2.1 Grain Growth Law — Kinetics of Normal Grain Growth

Classic treatment of grain growth in solid materialas reviewed in several studies
[37, 110, 111]. It is generally believed that theamanism of grain growth in bulk
materials is by curvature driven grain boundaryratign. The basic assumption is that
the driving force of grain growth is a function thie grain boundary curvature and the

migration rate of grain boundary is proportionathe driving force [112]
v=MF (2.12)

wherev is migration velocity of a grain boundary, whigrelated to the changing rate of
grain sizeVoc(ij—C:; M is the mobility, and the mobility of a grain bowamng is determined

by the diffusivity of the material and temperaturE. is the driving force of grain
growthF «1/G, G is the grain size.
Hence,

4G _cM

GG @)1
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wherec is a constant. By integrating over time, the ataparabolic grain growth law is
G(t)’ -G, =kt (2.14)

wherek:koexp{—%j is the rate constant of grain growth that is a fiamc of the

mobility of grain boundaryk, is a constantf) is activation energy for grain boundary
migration;R is gas constant; is absolute temperature.

In practice, accounting for the fact that the ekxpental observed grain growth data
do not always fit equation (2.14) with the exponenquals to 2, the parabolic grain

growth law is usually generalized as

G(t)'-G," =kt (2.15)

Equation (2.15) is thus termed ganeralized parabolic grain growth modét3]. When

n is variable, grain growth kinetics can be batiescribed by equation (2.15).
Considering the effect of factors such as segregatf impurities on grain

boundaries that mitigate grain growth, the depeceasf grain size on time is further

modified as [114-116]

G -G, In( G, =G J: kt (2.16)
G G, -G(t)

0

whereG_denotes the grain size when the grains cease @ gtd— . This is also

termed agrain growth model with impedimefi13].
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In the process of grain growth, the volume fractadngrain boundaries decreases;
therefore, the concentration of solute and impuatpms segregated to the grain
boundary is expected to increase, resulting inangsize dependent retarding force on
grain boundary migration. On this basis Michelsaket[117] proposed grain growth

model with size dependent impedinjéis]

G(t)=4G,* (G, — G, Jexp—kt) (2.17)

In a detailed study of the grain growth of nanotalwe Fe prepared by pulsed
electrodeposition, Natter [113] applied all threaig growth models to the data of grain
size versus time as shown by Fig. 2.9. It was ntitatithe generalized parabolic growth
model appropriately fits the data at low tempemtwith unrealistically large grain
growth exponents n>10. The growth model with impesht yields the best fit among the
three models considered. Using the adjustable peteasncontained in these models, the
authors calculated the rate constants and, hemeectivation energies for grain growth
of nanocrystalline Fe. It was concluded that, altffothe generalized parabolic model
yielded a good fit with variable “n” values, thetigation energy calculated based on that
fit was unreasonably high (220kJriplfor what is assumed to be grain boundary
diffusion in nanocrystalline Fe. Therefore, it wdeclared by the authors that the

generalized parabolic model failed.
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Fig. 2. 9 Temperature and time evolution of the volumeveighted average crystallit
diameters of nano-Fe; the lines represent fit with diérent kinetic grain-growth
models. Dashed lines represent fit with the generalizegarabolic grain-growth
model; solid lines represent fit with the grain-gowth model with impediment;
dashed-dotted lines represent fit with size-dependenipediment. (Reprinted with
permission from American Chemical Society)

The activation energies calculated, based on tkee ganstant deduced from the
impediment model, however, yielded an activatioergy value of 170 kJmd) which is
in agreement with other published values for gtanndary diffusion [118, 119]. Thus,
based on the calculated activation energies, ttt@eisummarized that the grain growth
model with impediment was a good candidate for wleisig the isothermal kinetics of

grain growth of nanocrystalline metals.
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As discussed earlier in this article, an approdett tises activation energy values to
gain insight about the grain growth or densificatimechanisms is inherently limited
because the models contain varying parameters wbah result in mathematical
flexibility that would enable the model to fit alstoany data. It is very difficult, however,
to assign physical meaning to the parameteandk. The fact that the grain growth of
nanoparticles during sintering may be attributedntaoltiple mechanisms makes the
matter even more complicated.

In a different approach of applying the generalipagabolic grain growth models,
Feng Liu et al. [120] analyzed grain growth dataseparate “domains,” meaning
different stages of grain growth at different segia time periods. For each time period,
a fixed value of n=2 and/or 3 is used in modelifige overall grain growth equation is

expressed as follows:

kit t<t
kt+k,(t—t,) t,>t>t,
Glt)-G," = A (2.18)
A t,>t>t .,
kt+k,(t—t)+A +k (t—t ) t >t>t

According to this model, the rate constardnd activation energies change as grain
growth progresses. Specifically, activation enexrgnerease as grain size increases. This
is attributed to the increasing segregation of im@s on grain boundaries which
reduces grain boundaries hence the driving forcegfain growth. Within each growth
time period, or “domain,” the activation energigsdaate constantk hold constant.

Compared to conventional parabolic models, this ehtakes into account the effect of
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the changes in thermodynamic properties on theiksef grain growth. The assumption
of the model is that the grain growth is fully asgaished by grain boundary diffusions.
Direct evidence of the mechanisms of grain growithhanoparticles during sintering is,

however, still sorely needed.

2.2.2.2 Effect of Pores on Grain Growth in the Late

Stages of Sintering

As in sintering of coarser particles, in the fisdhge of sintering of nanoparticles,
grain growth will be affected by remaining poreatthin the grain boundaries and reduce
the kinetic rate of grain growth. The effect of @@on grain growth during the final stage
of conventional sintering is reviewed by Rahamadh ldang [37, 111].

In the final stage of sintering, isolated spheripakes are situated at the grain
boundaries, in particular, at triple junctions. &oare considered to be a second phase
with an inhibiting force against boundary moveméitte interaction between pore and
boundary determines the conditions for either pitachment or separation, which, in
turn, determines the rate of grain growth duringfthal stage of sintering.

As grain grows, the moving boundary applies forpetlee pore at the final stage of
sintering. As force is applied on the pore, thepshahange, resulting in chemical
potential difference between atoms at the leadneyteniling surfaces, driving the flux of
atoms from the leading surface to trailing surfaddwus, the pore will migrate with the
grain boundaries. The mechanism of pore movemahides surface diffusion, lattice
diffusion and evaporation/condensation.

Similar to grain boundary motion, the pore veloeglys expressed as
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v. =M. F (2.19)

whereM, is the pore mobility, which depends on the mecdrandf pore migration [37,
48, 111, 121, 122, is the driving force for the migration of poresuéto the presence
of the pores at grain boundaries, the driving fattboundary migration is decreased due
to the inhibition force of the pore against bourydarigration. Thus, the velocity of

boundary migration can be written as

V, =M,F =M, (F, - NF,) (2.20)

where My is the boundary mobility, andr is the effective driving force on the

boundaryF = (Fb - NFp). Fp is the driving force of boundary migration with pores at

boundariesN is the number of pores per unit grain boundary.area

A comparison between the velocity of the pore ntigraand the velocity of the
boundary migration reveals whether the pore atmdioethe boundary or the pore
separates from the boundary as grain grows duthegfinal stage of sintering. The

condition for pore attachment to the boundany is v, , which can be expressed as

v, =V, =M F, =M, (F, - NF,) (2.21)

and hence

= (2.22)
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Two limiting cases can be considered [121, 123]:
a) A system containing many pores with low mobilitg.j NM,, >> M |
b) A system containing fewer pores with high mobilitg,, NM, << M |

In the first case, pore migration controls boundargration, which is referred to a®re

control.

v, =P F (2.23)

In the second case, the presence of the pores limastano effect on the boundary
velocity, so the migration of the grain boundarycantrolled by its intrinsic mobility.

This condition is referred to d®undary contral

v, =M,F, (2.24)

The condition under which a pore can separate fienboundary ig, <v,, which

can also be expressed as

M ,F, <M,(F, - NF,) (2.25)

Rearranging the equation, it can be written as

M p
Fb > M—-‘r‘ N Fp (226)
b

Equation (2.26) reveals that the inhibition fordetlee pore cannot balance the driving

force on the boundary; therefore, the separatiorpat/boundary occurs. Once the
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boundary breaks away from the inhibition of the ggathe rate of grain growth will
significantly increase.

Due to the presence of large number of pores irsylséeem at the beginning of the
final stage of nanosintering, the boundary is &t filragged by the pore and the rate of
grain growth is slow. But as sintering proceedshlibe number and the size of the pore
decreases as a result of densification. When timsitgereaches the specific point at

which pore/boundary separation occurs, grain gr@agttelerates dramatically.

2.2.2.3 Ostwald Ripening

The generalized grain growth law describes anathtgory of grain growth which is
based on Ostwald ripening. The theory of Ostwagldning was originally developed for
the coarsening of precipitates in two phase maseridhe mechanism of the coarsening
of second phase particles is solution-and-reprtipn. During liquid phase sintering,
the solution-reprecipitation mechanism is respdadir increased average grain size due
to the growth of larger particles at the expense sofaller particles. The term
“coarsening” is also used in a more general semskescribe the increase of grain sizes,
as well as particle sizes, during sintering. Athgomal conditions, the kinetics of grain

growth by solution-reprecipitaiton is also giventhg polynomial law as follows:

G(t)"-G," =kt (2.27)

where n is the grain growth exponent. Usually n for3diffusion controlled processes

and n =2 for interface controlled processes.
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2.2.2.4 Two Step Sintering: Decoupling of Grain

Growth from Densification

As an example of understanding and controlling rermrain growth during
nanosintering, Chen and Wang [109] developed aeclapproach to decoupling grain
growth from densificaton of nanosized particlesngs pressureless sintering process to
fully densify nanocrystalline XOs. In a simple two step process, the compact idlrie
heated to 1319C; the temperature is then lowered to I’G5and held at that temperature
for a long time. As a result, the material can imdesed to full density with minimum
grain growth. If the lower temperature is appligdttee onset, complete densification
would not be possible. It is reasoned, then, thgipesession of the final stage grain
growth is achieved by exploiting the differencekinetics between the grain boundary
diffusion and the grain boundary migration. Grairowgh requires grain boundary
migration which requires higher activation enerpgart grain boundary diffusion. At a
temperature that is high enough to overcome theggneurdles for grain boundary
diffusion, but low enough to deactivate grain boanydmigration, the densification will
proceed via grain boundary diffusion without triggg significant grain growth. This
phenomenon was further studied in multiple pubioces of Kim et al.[124-126]

It is noted, once again, that in this work to sgebally decouple grain growth from
densification by exploiting difference in grain bawary mechanisms, the authors
explicitly showed that at the beginning of the setcintering step, the grain size
increases 4 to 6 times larger than the origina sizthe powder, which is attributed to
coarsening during the first sintering step (Fi)2The following section will focus on

coarsening, or in other words, the initial graiowgth of nanoparticles.
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2.2.3 Initial Grain Growth (Coarsening) of Nanoparticles
During Early Stages of Sintering (Rel. Density < 90%)

The above discussion provides evidence of an lrstage of grain growth. This part
of grain growth occurs in the beginning of the sfirtg, often during heating up when the
relative density is less than 90%. In conventigialering of micron sized powders, the
initial stage of grain growth is not significantdams often ignored in the analysis of
experimental data because its contribution to thal fgrain size is relatively minor,
compared to normal grain growth during latter s¢agé sintering. For nanosintering,
however, two important points must be made withardgo the initial stage of grain
growth:

1). The amount of grain growth during nanosinteriagsignificant, and sufficient in
many cases to cause the material to lose nanoltinsteharacteristics;

2). The initial grain growth can be described bg generalized classic parabolic grain
growth law only if very large values of growth exgmt are used, which represent no
physical processes. This implies that the mechawisgrain growth in the initial stage

may be different from that of the normal grain gtiowstage.

2.2.3.1 Neck Formation and Coarsening of Contacting Nanoparticles

To understand initial grain growth, the key isssi¢hie interaction between ultrafine
particles at the start of sintering. According tassical sintering theories by Kuczynski
[88], Kingery [84], Coble [127], Johnson [128], kecwill form and grow between
adjacent particles, which are assumed to have eipmleter. Densification is modeled as
the approach of the centers of the two particlesldd these situations, no grain growth

occurs at the beginning of sintering. Fig. 2.10stfates that when very fine particles are
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(a) (b) (c) (d)

Fig. 2. 10 A linear array of two spheres of initial radii ofr; andr, (r1 >r5): (a) justin
touch without the formation of interface, (b) whenri/r<R¢, (c) ri/r; =R., and (d
ri/ro >R.. (After Ref. 59)

in contact, if the particle sizes are not uniformterparticle diffusion will lead to
coarsening of particles in addition to formationtioé neck. Large particles will grow at
the expense of small particles. The coarseningadigbes can be understood using the
criteria as shown by equation (2.28), which wast faxpressed by Lange [58] based on
Kingery's initial concept in pore stability [47].

1

R =- — (2.28)

R. is called critical particle size ratio for boundamygration, ¢.is the dihedral angle

relating surface energy and grain boundary endrggige explained that when the size
ratio between two particles is larger than theiaait size ratioR;, grain boundary
migration will occur, resulting in grain growth. \Wh actual size ratio is less thRy
boundary migration will yield an increase in thaigrboundary area and is energetically
unfavorable. In this situation, interparticle massisport will happen first to increase the

size ratio between adjacent particles. This coangegorocess will not stop until the size
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ratio R=r,/r, reachesR;, then grain boundary migration will take over hesa the
condition for grain boundary migration is now eredicplly satisfied.

The studies by Lange and Kingery aimed to explam stability of pores in the
intermediate stage of sintering. Shi further amplie critical size ratio criteria to the
initial sintering of ultrafine particles [59, 64t.was shown that the driving force for neck

growth and interparticle diffusion are given respeaty is as follows

A, :ysﬂ(i—ij (2.29)
X r

A, = 2ysg(1—ij (2.30)
r.l r2

Au,andAy_ are chemical potential for neck formation and misassport between two
particles;”sissurface energy2is atomic volumeX is radius of the neck; is radius of

particles ; andr, are radii of two particles with different size€gquation (2.30)
indicates that if a difference of the radius ofvaiure exists, mass transport would take
place from the area of larger curvature to the afesmaller curvature. This process is
related to the particle coarsening.

Considering equations (2.29) and (2.30) togetheth bthe neck growth and
coarsening, driven by the surface tension betwden particles, can take place
concurrently. However, the magnitude of the drivilmgce for the two processes is
different. Assuming the interface energy is notstdered, themp, < Apc, which implies

that neck formation takes place before coarsening.
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On the other hand, if the interface energy betwparticles is considered in the
analysis of the driving forces as an energy barmgeneck growth, Shi showed that

equation (2.29) becomes

1

Apty'= m(;—%} -1 (r.¢.4.) (2.31)

wherey, is boundary energyy is the contact angle is the equilibrium dihedral angle.

From a thermodynamic point of view, wheénr- ¢, the driving force for the neck growth
is zero. Intuitively it is possible under certaionditions wheng < ¢, driving force for
coarsening may equal that for neck growth. Henoarsening by interparticle mass
transport may take place significantly prior to thehievement of the equilibrium
dihedral angle and the beginning of grain boundaigrations.

With regard to the issues of initial grain growéhtwo step qualitative growth model
was developed [129]. When particles of differerztesiare in contact, the first step in
grain growth is coarsening due to interparticle snaansport via the growth of larger
particles into smaller particles, which resulthe increase of the material’'s average grain
size regardless of whether the size ratio, ris larger or smaller thaR.. During the
coarsening and sintering progress, the size ratiwden particles can increase. When the
condition of size ratiosfr, > R; is reached, grain boundary migration will occeding
to the second step of grain growth by the grainnblauy migration. Fig. 2.10 and Fig.

2.11 schematically illustrate the two step process.
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s 7 T (b) ©

(a) (d)

Fig. 2. 11 Particle configuration t©iange after the formation of a dihedral angl
shown in Fig 2.10: (a) the configuration whem,/r, <R (boundary cannot move); (b
the configuration resulted from the mass transport betweenparticles before
boundary motion; (c) the transient configuration after boundary notion whererq/r;
becomes >R (d) final configuration either directly by mass transport or by
combined mass transport and boundary motion. (After Ref. 59)

The differences in grain growth kinetics at difierestages of sintering suggest
differences in grain growth mechanisms, which woalslo be a function of specific
material systems. The mechanism for normal graomvtir is widely believed to be grain
boundary migration. However, as indicated in thevabdiscussion, the mechanism of
coarsening, or initial grain growth, could be diéfet depending upon the specific
situation with regard to relative particle sizeioat and dihedral angles. Possible

mechanisms of initial grain growth are discussetth@following sections.

2.2.3.2 Initial Grain Growth Mechanisms

Based on conventional grain growth theories, sévessible grain growth
mechanisms for grain growth during nanosinteringstexncluding: 1) grain boundary

migration, 2). surface diffusion, 3). solution regipitation, and 4). coalescence.
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Understandably, surface diffusion is expected ta Iéghly probable mechanism, due to
the extremely fine particle sizes.

It has been demonstrated that surface diffusiodsléa grain growth of nanosized
particles. In a study of the sintering Ba%jChi observed that the contacting particles
become one particle via surface diffusion as showfig. 2.12 [61]. Surface diffusion
transported the atoms from the dissolving smalliglarto be redeposited on the surface
of the larger particle. This is direct evidencetbé role of surface diffusion in the
coarsening of nanoparticles at the beginning ofesimg. Although surface diffusion
induced grain growth is not a widely recognizedig@owth mechanism, it could play
an important role in the initial grain growth. & noted that surface diffusion causes
coarsening of larger particles by consuming smaittiges, i.e., grain growth without
requiring either grain boundary migration, rotationgrain boundary diffusion.

Considering that the initial grain growth duringntsring is the result of the
coarsening of nanoparticles due to interparticlusions, there are other interparticle
diffusion mechanisms, other than surface diffusitimat could also contribute to
coarsening of particles. In particular, there isredaxation period for migration,
redistribution, and annihilation of the defects do¢he fact that nanoparticles are usually
not at equilibrium states and are likely to contaxtess amounts of various defects that
are created during the production of nanoparticeging to the nonequilibrium structure
of nanopatrticles, diffusivity is dramatically enlcad during the relaxation process [130-
133]. This may contribute to dynamic grain growth the beginning of sintering.
Dynamic grain growth usually dominates during theathup stage and the first few

minutes after reaching a preset isothermal holtengperature. Therefore, rapid dynamic
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Fig. 2. 12 Observations of the grain growth in BaTiO3 powder at differen
temperatures from 940C (a), 950C ((b), (c)) to 966C ((d) to (0)). Grains grow
through reduction of smaller grains and enlargement of larger ones. The distar
between the particle centers decreases simultaneously. (Reprintaith permission
from Springer Science and Business Media) - during
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isothermal holding is several times of the inigahin size. The relaxation time depends
on materials, nanoparticles production methods tamgerature.

The role of grain boundary migration should alsodoasidered in discussing the
initial grain growth during nanosintering. Grainumalary migration is, of course, the
most recognized grain growth mechanism for solidk bmonophase materials. The
driving force for grain boundary migration is thareature of grain boundaries. Grain
boundaries migrate in the direction of the centerthe curvature. Grain boundary
migration can be accomplished by either volume maing boundary diffusion. The
activation energy is primarily determined by thduwe diffusion. For single phase
materials at later stages of sintering, when netatiensity is great than 90%, grain
boundary migration is the most logical mechanisngm@in growth as that for in bulk
single phase materials. Grain boundary migratios &lao been observed during early
stages of sintering of nanosized®@4 [64].

Coalescence is another grain growth mechanismighaften cited to explain rapid
grain growth qualitatively. Coalescence is a tehat tis often loosely used to describe
various phenomena. For example, coalescence istisoaseused interchangeably with
the term “sintering” to describe the growth of paes during particle synthesis and
growth process [134-137]. For clarity in this ddjccoalescence is used strictly to
describe the increase of grain size due to the ingergf two grains by eliminating the
common grain boundaries between them. Differingnfrather grain growth processes
which may also be described as the merging of g, the two original grains should

not demonstrate significant change from their molpdpy prior to coalescence.
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The term coalescence, as defined above, descrihgsgae way of grain growth,
which is accomplished only through various diffusimechanisms. Possible mechanisms
for coalescence include grain boundary diffusiomslogation climb along grain
boundaries, or even grain rotations. In liquid ghamtering systems, it is believed that
the solution-reprecipitation mechanism may als@ li@tilitate the coalescence of grains.
Direct evidence of coalescence is, however, vdficdit to get identify. Fang et al. [138]
studied the grain growth of nano WC during sintgriand found the growth of nanosized
tungsten carbide grains with aggregates via coahes; as shown in Fig. 2.13. It has
been speculated that when nanoscales are appreatbedc mechanisms become more

obvious. For example, the rotation and alignmemasfosized grains may be easier than

Fig. 2. 13 Coalescence of two platelet shaped grains of a nanocrysteliWC-Co
compact heated up to 1200 °C at a heating rate of 10 °C/min. and hdtat 1 min.
(After Ref. 138)
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coarse grains [40]. Kumar and Fang’'s analysis ef dimtering of WC-Co composites
suggests that the lattice shift along low-energyL Gf$ain boundaries is a viable

mechanism for materials with high degree of crystmbhphic anisotropy [139].

2.2.3.3 Effects of Agglomerates on Initial Grain Growth

Another important factor in grain growth mechanisiusing nanosintering is the role
of agglomerates in grain growth. Mayo [43] pointad that grain size is often related to
the size of agglomerates at the beginning of smdelAs Mayo summarized, the larger
the agglomerate size, the higher the sintering &zatpre required to eliminate the large
interagglomerate pores. By contrast, the crystatlize has little effect on the temperature
required to reach full density. The same tempeeaturowever, promote grain growth to
such an extent that the grain size can easily d®valto the agglomerate size.

To explain the effect of agglomerates, Lange [4&$sified the structure of a powder
compact as a hierarchical structure of agglomeral@sains, and primary particles, as
shown by Fig. 2.14. Defining the coordination numlas the number of particles
surrounding the pore, Lange explained that porethinvidomains have the lowest
coordination number, pores between domains havénehigand pores between
agglomerates have the highest coordination nuntbgr.2.15 shows schematically the
volume distribution of the three classes of poresadunction of coordination number.
When N<N, a pore is unstable. Otherwise, grain growth, @arsening of particles
within agglomerates, will be necessary for elimmatf the pore and continuation of the
sintering. This explains the correlation betweerairgrgrowth and the size of

agglomerates.



Fig. 2. 14 Schematic diagram of the hierarchical structie of agglomerates (larg
circle), domains (small circle), and primary particles (dots within small circles).

SUM OF THREE
DISTRIBUTIONS

Fig. 2. 15 Schematic of pore coordination number distribution ofagglomerated
powder indicating three classes of pores, i.e., those withdomains, those between
domains, and those between agglomerates. (R stands for coordinatiommber).

(After Ref. 46)
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CHAPTER 3

RESEARCH SCOPE AND OBJECTIVES

Sintering of nanosized powders is a viable approsxhmanufacture of bulk
nanocrystalline materials. The goal of sinteringnaihosized powders is not only to
achieve full densification but also to retain nazade grain size at full densification.
However, the challenge of sintering of nanosizedqer is the rapid grain growth during
consolidation, leading to loss of nanocrystallimeig size after sintering. Therefore, the
densification and grain growth behavior during etimg of nanosized powders have to be
clearly understood including their kinetics and haatdsms, as well as their differences
from those of micronsized powders. Then strateffiemnhance densification and inhibit
grain growth can be provided.

In order to examine the characteristics of derddifisy and grain growth of nanosized
powders, and identify the differences in sinterbehavior between nanosized powder
and coarse sized powder, this study is designedusngsten as an example material to
investigate the following issues:

1. Experimental examination of effects of particleestn sintering behavior

2. Experimental examination of the characteristicsdefsification and grain
growth of sintering nanosized powders

3. Analyze and understand the characteristics andrigan of the differences in

sintering behavior between nanosized and microdgppevders
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4. Provide more insights into the densification andimgrgrowth process for
future solutions to inhibit grain growth during ®nng of nanosized powder,
especially the initial and intermediate stages wthensintered densities are
less than 90% relative density.

For the purpose of this research, a number of rangteexperiments are designed and
carried out under various conditions. The detadggerimental processes are given in
Chapter 4 and the results are provided in theviefig chapters. Chapter 5 deals with the
effects of particle size on sintering behavior gsthifferent sized tungsten powders.
Chapter 6 focuses on densification and grain grosfthanosized tungsten powder in
order to identify the characteristics of nanosinigr Chapter 7 concentrates on kinetics
analysis and mechanisms of densification and ggaowth in order to understand

nanosintering. Chapter 8 concludes the research gribposing method for reducing

grain growth during nanosintering.



CHAPTER 4

EXPERIMENTAL

This chapter describes experimental procedurestfatying the effects of particle
size on sintering and further examining the charstics of densification and grain
growth of nanosized powders. The experimental mhoess included preparation,
compaction and sintering of nanosized tungsten posvds well as characterization of

powders and sintered samples.

4.1 Production of Nanosized Tungsten Powders

Production of nanosized powders was accomplishé&tyus unique one-of-a-kind
planetary ball milling machine (Fig. 4.1). Witls ifarge gyration radius and independent
controlled motors for gyration and revolution, tmédling energy potential reaches 60g
force under normal conditions. The machine is chkgpald 100g acceleration force.
Compared to commercial high energy ball milling lmaes such as Fritzsch planetary
ball mills and Union Process attritor mills, thestam designed planetary mill, has much
higher milling energy and efficiency, which in tutranslates into unique opportunities

for effective reduction of particles size to naralec



Fig. 4. 1 The dual drive planetary ball milling machine for nanoparticle prodwction

For this study, tungsten was selected as an examgierial, and high energy milling
technology was applied to produce nanosized tungstevders. The purpose of the study
was to examine the following issues:

e Effects of particle size on sintering

e The characteristics of grain growth and densifaratf nanosized powders.
Various tungsten powders with different particleesi were prepared by high energy
milling. The detailed preparation processes arerdes] as follows:

1. Preparation of powders for examining effects oftigé size on sintering
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Two raw tungsten materials provided by Kennametel Were used for studying the
effects of particle size on sintering. Both of tteev materials were produced by the
reduction of tungsten oxide. One had a particle siz~500 nm (“C500”, “C” denotes
“chemical synthesis”); the other had a particlesiz ~50 nm (*C50”). Both C500 and
C50 powders were put into separate canisters willingymedia and the canisters were
filled with heptane. The powders were then subgetteultra high energy milling for 6
hours using the high energy planetary ball millimgchine. Tungsten carbide balls were
used as milling media and the ball-to-powder weigiib was 6:1. The milled powders
were denoted as “MC500” and “MC50” respectively (“Btands for “milled”). The two
raw W powders, C500 and C50, and the two milleddgers, MC500 and MC50, were
used for studying effects of particle size on singg behavior. The designations of all
four powders and their preparations are tabulatéichble 4.1.

e C500: the as received chemically synthesized stiomipowder;
e C50: the as received chemically synthesized naadgowder;
e MC500: the high energy milled C500 powder;

e MCH50: the high energy milled C50 powder.

Table 4. 1 The designations of the powders for examining effects of partidze on
sintering

Raw tungsten powder High energy milled powder-6 hours

C500 MC500

C50 MC50
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2. Preparation of powders for examining densificatemmd grain growth of nanosized

powders

C50 powder was selected as the starting matenadttalying the characteristics of
densification and grain growth of nanosized powdkrorder to further reduce particle
size and enhance the sinterability, the as recaBifitungsten powder was subsequently
subject to high energy ball milling for 12 hourdhelmilling of the as received powder
was carried out in canisters filled with heptanendsten carbide balls were used as
milling media with ball-to-powder weight ratio 6:In addition to 12 hours milling, 6
hours milling was also carried out in order to examthe effects of milling time on
sintering and grain growth of nanosized tungstewdews. Table 4.2 list the powders
used for studying the densification and grain gtoaftnanosized powder.

e A-W: as-received C50 W powder

e M6-W: 6 hours milled C50 W powder

e M12-W: 12 hours milled C50 W powder

The 12 hours milled powder “M12-W” are focusedexamine the characteristics of

densification and grain growth of nanosized powder.

Table 4. 2 Nanosized tungsten powders produced for studying densificati and
grain growth during sintering.

Milling time 6h 12h
Raw materials

C50 (A-W) v (MB-W) v (M12-W)
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4.2 Compaction and Sintering of Tungsten Powders

The milled tungsten powders were dried in a vacainnoom temperature for 12
hours to allow for evaporation of heptane. The dirmowders were collected for
subsequent compaction and sintering. Compaction gintering experiments were
conducted to study effects of particle size onesing and examine densification and
grain growth of nanosized powders. The experimeete conducted as follows.

1. Compaction and sintering for studying effectpanticles size on sintering

The powders in Table 4.1 were compacted under axiahipressure of 240 MPa.
Each sample was 10 grams in weight. The compagiediraens were round pellets
16.22 mm in diameter and 4-7 mm in height dependimglifferent powders. Sintering
was carried out in a flowing hydrogen atmosphertemiperatures of 1100 °C, 1250 °C
and 1400 °C. The heating rate for all sintering geratures was 10 °C /min. The
specimens were held at each temperature for On806& minutes. The MC50 powder
was also heated up to 1000 °C without being hetdeatemperature in order to examine
the entire densifications during the heating upcess. Table 4.3 lists the sintering

conditions for this set of experiments.

Table 4. 3 Designed sintering conditions for examining the effects of pgele size on
sintering behavior

t (min 0 30 60
T (°C)
1000 v (MC50 only)
1100 \ \ \
1250 \ \ \
1400 \ \ \




66

2. Compaction and sintering for studying densifmatand grain growth of nanosized
powders

The nanosized powders listed in Table 4.2 were almlaed into green compacts
using a uniaxial press machine. Each sample wasalhgin weight. Due to the
extremely fine particle size, very large frictioorées were present among the nanosized
powders and between powders and inside wall olibeAs a result, the typical green
density for both 6 hours-milled (M6-W) and 12 howmidled (M12-W) nanosized
tungsten powders was only about 36% theoreticasitienf tungsten material under a
pressure of 140 MPa. The dimensions of the comgaspecimens were round pellets
16.22 mm in diameter and about 3.5 mm in thicknesarder to study the effects of
green density on sintering and grain growth, otireen densities, 31% and 40%, were
also obtained for M12-W powder using different ca@eipon pressures 50 MPa and 240
MPa. Further increasing compaction pressure didimotase green density but led to
cracking problems in the green compacts, so highessures were not applied in this
study.

Sintering studies were carried out in a tube fuendithe compacted samples were
heated in a flowing hydrogen atmosphere with consteating rate 10 °C/min to
different temperatures. A series of experiments designed and carried out to study
densification and grain growth of nanosized powdaring early stage of sintering,
including both nonisothermal and isothermal simigrexperiments. The nonisothermal
experiments were carried out by heating the gresnpacts to preset temperatures and
then shutting down the furnace without holding la¢ temperature. The following

temperatures were selected: 800 °C, 900 °C, 9500 °C, 1050 °C, 1100 °C, 1250 °C
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and 1400 °C. Isothermal sintering was conductediféérent temperatures to obtain
detailed densification and grain growth behavionahosized powder. The temperatures
for isothermal sintering were 950 °C, 1000 °C, 186501100 °C and the holding times
were 15, 30, 45 and 60 mins at each temperatuee détailed sintering temperature and
time are listed in Table 4.4. For comparison, bet&W and M12-W powders were
sintered with same sintering conditions to studiect$ of milling time on sintering
behavior. Further, the effects of different greengities on the sintering and grain
growth behavior of nanosized powder were also emadthrough nonisothermal heating

experiments using M12-W samples. The detailed mé&dion is listed Table 4.5.

4.3 Characterization of Powders and Sintered Samples

The following section describes methods used irs ttudy for characterizing
powders and sintered samples. These methods inclodeay diffraction (XRD),
Scanning Electron Microscope (SEM), BET method, htigscattering method,

Archimedes method. Each is described below.

Table 4. 4 Designed sintering temperature and time for studying derigiation and
grain growth of nanosized tungsten powder

t (min) 0 15 30 45 60
T (°C)

800 N

900 v

950 \ \ \ \ \
975 v v v \ \
1000 v v v \ \
1050 v v v \ \
1100 v v v \ \
1250 v

1400 \
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Table 4. 5 Designed experiments for studying effect of green density on ddication
and grain growth of nanosized tungsten powders

t (min) 0
o Effect of green density
TC) 31% 36% 40%
800 N N N
900 \ \ \
950 \ \ \
1000 \ \ \
1050 \ \ \
1100 \ \ \
1250 \ \ \
1400 \ \ \

XRD. To determine the grain sizes of as received ailgédnpowders, the X-ray
diffraction line broadening techniques was appli@de to the intense mechanical energy
input during milling, strain energy was inevitaldyored within the crystal lattice. In
order to quantify the grain size accurately consdethe effects of the internal strains,

Williamson-Hall method [1] was applied using théddwing formula:

0891
dcosd

B=p,+pB, = +4etand (4.1)

where g is full width at half maximum (FWHM) of the diffciion peak after instrument
correction; fy and g, are FWHM caused by small grain size and interrigdss,
respectively; andd and ¢ are, respectively, grain size and internal stresdatiice
distortion. The experimentally determined line loeaing was corrected for of-Kap

separation and instrumental line broadening usoayse W powder (average grain size
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about 40um). To determine botld and ¢ from equation (4.1), line broadening data
corresponding to severdd values were used. Grain size and internal strainewe
calculated by plottinggcod vs. si. The grain size and lattice strain were obtaimethf
the intercept and the slope of the linear plotthis study, XRD method (Siemens D5000
X-ray Diffractometer) was applied to the followisgmples: C50, MC500, MC50, A-W,
M12-W.

SEM A high resolution scanning electron microscopél (Rova NanoSEM 630) was
used to characterize the morphology of the milledqber as well as the sintered samples.
Grain sizes of the powder and sintered samples weleilated quantitatively using
linear intercept method. For each sample, thredura images were used for grain size

measurement. A total of more than 600 grains wesasured for each sample and the

mean grain size value was used as the grain sizéhifbsample Esamp@. Further, the

distribution of grain sizes was also obtained factesample. The error bar for each grain

size data was determined by the differences betv@gRmpieand G image (G imageiS Mean
grain size for each field of view). All the sampliesthis study were characterized by
SEM method.

BET. C500, C50, MC500 and MC50 powders were charae@énising a BET surface
area analysis instrument (Micromeritics ASAP 20Xarticle size of the powders was
calculated based on the BET specific surface amsagua modified formula that

incorporates surface roughness and pore areagactor

deer = K(D /2) x 6/(Sger x density) (4.2)
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wheredget is calculated particle siz&,is a constant related to pore area (equal to 1.5
[2]), D is fractal dimension value of surface roughnegsidkto 2.58 [2]) Ssetis specific
surface areadensityis theoretical density of a material. The partisieze was also
determined by SEM methaligy for comparison.

Light scattering A light scattering method was used for examirtimg agglomerates

of powders. This technique is not available in laix, so in this study, the powders A-W

and M12-W were sent out for doing this examination.

Archimedes methodn this study, green density was determined Hgutating the
weight divided by the volume of the specimens, w/isintered density was determined
using the Archimedes method. It follows the priheifhat the partial loss in weight of the
material in water due to buoyancy effect is a measi the volume of the material.
Porous samples were soaked in oil in vacuum befensity measurements was taken so

that the pores were sealed with oil. The denspitys given by the relation:

W ..
p = X P water
Wao — W (4-3)

water

wherew,;; is the weight in air of the samphy, is the weight after oil infiltration, and
Wuater, 1S the oil infiltrated sample immersed in watéare was taken to dry the sample of
oil after infiltration, to ensure accurate weightasurement.

The samples and the corresponding characterizatethods used in this study are

listed in Table 4.6.
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Sample For studying particle size effects For studyingosantering and
grain growth
C500 | C50[ MC500| MC50 | Sintered| A-W | M6- | M12- | Sintered
Metho sample W W | sample
XRD V V V v v
BET v v v v
SEM | N [ N[ N | N [ N VN[ V[N
Light \ N
Scattering

4.4 References
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CHAPTER 5

EFFECTS OF PARTICLE SIZE ON DENSIFICATION

BEHAVIOR OF TUNGSTEN POWDERS

5.1 Introduction

This chapter deals with the effects of particleesin sintering behavior of tungsten
powders. Before going to the detailed results, Il fivstly introduce the background and
importance of studying size effects on tungstetesimg.

Tungsten, the example material for this study, riseacellent candidate for many
applications owing to its attractive propertiestsas high melting point and high density
[1]. However, the sintering of tungsten powdersssially very difficult because of its
high melting point. For example, tungsten powddhvei particle size of 1.8m can be
sintered to only 76% of its theoretical densityl&60 °C [2]. Often temperatures well
over 2000 °C must be utilized to manufacture buligsten materials by sintering [2-7].

There are typically two approaches to improve theegbility of tungsten. One is by
the addition of small amount of transition metalslsas Ni, and Pd [8-11] as activators,
which can reduce the sintering temperature to dimge of 1200 to 1500 °C. However,
since the addition of transition metals could ajteoperties of sintered tungsten, this
approach has limited applications. The other apgpros by particle size refinement. The
sintering temperature of tungsten was reportedetorethse with decreasing particle size

[2, 12-14]. For example, Staab et |, 14] and Vasilos et a[2, 14] found that fine
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tungsten powders with particle sizes from 400 nn8@0 nm could be sintered to over
90% theoretical density at around 1700 °C. Maleetanl showed that the sintering
temperature of nanosized tungsten powders prodogéugh energy mechanical milling
was 1700 °C compared to 2500 °C for conventionaideos with 95% theoretical density
after sintering [12]. Further, Oda et ahowed that nanosized tungsten powder could be
sintered at 1000 °C under pressure of 200 MPa asBIgS sintering technique [13].

As shown above, the sintering of tungsten is vemnsgive to the particles’ size. In
order to further explore the effects of particleeson densification of tungsten powders as
well as the effects of mechanical milling, the siimg of tungsten with different particle
sizes prepared by either chemical methods (C500) @5high energy milling (MC500,

MC50), are investigated and discussed in the falgw

5.2 Results and Discussion

5.2.1 Powder Characteristics

Fig. 5.1 shows SEM images of the four differenedizungsten powders: C500, C50,
MC500, and MC50. The figure shows that the partgilees of the milled powders —
MC500 and MC50 — are, as expected, much smaller tiheir corresponding original
powders. The grain sizes, lattice strains, spesiiiface areas and particle sizes of all the
powders are summarized in Table 5.1. Calculateticfgmsizes from specific surface area
dset are listed in comparison to that of by SEM methbegd,. It is evident that the values
of dger particle sizes are close to that gtg In this study, gem was used for discussion
hereafter. The as received submicron powder C58QHealargest grain size, particle size
and lowest specific surface area, while the migjesvder, MC50, had the smallest grain

size, particle size and highest specific areas ttdated that the milled submicron powder
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Fig. 5. 1 SEM micrographs of different sized tungsten powders: (a) ©; (b) C50;
(c) MC500; (d) MC50

(MC500) and the as received 50 nm (C50) had sirspecific surface areas (around 10
m?/g) and particle size, but the grain size of MC308s smaller than that of C50.
Further, the two milled powders MC500 and MC50 happroximately equal grain size,
while the specific surface area of MC50 was mughéi than that of MC500. Based on
Table 5.1, the relative comparison of the partisizes of the four powders were
Puvcso<PucsoPcso<Pcsos  and the relative comparison of their grain sizes

wereGucse~Gmcs00<Gese<Gesoo
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Table 5. 1 Grain size, lattice strains, and specific surface area of as receiand
milled W powder

Sample Production Grain Size Lattice Strain Specific Particle size

method (nm) (%) Surface Area (nm)
(m?/g)
Cber  dsem

C500 Chemical 260 — 2.93 205 260
synthesis

MC500 High energy 21 0.135 10.33 58 52
milling

C50 Chemical 45 0.095 9.39 64 57
synthesis

MC50 High energy 19 0.107 16.79 37 36
milling

The comparison of lattice strains in all powder gke® shows, however, that the
differences between different powders are relagivahall, especially that the lattice
strains in C50, the 50 nm powder produced by chainmethod, are only slightly lower
than those of milled powder MC500 and MC50. Thigassistent with the findings by
Staab et althat dislocation density in chemically producedh@s strong dependence on
particle sizes [2]. In their study, the resultswhd that a submicron powder reduced at
lower temperature may have one magnitude highdoadison density than that of a
micron sized powder reduced at high temperaturbkerefore, the powders produced by
chemical method could also present a number otctlefehen the reaction temperature is
very low. Nanosized powders need to be producedvatemperatures during chemical

synthesis, so they might contain many dislocatafter reaction.
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5.2.2 Isothermal Sintering Behavior

Fig. 5.2 shows the evolution of sintered densiissfunctions of time at various
temperatures from 1100 °C to 1400 °C. At 1100 °@.(B.2 (a)), submicron sized
powders C500 did not experience densification. MIEc00 and C50 had only moderate
densification after extended holding time. Compa@dhe as received 50 nm powder
C50, the milled submicron powder MC500, which hiasilar particle size as C50, had
relatively higher density after holding for 1 hoyet, the density of the sintered MC500
is still only 75% of the theoretical density of gaten. In contrast, the relative density of
the milled nano powder (MC50) reached 97% aftedingl at 1100 °C for 1 hour.
Clearly, MC50 had superior sinterability comparedite other three powders. This result
for the first time shows that tungsten powder cansimtered to near full density at a
temperature as low as 1100 °C using a conventjmeasureless sintering process in a
hydrogen atmosphere.

The sintering behaviors at 1250 °C and at 1400ré€Glaown in Fig. 5.2 (b) and Fig.
5.2 (c). The figures show that the as received GH@0C50 powders were still not well
densified at these relatively high temperaturesugh the relative density of sintered C50
powder (91%) was slightly higher than that of sieteC500 powder (89%) after holding
for one hour at 1400 °C. In contrast, the milledvgers, both MC500 and MCH50,
achieved near full densification after sinteringtia¢se temperatures. Specifically, the
relative density of both sintered MC500 and MC5Qvgers reached 97-99% of the
theoretical density of tungsten. According to Bg, MC 50 has the best sinterability;
C500 has the worst sinterability; MC500 and C50ehenoderate sinterability, but the

sinterbility of MC500 is better than that of C50.
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The above results suggest that the densificatioturmgsten powders is affected by
two factors — particle size and milling. The pomterability of C500 can be attributed to
its relatively coarse particle size. The poor saitdity of C50, however, was unexpected
considering the fact that the original particleestt C50 powder was 50 nm. As shown in
Table 5.1, C50 had similar particle size to thamM@500 which is the milled submicron
powder. After sintering at 1400 °C for 1 hour, heere C50 did not achieve high density,
while MC500 had extensive densification (99%) wkariered at 1400 °C. This suggests
strongly that milling is a critical factor affecgrthe sintering of nanosized W powders.
Specifically, the ultrahigh energy milling methduat was used to prepare MC500 and
MC50 greatly enhanced the sinterability of tungst&he effect of milling may be
partially attributed to the deagglomeration of mdes, in addition to continued refining
of particle and grain sizes of the powder. Howeuscause both MC500 and C50
powders were still agglomerated after synthesiedasn SEM images (Fig. 5.1 (b) and
(c)), milling may also have additional effects antering. Furthermore, comparing the
results of MC50 and MC500, it seems that the parsze of raw materials before high
energy milling also plays an important role in affeg the sinterability of the milled
powders. The finer the initial particle size ise thetter the sinterability of the milled

powder will be.

5.2.3 Nonisothermal Sintering Behavior
To further understand the sintering behavior of asszed W powders, the
densification of the powders as a function of terapge was examined with respect to
densification during the heat up stage of a sintedycle as well as the onset temperature

of densification. First of all, Fig. 5.3 shows giggant differences among the four
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Fig. 5. 3 Densification evolution of different sized tungsten quvder during
heating up process

powders with respect to the densification that welsieved during the heat up stage of
the sintering. Specifically, most of the densifioat of MC50 was achieved during
heating up before reaching 1100 °C, while other gere did not have significant
densification before 1100 °C. In addition, it igetthat green densities of the tungsten
powders after compaction varied from 0.53 for CE9©.36~0.38 for C50, MC500 and
MC50 due to different initial particle sizes.

Figure 5.3 also shows that the onset temperaturésecsintering of powders with

different initial particle size are significantlyfierent. Onset temperature of sintering is
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defined as the temperature at which sinteringsstamtl proceeds. In this study, the onset
temperature is determined as the temperature athwhiD% relative fraction of

densification is achieved, i.e., whém— p,)/(p4 — o) =10%, wherep , p, andp,, are

sintered density, green density and theoreticalsitlenrespectively. Based on this
definition and the data in Fig. 5.3, it is cleaattit500 has the highest onset temperature;
MC500 and C50 have intermediate, and MC50 hasdivedt onset temperature. The
onset temperature of sintering is related to parsze and the dependence of the onset
temperature of sintering on particle size can bscualeed by the following expression

[15-17]: T, ei(d) o< exd— k/ d], whereT,nsedS onset temperature of sinteriryis particle

size; k is a constant determined by the properties of ttagerial. This relationship
predicts a sharp decrease of the onset temperaitsietering as particle size decrease to

the nanoscale.

5.2.4 Scaling Law
The effects of particle size on sintering behawan be further elucidated by
examining the dependence of sintering temperatungaaticle size using the scaling law.
In this study, the sintering temperature is defiasdhe temperature at which over 95%
relative sintered density can be achieved by hglétam less than 1 hour. The scaling law
describes the relationship between sintering teatpex and particle size by the

following equation [15, 18, 19]:

nin(CL) = <[= -] (5.1)
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whered,, d, are particle sizes; and T, are corresponding sintering temperatufess
the gas constan@ is the activation energy, amdis an exponent dependent of diffusion
mechanismsn=1/2 for volume diffusion anah=1/3 for grain boundary diffusion. With
respect to sintering of tungsten powder, the dontimaechanism for densification is
grain boundary diffusion based on reported studhdgerature [14], thus is taken as
1/3. By regression fitting of experimental data g¢quation of sintering shrinkage,
German[20] and Johnson[21] calculated the valu€mt for tungsten sintering to be
4407 K. Another reported study in the literature [2] fduthat tungsten powder with a
particle size of 400 nm was able to be sinterealvy 95% theoretical density at 1650 °C
within one hour. Based on the above data, the dkgrere of sintering temperature on

particle size is analyzed and illustrated in Fig4.5It shows that the sintering

1800
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&
3
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Fig. 5. 4 Dependence of sintering temperature of the milled tungstgrowder on
particle size described by scaling law, along with the experimental dabf MC500
and MC50 in this study
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temperatures of MC50 and MC500 powders in thisysareé very close to the prediction
of the scaling law by using the above equation.rdioee, the scaling law is applicable to
study the relationship between sintering tempeeatind particle size of high energy
milled tungsten powders.

Finally, the sinterablity of a powder depends naltymn its particle size, but also on
its grain size and internal strains. Comparingabkeeceived 50 nm powder (C50) to the
milled submicron powder (MC500) which has almost game particle size (similar
specific surface area) and the same onset of sigteemperature, one can see that the
sinterability of MC500 is better than that of C3@¢ Fig. 5.2 (b) and (c), Fig. 5.3). This
result can be explained in terms of the grain sizéhese two powders. After milling,
although the particle size of MC500 is similar hattof C50, the grain size of MC500 is
smaller than that of C50 (Table 5.1). The smalleirg size results in more grain
boundaries, hence more grain boundary diffusiomdwsintering of MC500 powder than
during sintering of C50 powder, which leads to leighelative density for sintered
MC500 than for C50. Further, because the MC500 goweas produced by ultrahigh
energy milling, it is reasonable to expect that M@500 powder had a large amount of
internal strain energy. However, the data in Tdhtke showed that the differences of
lattice strains in these two powders were relagiv@hall suggesting that the internal
strain energy was not the most critical factor tbatermined the differences in their
sintering behaviors. Nonetheless if a powder hbathalattributes that are favorable for
sintering, including the nanoscale particle siz&nascale grain size, and internal strain
energy, the sinterability of the powder would besmenhanced. The MC50 powder in

this study is such an example with the most entthacgerability.
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5.3 Conclusion

In summary, the present work, for the first timegwed that nanocrystalline tungsten
powders can be pressurelessly sintered to neadémsity at a temperature as low as
1100 °C under a hydrogen atmosphere. The ultrabiglrgy method of milling was
found to be critical to the sinterability of thevpaer. Ultrahigh energy milled nanosized
tungsten powder exhibited extraordinary sinteringaacement compared to chemically
synthesized nanosized tungsten powder. The enhanctedtability can be attributed to
the combined effects of nanoscaled particle si@ngize, deagglomeration, and internal

strain energy.
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CHAPTER 6

SINTERING AND GRAIN GROWTH OF NANOSIZED

TUNGSTEN POWDERS

6.1 Introduction

Chapter 5 discussed the size dependence of simteghavior for different sized
tungsten powders produced by chemical synthesisnahanical milling. The results
indicate that the particle refinement by high egerglling is a very effective approach to
enhancing densification of tungsten powder, andsthterability of nanosized tungsten
powder produced by high energy milling is evidersiyperior to that of coarse tungsten
powders. But, in Chapter 5, the detailed informratiegarding densification and grain
growth of nanosized tungsten powder was not rededlberefore, in this chapter, the
sintering and grain growth behavior of nanosizedgsten powder are examined and
highlighted in order to identify the uniquenesssintering of nanosized powder. Since
most kinetic processes during sintering of nanaspevder have been completed before
reaching normal sintering temperature (e.g., MGb@ig 5.3), this chapter place a great
emphasis on studying densification and grain grosdhing early stage of sintering at

low temperatures.
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6.2 Powder Characteristics

As introduced in Chapter 4, the powders used fisr $hction are A-W: as-received
tungsten powder, M6-W: 6 hours milled tungsten pemand M12-W: 12 hours milled
tungsten powder. The characteristics of “A-W” arld12-W” powders are compared
with respect to particle morphology, particle sirel agglomeration.

Fig. 6. 1 contains SEM images of A-W and M12-W pevedshowing particle size

Fig. 6. 1 SEM images of both A-W powder (a, b) and M1® powder (c, d) with
different magnifications
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and particle morphology. The A-W powder existswo forms (Fig. 6. 1 a): one consists
of some relative large particles (< 500nm); theeoik agglomerates of very fine particles
(the agglomerate size is about 1 micron), and thisn is more common. The fine
particles in an agglomerate are outlined in Figl & and its size is less than 100nm.
After milling, both particles and agglomerates ifnMwere crushed down to extremely
fine powders (Fig. 6. 1 c). But agglomerates atepesent, with size reduced from 1~2
um to approximate 200 nm (Fig. 6. 1 d).

The A-W and M12-W powders were also subject totlggattering examination for
particle size distribution and the result is shownFig. 6.2. It is clear that the A-W

sample contains much coarser particles than the-W12ample and the particle size

12

% Channel

Fig. 6. 2 Size distribution curves based on light scattering examination ofW
and M12-W
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distribution is bimodal and wide in the A-W samjecontrast to unimodel and sharp
distribution in the M12-W sample. The detailed mfi@tion is summarized in Table 6.1.
The kyo in the Table 6.1 is an indicator of the width @ftdbution, the larger the value
the wider the distribution. It can be seen thatrésallts of light scattering test reasonably
reflected the observation results on SEM imagé3gn6.1 as discussed above.

The bimodal distribution in the A-W sample corresge to the two forms of particle
morphology in A-W: large particles and agglomeraiefine particles respectively. Fig.
6.1 a and Table 6.1 show that mode 0.h&8€orresponds to large particles in A-W and
mode 2.074¢m reflects agglomerates in A-W. It can be seenttiatmode 2.07um, i.e.,
agglomerate, plays major role in A-W due to itshhglume percentage (>80%). For the
milled powder M12-W, the dominent mode 0.177-um7(¥®lume percentage) in Table

6.1 is related to the agglomerates observed in@ziigd, with the agglomerates’ size by

Table 6. 1 Agglomerate size distribution measured by light scattering rtieod

Microtrac, (pm)

Sample be=(b
10% 50% 90% Distribution 0= (o0
blO)/bSO

bimodal

A-W 0.546 1.69 6.01 Mode 2.07um (82.1 vol.%), width 3.8p:m 3.23
Mode 0.528:m (17.9 vol.%), width 0.22:m
«almost» unimodal

M12-W 0.122 0.180 0.366 Mode 48.6pm (3.2 vol.%), width 23.8im 1.356

Mode 0.177am (96.8 vol.%), width 0.14dm
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SEM observation corresponding well to mode sizeseaon the light scattering results
and SEM observation, it can be concluded that ligtdttering method can reflect
precisely agglomerate size instead of primary glartsize. The primary particle size
needs to be determined using SEM images. In tHewwlg text, “agglomerate size”
refers to the light scattering results and “pagtize” refers to SEM results which will be
discussed below.

Table 6.2 lists particle size and grain size of Aawd M12-W powders by SEM and
XRD measurement. It can be seen that particle I3zZ8EM is similar to grain size by
XRD method for A-W powder, implying each partictea single crystallite. But for M12-
W powder, the measured particle size by SEM ik ligrger than the calculated grain
size by XRD. The difference between XRD results & results for M12-W powder
may be due to the measuring error for SEM metha@aduse the extremely tiny particles
are not clearly shown in SEM images. However, i ¢e seen that the difference
between SEM and XRD is small and in the range aisuang error, so the starting grain
size of M12-W powder can be reasonably believedbd@oaround 20~30 nm in the
following study. Comparing M12-W with A-W, we capesthat milling process reduced

both particle size and grain size from about 50 ton20~30 nm and crushed ian

Table 6. 2 Particle size by SEM and grain size by XRD

Sample Particle size (nm) by SEM Grain size (nm) by XRD

A-W 42 45

M12-W 30 18
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agglomerates down to 200 nm. The refinement byingills very important in enhancing

sinterablity of milled powder as described in Cleajit

6.3 Densification of Nanosized Tungsten Powders

Densification behavior is a primary concern for guoing bulk nanocrystalline
materials via sintering of nanosized powder bec#us@urpose of sintering is to achieve
fully densified parts. It has been usually foundttdue to the high surface to volume
ratio, the densification behavior of nanosized pessds different from that of micron
sized powders, e.g., the lower onset temperatusintdring, the faster densification rate.
Besides these commonly observed differences, hawévis still necessary to further
explore the detailed sintering behavior of nanasigewder and to determine if there is
any other uniqueness or any different mechanisralwed during sintering of nanosized
powder. With this concern, the detailed densifmatprocess of nanosized tungsten
powders (M12-W) during both nonisothermal heatimgcpss and isothermal holding
period is presented in the following. Attentiorpesd to the unique characteristics during
the early stage of sintering process. In additibwe, effects of milling time and green

density on densification of nanosized powder ase plovided.

6.3.1 Nonisothermal Densification
Fig. 6.3 shows the change of the relative dendityanosized tungsten powder (M12-
W) compacts upon heating from 800 °C to 1400 °G dénsity vs. temperature curve
exhibits the typical “S” shape, illustrating theowl densification at low temperatures,

very rapid densification after the temperature heacabove 1000 °C, and the final stage
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Fig. 6. 3 Nonisothermal densification behavior during heating up anosized
tungsten powder from 800 °C to 1400 °C

during which the rate of densification slows coesably after the relative density

reaches above 90% at high temperatures (>1100 °C).

Based on Fig. 6.3, the evolution of density asmation of temperature can be viewed
as consisting of three stages similar to sinteohgnicron sized powders: the initial,
intermediate, and final stages. As shown in Fig, the initial stage of sintering refers to
the gradual increase of density at temperaturesib£000 °C. The corresponding density
change during this period is from 36% (green dghs$d 50%. The intermediate stage

includes the rapid densification period between0180 and 1100 °C. The majority of

densification are completed during this stage, itheih&ing increased from 50% to 90%.
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The final stage of sintering involves the continugensification with a decreased
densification rate. Full or near full densificatisnachieved during this stage.

One surprising result from Fig. 6.3 is that, witltls a low green density (~36%), the
compact can be sintered to near full densificatiime low green density is the typical
characteristic of nanosized powders. Unlike micsired powder which can usually
obtain more than 60% green density, nanosized pogateonly achieve 30%-40% green
density. The differences in green densities betwammon sized powder and nanosized
powder lead to different initial compact structuresicron sized powders have a
relatively dense compact structure while nanospadders have a very porous compact
structure. So it is reasonable to believe that siaed powders might have a different
densification process compared with micron sizedvgers in the initial stage of
sintering. Traditionally, the initial stage of s#ning is considered to be a neck building
process for micron sized powders, but for nanogmeuders, the initial stage of sintering
should experience not only neck bonding processalsat other processes owing to the
very porous initial structure. This issue will hether examined in following isothermal

densification section.

6.3.2 Isothermal Densification
In order to further understand the sintering betvaef nanosized tungsten powders,
isothermal experiments were carried out at differesmperatures so that different
sintering stages could be revealed, particularityainstage. The isothermal densification
evolution at different holding temperatures is shaw Fig. 6.4. The obvious feature in
Fig. 6.4 is the clearly different sintering behasi@t low temperatures compared with

high temperatures. At low sintering temperature® 968 and 975 °C, the sintered
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densities increase slowly with a nearly linear treleship between sintered densities and
holding time, implying an almost constant sinternage during this period. This linear
increase in density with time is uncommon and cary® explained by traditional
sintering theories. This phenomenon indicates that initial stage of sintering of
nanosized powders, as discussed in the previoti®rsers indeed different from that of
micron sized powders due to the low green dengitgan be seen that the sintered
densities are still low after one hour’s sinteraighese low temperatures, 51% for 950 °C

and 67% for 975 °C. At high temperatures 1050 °@ HIOO0 °C, the sintering curves

100.0
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Fig. 6. 4 Isothermal densification behavior of nanosized tungstepowder at
different holding temperatures
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appear to be normal, with densification rate desirgawith time. For example, at the

beginning of sintering at 1050 °C, the densificatrate is very rapid, then decreases
continuously with time, and finally becomes closezéro when near full densification is

achieved after 30 minutes holding. At 1100 °C, @idhsification is able to be obtained
within only 15 minutes holding. Again, it should leenphasized that sintering at low

temperatures shows very different densificationavedrs compared with sintering at

high temperatures.

Besides the sintering temperatures 950 °C, 973060 °C, 1100 °C, a very special
temperature needs to be discussed separatelyi0@0,°C. Unlike the sintering behavior
at either low temperatures 950 °C, 975 °C or haghperatures 1050 °C, 1100 °C, the
densification curve at temperature 1000 °C appteab® a combination of densification
behaviors at both lower temperatures and highepé¢eatures. It can be seen that the
curve at 1000 °C exhibits linear densification la¢ teginning of holding and then
transforms into normal densification after a tréoai period. Fig. 6.4 shows that the
transition from linear densification to normal diieation seems to be occurring at
around 50% density which actually corresponds tmdition from initial stage of
sintering to intermediate stage of sintering iltag¢d in Fig. 6.3. Accelerated
densification starts after the transition. Theesiatl density at 1000 °C starts with a value
about 45% and ends with a value close to 90% afteyur holding, which exactly covers
two stages of sintering — initial stage before 5f8asity and the entire intermediate stage
between 50% and 90% densities.

Based on the above results, we can summarize theacteristics of densification

behavior during sintering of nanosized tungsten gera.
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1. Nanosized powders have very low green densitiestwhifect densification
behavior during sintering, especially initial stagfesintering.

2. Sintering of nanosized powder can also be divided three stages — initial
stage, intermediate stage and final stage, but stagje may be different from
that of micron sized powder due to the low greensdes and small particle
sizes.

3. During initial stage of sintering at low densitiés50% relative density), the
kinetics of densification appears to be linear,clhs different from the kinetics
at intermediate and final stages of sintering wikensity is higher than 50%.

4. A transition from the nearly linear densificatioeHavior to normal densification
behavior can be found between initial and intermedstages of sintering, which
may indicate different mechanisms for these stages.

5. Intermediate stage of sintering is very rapid angjamty of densification is
completed during this stage.

6. Full densification can be achieved even with veaw linitial green densities

(e.g., 36%).

6.3.3 Effects of Milling Time on Densification
In order to explore the effects of milling time dansification, 6 hours milled powder
(M6-W) and 12 hours milled powder (M12-W) were em#d under the same

nonisothermal and isothermal conditions for conguani
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Fig. 6.5 shows the nonisothermal densification beina for both powders from 800
°C to 1400 °C. It can be seen that both powderg Isamilar densification behaviors,
especially during initial stage of sintering befd@@00 °C and final stage of sintering after
1250 °C. The main difference results from the mttiate stage of sintering, during
which the acceleration of densification for 6 hoaordled powder is behind that for 12
hours milled powder, implying sinterablility is nerenhanced for 12 hours milled
powder. But with respect to final sintered densitigoth powders can achieve same and
near full densification after being heated to hi¢ggmperatures. Based on the

nonisothermal experimental results, the effectstifing time on sintering are primarily
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Fig. 6. 5 Effects of milling time on densification during nonisothermal bating 6
hours and 12 hours milled powders
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located at intermediate stage of sintering, ancetigeno effect on final sintered densities.
The effects of milling time on densification wengrther examined by isothermal
sintering experiments. The isothermal sinteringavedrs for both powders are compared
in Fig. 6.6. It can be seen that both powders shearly the same linear densification
behaviors at 950 °C, indicating linear densificatioehavior during initial stage of
sintering is not affected by milling time. At 100Q, both powders also exhibit similar
sintering behavior — initially linear densificatiat the beginning of holding and then
normal densification behavior after transition fromitial stage of sintering to

intermediate stage of sintering. However, 12 hauited powders can reach higher
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Fig. 6. 6 Effects of milling time on isothermal densification at differenholding
temperatures for 6 hours and 12 hours milled powders
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sintered densities than 6 hours milled powders @aibe during intermediate stage of
sintering, which is in accordance with the findings Fig. 6.5 for nonisothermal
densification behavior. The differences in sintededsities during the intermediate stage
of sintering are also observed at 1050 °C and P00MNevertheless, when the sintered
density exceeds 90%, the differences in sinteresities for the two powders diminish
and both powders can reach full densification atsaime time (see the curves at 1050 °C
and 1100 °C in Fig. 6.6).

In short, based on the above results, the ovardaéring behaviors for 6 hours milled
powder and 12 hours milled powder have no subsiadifferences, and the milling time
has only limited effects on the intermediate stafysintering and no effect on the final

sintered density.

6.3.4 Effects of Green Density on Densification

The effect of green density on sintering behaviaswxamined by heating samples
with different green densities (31%, 36%, 40%) teedes of temperatures then cooling
down directly without holding, see Table 4.5. Usthgs method, the density evolutions
as a function of temperature for the samples duregeging up are recorded and compared
in Fig. 6.7.

It can be seen from Fig. 6.7 the initial differeside green density remained very well
at the beginning of sintering before 1000 °C; tbroe the intermediate stage of sintering
started after 1000 °C, accelerated densificatiaredsed partial differences in density
between temperature 1000 °C and 1100 °C; finaley differences in density were
diminished and eliminated after 1250 °C during Etage of sintering. According to this

result, it can be summarized that the effect ofegrelensity on sintered density is
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apparent during initial and intermediate stagessiofering, the higher green density
leading to the higher sintered density during th@eeesses; while the initial differences
in green density are depleted during late stagaingéring, resulting in convergence of
three curves in Fig. 6.7 eventually. It should bentioned that all the samples can
achieve nearly full densification at 1400 °C redgssd of initial different green densities,
which indicates the excellent sinterability of higiergy milling treated tungsten powder.
In addition to the above results, Fig. 6.7 alsonghanother phenomenon that needs
to be discussed here. Even though green densitystiae effects on densification
especially during initial and intermediate stagéssiatering, the overall densification

behaviors are not altered significantly due to tree different starting densities. This
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may be attributed to the fact that the differentagiieen densities (~10%) is not large
enough to dramatically change sintering behaviathefnanosized tungsten powders. In
this study, the highest green density is 40%, wiscstill too low to overcome the initial

slow densification period before reaching 50% dgnsee Fig. 6.7. The author believes
that if the green density is high enough to surghssinitial stage of sintering, e.g., at
least larger than 50% according to Fig. 6.7, theral sintering behavior would be

evidently changed. However, increasing green dgosier 50% is a big challenge for the

nanosized tungsten powder used in this study.

6.4 Grain Growth of Nanosized Tungsten Powders

Grain growth is a critical factor in producing bufianocrystalline materials from
sintering nanosized powders. The goal of sintenagosized powders is not only to
accomplish fully desified sintered parts but alsorétain nanoscaled grain size after
sintering. However, this goal has hardly been redcim practice during the past two
decades because rapid grain growth during sinteriwgys leads to loss of nanoscaled
grain size. Grain growth and densification are twayy important processes during
sintering. Section 6.3 discussed the densificatmmocess and showed that the
densification of nanosized tungsten powder wastlgremhanced and full densification
could be achieved. In order to understand and abgtain growth process, this section
will focus on investigating the grain growth betlaviduring sintering of nanosized
tungsten powders. The grain growth during both smthiermal heating and isothermal
holding processes will be examined, with specigbleasis on grain growth during initial
and intermediate stages of sintering. Furthereffexts of milling time and green density

on grain growth will also be inspected.
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6.4.1 Nonisothermal Grain Growth

Grain growth during heating up nanosized tungstemders from 800 °C to 1400 °C
is illustrated in Fig. 6.8. The corresponding dgnsurve is also shown in Fig. 6.8 in
order to clarify the grain growth characteristiagidg different stages of sintering. The
initial grain size of the milled powder is aroun@d-30nm, which remains unchanged up
to 800 °C. From 800 °C to 1100 °C, which correspdodnitial and intermediate stages
of sintering, the grain growth is slow, see Fi@;@ut once density exceeds 90% after
1100 °C, grain size rapidly increases and finaingsaze reaches around 5 pum after
heating up to 1400 °C, indicating very rapid grgwaowth during final stage of sintering.

As Fig. 6.8 demonstrates, the grain growth befdi&o Aensity (hereafter denoted as
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Fig. 6. 8 Grain growth during nonisothermal heating nanosized tungsnh powder
from 800 °C to 1400 °C
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“initial grain growth”) is minor compared with thgrain growth after 90% density
(hereafter denoted as “normal grain growth”), sorenattention should be paid to the
latter one in order to control grain size in thetaied state. This explains why most
traditional literature dealt with normal grain grbmduring final stage of sintering after
90% density and why many theories have been deselfgr this part of grain growth.
However, for sintering of nanosized powder, eveugh the initial grain growth is small
and slow compared with normal grain growth, it nséilf be sufficient to lead to loss of
nanoscaled grain size. For example, in this stgdyn size was increased from about 20-
30 nm to more than 400 nm during initial and intedmate stages of sintering before
reaching 90% density, which sufficiently exceeds thequired grain size for
nanocrystalline materials. This phenomenon impieg the initial grain growth is also
crucial for sintering of nanosized powder and canhbe neglected. However, the process
of the initial grain growth has been rarely studied the details of this part of grain
growth need to be revealed.

The detailed process of initial grain growth is whoas a function of temperature
during heating up in Fig. 6.9. It can be seen tratn growth is relatively slow at the
beginning of sintering at low temperatures, althotlte grain size increased from 20-30
nm to about 100 nm when the temperature reached 4D0and then accelerated grain
growth occurred resulting in the loss of nanoscaien sizes. This initial grain growth
behavior apparently has the same feature as timeahgrain growth process. However, it
is not clear if the mechanisms and kinetics ofithigal grain growth are the same as the
normal grain growth. Because of the large surfaea @& volume ratio of nanosized

powders and the extremely porous structure of goeempacts of nanosized powders, it
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is reasonable to expect the mechanisms and kineftitise initial grain growth process
may be different from those in less porous or mkEgrse materials during the final stage
of sintering. A more detailed analysis of the kiogtand mechanisms of the

nonisothermal initial grain growth process will fpesented in Chapter 7.

6.4.2 Isothermal Grain Growth
Although the nonisothermal sintering experimentsdascribed above provide a
realistic view of the grain growth process duringtering of nanosized powders, it is
difficult, however, to study the kinetics of theagr growth directly using the
nonisothermal experiments because both temperandetime change simultaneously.

Isothermal sintering experiments were thus desigaad carried out at different
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temperatures to gain more insights on the kinetidbe initial grain growth process and
compare the differences of kinetic behaviors betwtge initial grain growth and normal
grain growth processes. Fig. 6.10 shows the resilisothermal sintering and grain
growth experiments at 950 °C, 1000 °C, 1050 °C ahd0 °C, respectively. The
corresponding density changes are 40%-51% at 9505%-89% at 1000 °C, 60%-98%
and 90%-98% at 1100 °C, respectively.

The sintering was in the initial stage at 950 %@al to intermediate stage at 1000

°C, intermediate to final stage at 1050 °C, andl fatage at 1100 °C. Fig. 6.10 shows that
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Fig. 6. 10 Grain growth during isothermal holding at different temperatures
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grain growth appears to be linear with time at l@mperatures 950 °C, 1000 °C, and
1050 °C, but becomes normally parabolic when thpé&gature surpasses 1100 °C. These
results imply that the kinetics of grain growth ithgrthe initial, intermediate and even the
beginning of the final stages of sintering is difiet from that of the grain growth during
the final stage of sintering at high temperaturBise difference in kinetic behavior
between initial and normal grain growth during s@mmal sintering is a significant
finding that may suggest different mechanisms afrggrowth during the initial stages of
sintering. In Chapter 7, detailed analysis of th@rggrowth data will be carried out to
shed more light on the exact kinetic behavior a thitial grain growth process and

possible corresponding mechanisms.

6.4.3 Effects of Milling Time on Grain Growth

The effects of milling time on grain growth wereaexned by comparing 6 hours
milled powder with 12 hours milled powder, and bofithem were sintered under the
same conditions. Fig. 6.11 shows the nonisothegnaih growth behaviors for both
powders from 800 °C to 1400 °C. It can be seentt®bverall grain growth behaviors
were similar for both powders during entire simgrprocess. The only difference is that
the 12 hours milled powder starts leading in gisize compared to the 6 hours milled
powder from 1000 °C until temperature 1400 °C wieth powders reach similar grain
size again. This lead in grain size for 12 hourleshipowder is possibly related to its

earlier occurrence of rapid densification duringisothermal heating, see Fig. 6.5.
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The effect of milling time on grain growth is fueh examined by isothermal
experiments as well, see Fig. 6.12. It is cleat llwéh powders show linear grain growth
behavior at temperature 950 °C, 1000 °C, 1050 #Jparabolic grain growth behavior at
temperature 1100 °C. The isothermal experiments since again that the overall trend
in grain growth is similar for both powders. It sid be mentioned here that the
uncommon linear grain growth behavior at low terapges is present not only for 12
hours milled powder but also for 6 hours milled pew Fig. 6.12 also illustrates that, at
1050 °C and 1100 °C, grain growth curves for 6 fionitled powder are deviated from

those for 12 hours milled powder, which is alsoaocordance with the previous
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nonisothermal results that 12 hours milled powdertesd leading in grain size once the
intermediate stage of sintering began after 1000 °C

In general, the effects of milling time on grairogth are not substantial. The grain
sizes during intermediate stage of sintering agh#y affected by the milling time, but
the overall grain growth behavior and the finaligrsize after sintering are insensible of

milling time, especially at low temperature sinbeyi

6.4.4 Effects of Green Density on Grain Growth
Three different initial green densities, 31%, 3680%, were used to examine the

effects of green density on grain growth. The sasplith different green densities were
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heated up to a series of temperatures then cooled directly without holding, and then
the grain sizes were measured as a function of d¢estyre (Fig. 6.13). Fig. 6.13
illustrates the dependence of grain sizes on temyer for the samples with three
different initial green densities. It can be sekat tthe grain sizes are similar at each
temperature, which indicates that the effect ofegrelensity on grain growth is not
obvious, or in other words, grain growth behavsomidependent of green density.

To further examine the effects of green densityimtial grain growth at low

temperatures, the grain growth during initial anteimediate stage of sintering before
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Fig. 6. 13 Effects of green density on grain growth during nonisothermal heatn
up process
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1100 °C is highlighted in Fig. 6.14. Fig. 6.14 skoeffects of green density on initial
grain growth are also negligible. In addition, F&g14 confirms the point that even the
slow grain growth during the initial and intermddisstages of sintering can cause the

loss of nanoscale grain size.

6.5 Relationship Between Grain Growth and Densification

In sections 6.3 and 6.4, the densification andnggrowth behavior were described
separately with respect to factors such as temyerand time, milling time and green

density. During sintering, densification and grgnowth are not independent processes,
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and they take place concurrently and interact vatdth other. Understanding the
correlation between these two intertwined processelus of importance for grasping
the overall sintering process, especially for psapg strategies for inhibiting grain

growth and enhancing densification, which are thgsko achieving the goal of sintering
of nanosized powders — full densification withoasihg nanocharacteristic grain size.
This section will focus on the relationship betwegain growth and densification during
sintering of nanosized tungsten powders. The olaliip between grain growth and
densification is typically studied by plotting gnasize vs. density curve, usually called
“sintering trajectory”. The following will examinsintering trajectories under different
conditions, such as nonisothermal heating, isothehualding, different milling time and

different green densities.

6.5.1 Nonisothermal Sintering Trajectory

The sintering trajectory during nonisothermal hegtof 12 hours milled tungsten
powder from 800 °C up to 1400 °C is depicted in. FBgl5. The corresponding
temperature for each data point is labeled in idpgré too. Overall, Fig. 6.15 shows the
typical features of grain size versus density ttajg, i.e., minor grain growth before
reaching 90% relative density and major grain ghowfter reaching 90% relative
density. It can be seen that 1100 °C seems to &é&i@al point at which the density
reaches 90% and the grain growth accelerates diaihgtsuggesting a transition from
the intermediate stage of sintering to final stafesintering. Based on the grain size
versus density trajectory (Fig. 6.15), the graiovgh can be viewed as consisting of two
stages: 1) initial grain growth during initial amttermediate stages of sintering before

90% relative density, 2) normal grain growth durithg final stage of sintering after
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Fig. 6. 15 Grain size vs. density sintering trajectory during nonisothermal éating
up from 800 °C to 1400 °C

reaching 90% relative density. The small initiakigr growth before 90% density is
attributed to open and interconnected pores duhegnitial and intermediate stages of
sintering, which impede grain growth by pinning igrdboundaries from migration;
whereas during late stage of sintering, the poeesine closed and isolated after relative
density >90%, losing the ability of pinning effects grain boundary. Rapid normal grain
growth thus begins by grain boundary migration.haligh the normal grain growth
during final stage of sintering is dominant in gp@in growth process, the initial grain
growth cannot be neglected because it is stilligafit to lose nanocharacteristic grain
size. Therefore, it is meaningful to study the treleship between grain growth and

densification during initial and intermediate stagef sintering and investigate the
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interaction between them within this period. Fidl&illustrates the dependence of grain
size on density during initial and intermediategstsof sintering. It shows grain size has
a linear dependence on density, and grain sizeases from about 20 nm to more than
400 nm with density increase from 36% to 90%. Tihedr relationship between grain

size and densification before 90% density has la¢sm observed in the literature [1, 2].

6.5.2 Isothermal Sintering Trajectory
The dependence of grain size on densification dusathermal sintering is plotted in

Fig. 6.17. Similar to Fig. 6.15, Fig. 6.17 alsowkasmall grain growth during the initial
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Fig. 6. 16 Grain size and density relationship during initial and intermdiate
stage of sintering
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and intermediate stages of sintering before 90%sitemnd significant grain growth
during final stage of sintering after 90% densBut when highlighting the sintering
trajectory during initial and intermediate stagésiatering before 90% density, see Fig
6.18, we find that the curve in Fig. 6.18 is nadigle straight line, which is different
form that in Fig. 6.16. Instead the curve in Fidl&can be viewed as consisting of two
straight lines with different slopes, and a turnipgint can be found at around 50%
density. The line before 50% density correspondmgnitial stage sintering has higher

slope, and the line between 50% and 90% densitggponding to the intermediate stage
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Fig. 6. 18 Relationship between grain size and density during initial an
intermediate stages of sintering

sintering has lower slope. It can be seen basedrign6.17 and Fig. 6.18 that the
dependence of grain size on density is differentefich stage of sintering, which may
imply that the mechanisms for grain growth and deasion are varied in different

stages of sintering.

6.5.3 Effect of Milling Time on Sintering Trajectory
The effect of milling time on sintering trajectoiy examined using 6 hours milled
powder and 12 hours milled powder. The sinteriagettories for 6 hours milled powder
and 12 hours milled powder during nonisothermaltihgaand isothermal holding

processes are plotted in Fig. 6.19 and Fig. 6eXpactively. Both figures show that the
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milling time has no effects on sintering trajectsribecause the shape of curves or the
slope of lines remain the same for both powdersaddition, Fig. 6.20 also exhibits the
dependence of sintering trajectory on sinteringgesta different shapes being found

corresponding to different sintering stages.

6.5.3 Effect of Green Density on Sintering Trajectory
The effect of green density on sintering trajectsralso examined in Fig. 6.21 by

nonisothermal heating up. Since neither grain si@esintered density is vulnerable to
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green density during late stage of sintering, @1 focuses only on the sintering
trajectory during initial and intermediate stagésiatering. It is clear that grain size and
density have a linear relationship before 90% dgmepardless of initial green densities.
Each green density corresponds to a straight letlae lines are separate but parallel to
each other, implying that green density does nanghk the slope of the lines but only
shift them. The shifting direction depends on thdial green densities, high green
density shifting the line to right side and low @neshifting it to the left. This shifting can
be explained by the fact that sintered densitié®nh the initial differences in green
densities during the initial and intermediate stagé sintering but grain growth is
independent of green densities. Therefore, withlaingrain size, higher green density
can yield higher sintered density, which accordirgjlifts the grain size vs. density line
to the right side, see Fig. 6.21.
Overall, the effects of green density on densificatand grain growth can be
summarized as follows:
e Densification is very sensitive to the initial gneeensity with higher green
density leading to higher sintered density;
e Grain growth is not affected by green density, Whis dependent on
temperature;
e Green density does not change the slope of sigtérapectory during initial and
intermediate stages of sintering, but shifts thgettory to the higher density side

for the sample with higher green density.
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These results advise us that the green densityidhauas high as possible so that
high sintered density can be obtained with limiggdin growth after the initial and
intermediate stages of sintering.

In summary, this chapter described the experimaetallts for densification, grain
growth and sintering trajectory during nonisothdrimeating and isothermal holding of
the milled nanosized tungsten powders. The reselsaled some characteristics of
sintering of nanosized powders. The sintering ofos&Zzed powders can be divided into
three stages and each stage possesses its owmededDuring the initial stage of
sintering, both grain growth and densification al@v and show an abnormally linear
increase with time, which may be due to the initav green density. During the
intermediate stage of sintering, grain growth i 8hear but densification becomes
normal, indicating the change of mechanisms forsdieation during the intermediate
stage of sintering. During the final stage of gimig grain growth becomes normal
parabolic while densification slows down due to #hausted driving force at high
densities, leading to the slope of sintering tri@gcincreasing rapidly and becoming
infinite at near 100% density.

Based on the above results, it seems that gramtigrand densification during the
final stage of sintering can be explained by tlalitronal sintering theories. However,
the traditional theories fail to explain the lingaain growth behavior during initial and
intermediate stages of sintering and the lineasifieation behavior during initial stage
of sintering. The kinetics and mechanisms for thesgque behaviors in grain growth and

densification will be examined in Chapter 7.



119

6.6 References

[1] Gupta TK. J Am Ceram Soc 1972;55:276.

[2] ShiJL. J Mater Res 1999;14:1389.



CHAPTER 7

KINETICS AND MECHANISMS OF DENSIFICATION AND GRAIN

GROWTH OF NANOSIZED TUNGSTEN POWDER

7.1 Introduction

In Chapter 6, the experimental results for sintgraf nanosized tungsten powder
have been introduced with respect to basic charsiits of densification and grain
growth under different conditions such as nonisotia heating, isothermal holding.
Further, the effects of milling time and green dignsn sintering and grain growth were
also mentioned. In general, these results showititering of nanosized tungsten powder
also consists of three sintering stages: initiadjsf intermediate stage and final stage. But
the initial stage is different from the traditionaltial stage of micron sized powder due
to the low green density of nanosized powders. [Dlegreen density results in very
porous structure in green compact and thus affisetsdensification and grain growth
behaviors during initial stage of sintering. Thenslécation during the initial stage of
sintering appears to have a linear densificatiomab®r, which is a phenomenon that
cannot be explained by classical sintering theorigssides this phenomenon, grain
growth also exhibits uncommon behaviors. The emign growth can be divided into
two stages: initial grain growth during initial amastermediate stages of sintering and
normal grain growth during final stage of sinterinhe initial grain growth shows

unusual linear grain growth behavior while the nakrgrain growth shows normal
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parabolic grain growth behavior. The linear initighin growth in this study is another
phenomenon that can not be explained by traditigmaln growth theories. So this
chapter will focus on understanding these uniquenpmena during sintering of
nanosized tungsten powder. It should be noticedtligauniqueness in densification and
grain growth for sintering of nanosized powder igimy present during initial and
intermediate stages of sintering. Accordingly, temsification and grain growth during
initial and intermediate stages of sintering wid primarily analyzed in the following
sections. The kinetics of densification and grgiawth will be evaluated respectively
and the corresponding mechanisms for densificadimh grain growth will be discussed
based on the kinetic analysis. Further, the miaunottre evolution during sintering will

also be revealed.

7.2 Kinetic Analysis of Densification

Before analyzing the densification results, thalitranal sintering theories will be

firstly introduced in order to provide the backgndwon sintering kinetics.

7.2.1 Brief Review of Sintering Theories
Sintering kinetics has been a primary concern wdey metallurgy and the ceramic
field because it can be used to predict sintermogess and direct practical manufacture.
Since the 1950s, there have been many studiesdeaiih sintering kinetics in order to
understand and predict the sintering process, a® thave been accumulated numerous
knowledge on sintering models, sintering rate eéquatand so on. Generally, these
theories treated sintering as consisting of thtages — initial, intermediate, final — based

on characteristics of microstructure evolution e tprocess of sintering, each stage
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corresponding to some specific microstructure femtuThe initial stage of sintering
features rapid interparticle neck growth procegb@tbeginning of sintering with relative
density increasing from green state up to 65%irtemediate stage of sintering features
continuous porosity with equilibrium pore shapeidgrdensity change from 65% to
90%; the final stage of sintering includes the céstintering after 90% density where the
typical microstructure is the closed and isolatextopity. Since the microstructure
characteristics are different for these stagesferdifit sintering models have been
developed corresponding to the different sintestages.

Kingery and Berg [1] developed the very famous tsghere model in 1955 to
describe the kinetics of neck building process betwtwo equal sized particles, which is
usually used to analyze initial sintering kinetid$he general result derived from two

sphere model for the initial sintering kinetics is:

A—Lz(itjn (7.1)

whereAL/Ly is the linear shrinkagé&; is grain sizet is time,n is the exponent depending

on the mechanism responsible for shrinkagés called Herring scaling law exponekt,

is constant depending on temperature and the ngmghetry. The exponents m and n
are important because their values can be useetéonine the mechanism for sintering.
Table 7.1 lists the values farandm corresponding to different mechanisms. Obviously,
if the values ofm andn are known based on experimental data, the mecharas be

determined for the sintering.
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Table 7. 1 Possible value for n and m with respect to different mechanism
during initial stage of sintering

Mechanism n m
Surface diffusion 27 4
Boundary diffusion 1/3 4
Lattice diffusion from surface 1/2 3
Lattice diffusion from grain boundary 2/5 3
Vapor transport 2/3 2
Viscous flow 1 1

In practice, density is more commonly used thamghge for kinetic analysis, so it
is necessary to translate linear shrinkage intcsithenFor isotropic densification, the
linear shrinkage equation (7.1) can be translated density change as the following

expression:

AL _1ap _1p=po :[Ltj (7.2)
L, 3, 3 p G"

wherep is sintered density at tirmgp is the sintered density &20. The equation (7.2) is

usually used to evaluatevalue by pIottingIn(mj v.s In(t) according to following
Yo

expression:
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In(mj = nInt+In(Lmj (¥.3
yo, G

n is obtained from the slope of line. It should lmed that the above equations (7.1~7.3)
were derived based on initial stage of sintering, rhany studies in literature expanded
their applications to intermediate and final stagiesintering [2], which is inappropriate.
The model for intermediate stage of densificaticas wlerived by Coble [3]. In this
model, the typical microstructure for this stageswepresented using tetrakaidecahedra
with pore channels distributed along the edgese®am this geometrical model, the
rates of densification corresponding to grain baumgdliffusion and lattice diffusion are

expressed as follows, respectively:

do _ A*K(T) ;

IOdt p(l_p)1/ZG4 4)
do _ A*K(T) (7.5)
pdt  pG?

wherep is sintered density,is time,A is constant is grain sizek(T) is constant related
to temperature. Equation (7.4) corresponds to gtamandary diffusion dominated
sintering and equation (7.5) corresponds to latifkision dominated sintering. Since
the relationship betwees and p remains unknown, equation (7.4-7.5) cannot be
integrated. So there is no analytical expressiothi®e intermediate stage of sintering.

The model for final stage of sintering was alsoedeped by Coble [3] using similar
approach to that for intermediate stage of singerBut different from intermediate stage

of sintering, the geometrical model for the finatage of sintering is the
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tetrakaidecanhedron with spherical monosize portegha corners, in contract to
cylindrical pores along the edges for intermeds&ttge of sintering. Using this model,
the kinetics of the final stage of sintering foraigr boundary diffusion and lattice

diffusion are obtained as:

do _ A*K(T) (7.6)
pdt  pG*
d,O _ A* (1_p)1/3k(T) (77)

pdt pG°

Equation (7.6) is for grain boundary diffusion agglation (7.7) is for lattice diffusion.
Again, without knowing the dependence®bn p, it is impossible to integrate the above
equations and obtain analytical expressions fofittad stage of sintering.

Based on Kingery's and Coble’s models, there haenbmany further explorations
to sintering kinetics in literatures. These studiesd the same strategies as Kingery and
Coble but with more delicate considerations fronthbgeometrical and mechanistic
aspects [4-7]. For example, Zhao and Harmer [4pthiced a parameter of the number
of pores per grain to their model for the finalggtaf sintering; Chu et aJ5] proposed
the sintering stress parameter in the expressiouldasification rate; Hansen et 8]
proposed a combined stage sintering model intentbndescribe the entire sintering
process from initial to final stage. Although thesglorations improved sintering models
to some extent, all of these models yield the simiésults to the Coble’s model except
for more parameters included in the expressionss ithplies that the primary factors

that affect sintering kinetics are same for altlidse models. So a general form can be
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extracted to describe the sintering kinetics by manizing the main factors for
densification.
The general form for sintering kinetics was firsgygoposed by Wang and Raj [8]

based on Young and Culter [9]:

dp _ A* f(p)*K(T)
dt G"

exp— Q/RT)
T

where A is a constantG is grain sizek(T) = is temperature related

function, f(p) is an unknown function of density, ands the scaling exponent — 3 for
lattice diffusion and 4 for grain boundary diffusicAccording to equation (7.8), it can be
concluded that the densification rate is mainlyetefent on three factors: density, grain
size and temperature. This simplicity is the resfilusing the unspecifief{p), which
actually contains all the complex parameters innfeel. Since(p) is unknown and
complex, it is usually assumed to be unchangedndusintering in practical kinetic

analysis, especially for intermediate stage ofesing [6]. Further, if the empirical power
law grain growthG" =Gj +k'(T)t is introduced and the initial grain size, G

negligible comparing with G, the equation (7.8) banexpressed as:

do C*k(T) C*K(T)
dt kMt  t

(7.9)

whereC = A* f(p) andK (T) = % After integration, a simple expression is obtdine

for isothermal sintering kinetics:
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p=p, +Kkin(t/t,) (7.10)

wherepy is the density at an initial tintg, p is the density at time andk is a temperature
dependent parameter. In practice, equation (74d®idely used to analyze isothermal
sintering kinetics and found to be very successftitting the experimental data.

The traditional sintering kinetics have been byeftlescribed from above
introduction, and next section will examine thetesiimg kinetics of nanosized tungsten
powder to determine if the traditional sinteringhddics is applicable for analyzing
kinetics of nanosized powder, and then the diffeesfuniqueness for nanosized powder

will be identified.

7.2.2 Analysis of Nonisothermal Densification
This section will evaluate the kinetics of nonisathal sintering during heating up
process. The sintering behaviors have been intextiilc section 6.3.1 (Fig. 6.3). The
experimental data for the samples with initial grekensity 36% are chosen here for
kinetic analysis.
For nonisothermal sintering, the kinetics can balyaed using equation (7.8). If the
heating rate is a constant’, the general sintering kinetics equation (7.8 dae

expressed as:

do _Af(p) 1 Xexp(_&j (7.11)
aT~ ¢ TG RT
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Assumingf(p) is a constant, the activation ener@ycan be obtained using the below

. : dp 1
equation by plottingn| TG" == |vs.| = |:
| y plottin ( de (Tj

In(TG” d—pj _ —9(1j+ |n(Af (/’)j (7.12)

dT R\T c

At each temperatur€, the grain sizé& and densification ratdo/dT are known based on
experimental results, and if the valuerofs also known, then the activation enel@y
could be determined by plotting equation (7.12)sd@hon traditional sintering models,
the value oh could be3 for lattice diffusion and! for grain boundary diffusion, both of
them being used for the following kinetic analysis.

Applying bothn values for equation (7.12), the fitting resulte ahown in Fig. 7.1. It
can be seen that, for eaclvalue, there is no single line which can fit &k tdata, and the
data need to be treated as two parts, those atdmperatures (900 °C -1000 °C) and
those at high temperatures (1050 °C - 1250 °C)di8sussed in Chapter 6, the low
temperatures before 1000 °C represent the intglesof sintering and high temperatures
correspond to the intermediate and final stagesntéring. The fitting results show that
the activation energy for high temperatures sintgfiintermediate and final stages of
sintering) is about 308 kJ/mol if n=3 and 498 kJ/iha=4; and the activation energy for
low temperature sintering (initial stage of sing)i is 565 kJ/mol if n=3 and 662 kJ/mol
if n=4. Comparing to the activation energy valugsarted in literature — 268~327 kJ/mol
for surface diffusion [10-13], 383~460 kJ/mol famm boundary diffusion [14, 15] and
507~640 kJ/mol for lattice diffusion [16-18], thellbwing remarks can be made with

respect to the nonisothermal sintering kineticearfosized tungsten powders:
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Fig. 7. 1 Evaluation of nonisothermal densification kinetics during heatig up
process by assuming (a) lattice diffusion and (b) grain boundary diffusion
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1.) During intermediate and final stages of sinterihdpigh temperatures, the activation
energy 498 kJ/mol obtained using n=4 is reasonbblmuse it is comparable to
literature data for the grain boundary diffusiohefefore, grain boundary diffusion
should be believed to be the dominant mechanism densification during
intermediate and final stages of sintering.

2.) For the initial stage of sintering at low temperat) both n=3 and n=4 yield very
high activation energies, the values correspondintattice diffusion which is not
reasonable for sintering tungsten at such low teatpees. Thus, the traditional
sintering models fail to explain the experimentafadfor the initial stage of sintering
of nanosized tungsten powder in this study.

The failure of traditional sintering models for &rang the initial stage of sintering
implies that initial sintering kinetics in this styidoes not follow the traditional sintering
theory and should be explained using different moet As the experimental results
shown (see Fig. 6.4), the densification duringahsgtage of sintering appeared to exhibit
a unusual linear behavior which can not be expthime traditional sintering models. In
order to explore the mechanism for the densificatiaring this stage of sintering, the
linear sintering kinetics is used to evaluate #tmge of sintering. The linear sintering

kinetics can be expressed as:

d_p:K(T):d_pzﬂzcxixexp(—&j (7.13)
dt dT Cc T RT

where K(T) is a function of only temperatur€; is a constant. So by plotting the

following relationship, the activation energy candbtained.
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= (7.14)

The fitting results using the above equation (7 d4) shown in Fig. 7.2. It is interesting

to find that the data at high temperature (>1050stw a negative activation energy,

which indicates that the linear sintering kinetissnot suitable for high temperature

sintering, i.e., intermediate and final stages iofesing. On the other hand, the linear

sintering kinetics fits well with the initial simed densities at low temperatures, and the

activation energy for the initial sintering is evaled to be 284 kJ/mol. This activation

energy value corresponds to surface diffusion alogrto literature data. Therefore,

surface diffusion is believed to be the dominantchamism for the initial linear

densification, which is reasonable for the low aiimg temperature. But traditional
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Fig. 7.2 Evaluation of nonisothermal
densification behavior

densification kinetics usinglinear
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sintering theories believe that surface diffusi@esinot contribute to densification. This

conflict will be discussed later in section 7.2.4.

7.2.3 Analysis of Isothermal Densification

After analysis of nonisothermal sintering kinetidhe primary mechanisms for
different sintering stages have been recognizets géction will continue to evaluate the
isothermal sintering kinetics in order to compdre analyzing results with nonisothermal
sintering kinetics and further understand the simgeprocess at different stages. The
experimental sintered density data at differentdimg) temperatures were given in
Chapter 6, see Fig. 6.4.

First, the traditional sintering equations are usedvaluate the experiment results to
check their validities. As described previously section 7.2.1, traditionally, the
isothermal sintering kinetics is usually evaluatisthg equation (7.3) and (7.10), so these
two equations are used to fit the isothermal sattetata in this study. The fitting results
using both equation (7.3) and equation (7.10) amva in Fig. 7.3 (a, b) by plotting
In[(p-po)/p] vs. In(t) andp vs. In(t), respectively. It is very clear, excéptthe data at 950
°C in Fig. 7.3 (a), that both equations are notsBatl with respect to fitting the
experimental data into a straight line for the haydkemperatures. For the data at 950 °C
in Fig. 7.3 (a), the linear fitting yields a valaén = 0.6692, which corresponds to vapor
transport mechanism according to Table 7.1. Howes#ice tungsten has the lowest
vapor pressure among the family of pure metals, [19 believed that vapor transport is
impossible to be the mechanism for sintering andsdieation of tungsten material.
Thus, Fig. 7.3 demonstrates that the traditiorth§j equations cannot be employed to

evaluate the isothermal sintering data in thisystud
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Second, since the initial sintering kinetics appedo be linear based on
phenomenological observation (see Fig. 6.4), théoviing equation is applied to

evaluate initial stage of sintering data:

p=p,+ k(M (7.15)

Using the above equation to fit the sintered dgnddta at 950 °C, 975 °C and the
beginning sintered densities at 1000 °C beforesitiag to intermediate stage of
sintering, three different k(T) values are obtaireedresponding to each temperature.
Then by plotting In[k(T)] vs. (1/T), the activatie@nergy for initial stage of sintering is

gained, see Fig. 7.4. The resultant activationgner calculated to be 288 kJ/mol, which
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Fig. 7. 4 Evaluation results on densification during initial stage of sinteng using
linear sintering kinetics
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is in accordance with the evaluated activation gneesult from nonisothermal sintering
data, both confirming that surface diffusion is thechanism responsible for the initial
linear sintering densification.

Third, for intermediate stage of sintering, sinteré is no integrated analytical
equation available to analyze the experimental datdescribed in section 7.2.1, another
method is introduced here in order to evaluate iswhermal sintering data. By

rearranging the equation (7.8), the following esgren is achieved:

j {A*G—fn(p)}dp = k(T)t (7.16)
For the same densipy the left side of the equation (7.16) can be régdras a constant
by assuming that grain siz& is only dependent on densigy which is, in fact,
approximately true based on literature [20, 21] tedresults in this study. By the way, it
should be mentioned that the equation (7.16) isadlgtthe essential idea for the concept
of master sintering curve proposed by Su and Johf2§j, i.e., separating microstructure
from kinetic parameters by putting all the micrasture related factors (e.g., ®, on
one side and all the experimental parameters (E.d),on the other side. The tek(inNt
on the right hand side of equation (7.16) is callethster variable”. The mastering
sintering curve states that the sintered densitgnly dependent on “master variable”
which can have different combinationskgT) andt.

At different holding temperatures, the time neettedeach certain density is varied
depending on the holding temperature. The deperdaintolding time on temperature is

described as following equation:
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~Int) = —%Gj— In{ [ {%n(p)}dp} (7.17)

Based on equation (7.17), the activation energgbis to be assessed by plotting —In(t)
vs. (1/T). In this study, due to the limited expeental data, the time needed to reach the
densityp = 67% at different temperatures is chosen to exalthe activation energy of
intermediate stage of sintering, and the fittingutes is shown in Fig. 7.5. The activation
energy is found to be 495 kJ/mol for intermedidéges of sintering, indicating that grain
boundary diffusion is the mechanism for intermeald¢nsification. The same conclusion

is also obtained from analysis of nonisothermaiesing kinetics.
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Fig. 7. 5 Calculation of activation energy for intermediate stage of densification
using the data at 67% density
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7.2.4 Sintering Mechanisms

On the basis of the above discussions for bothsotimermal kinetics and isothermal
kinetics, the sintering process and the mechantsms$e summarized here.

The entire sintering process of nanosized tungstevder in this study experiences
three stages: initial, intermediate and final. Du¢he characteristics of low green density
of nanosized powder, the initial stage of sinteigigxceptionally prolonged for sintering
of nanosized powders which is an intrinsic diffa@nn comparison with sintering of
micron sized powders. The sintering kinetics dulimgal stage of sintering appears to
be linear and the kinetic analysis shows surfaffesion is the mechanism responsible
for the densification. These findings do not agnet the traditional sintering theories
because linear sintering kinetics is not expectettaditional sintering experiences and
surface diffusion does not contribute to densifaratbased on the existing sintering
models. Therefore, in order to explain the findinghis study that the surface diffusion
contributes to linear densification phenomenon,rtile of surface diffusion in sintering
needs to be revisited. Actually, in recent yeansie researchers have already noticed the
effects of surface diffusion on densification ofnnaized powders and claimed that
surface diffusion can also lead to densificatiohi 2] did an in situ experiment of
heating nanosized particles in TEM and observet ghdicle coarsening and sintering
shrinkage occur as a result of surface diffusiomerC [23] attributed the initial
densification upon sintering of nanosized powdersurface diffusion by proposing a
mechanism called “coarsening motivated repackifgt. this mechanism, Chen claimed
whether or not particle coarsening can lead toaldpg depends on if the solid frozen

sintering skeleton is formed. For micron sized persdthe sintering skeleton is frozen
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shortly upon sintering start because of the higmmgact green density. Once the solid
sintering skeleton is formed, surface diffusionyoohanges the surface morphology of
pores and has little effect on densification. Hogrewhe green density of nanosized
powder is very low and a certain period of timel wé required to form a solid sintering
skeleton after sintering initiation. In this sitiget, the densification during this period is
believed to be particle rearrangement induced lntigi& coarsening in the very porous
compact state. It is reasonable for nanosized pmwvtigat surface diffusion is the

predominant mechanism for particle coarsening at temperature. Therefore surface
diffusion is able to indirectly contribute to defisation during sintering of nanosized

powders. In this study, the finding that surfac@udion is responsible for the initial

linear densification can also be rationalized usitie mechanism of particle

rearrangement by coarsening.

For intermediate and final stages of sintering,ahalysis of sintering kinetics shows
grain boundary diffusion is the dominant mechaniemdensification of sintering of
nanosized tungsten powders. According to literatgrain boundary diffusion was also
found to be responsible for the densification otnmn sized tungsten powder [15, 24-
26]. Therefore, there are no substantial differennedensification mechanisms between
nanosized powder and micron sized powder duringrnmédiate and final stages of
sintering. If the controlling mechanisms for demsifion are the same for both micron
sized powder and nanosized powder, then the bemefiintering behavior for nanosized
powder can be explained by the Herring Scaling Laivich has been mentioned in
Chapter 5. For example, nanosized powder has arlomset of sintering temperature

than micron sized powder, or nanosized powder chiege full densification at lower
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temperature comparing with micron sized powder. &ddgantage of using nanosized

powder can be understood using the following sgdbm equation:

&, kT)

7.18
d G" ( )

where n is the scaling exponent depending on mechanisuomallysn = 3 for lattice
diffusion and n = 4 for grain boundary diffusiort. dan be seen that, for same
densification rate, the smaller the particle siaes the lower the sintering temperatures
are.

Overall, the sintering mechanisms of nanosized dtamg powder in this study are
surface diffusion for the linear densification dwgiinitial stage of sintering, and grain
boundary diffusion for normal densification durimgtermediate and final stages of

sintering with the benefits from fine grain sizeaiing to scaling law.

7.3 Kinetic Analysis of Grain Growth

It is well known that the goal of sintering of named powder is not only to obtain
full densification but also to remain nanosizedstalites. In order to achieve this goal,
both densification and grain growth should be puoftly understood. The densification
behavior and mechanisms have been analyzed andss&t in section 7.2, so the
following context will be focusing on evaluating caranalyzing the kinetics and
mechanisms of grain growth process, starting withriaf review on classical grain

growth theories.
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7.3.1 Brief Review of Grain Growth Theories

Classical grain growth in a single phase bulk maltéras been theoretically studied
since the middle of last century. The thermodynadriging force for grain growth in
single phase bulk materials is the reduction oéltgrain boundary areas by grain
boundary migration. As discussed in a very famdassic paper of the early 1950s by
Burke and Turnbull [27], the kinetics of grain gribvwvas firstly deduced from analyzing
the movement of grain boundaries with assumpti@n the velocity of grain boundary
movement {) is proportional to the product of grain boundargbility (M ) and driving

force (F):

voc MF (7.19)

wherev is velocity of grain boundary movement which ige@a to be proportional to
instantaneous rate of grain grova®/dt (G is grain sizet is time);M is grain boundary
mobility, M=D/(kT) (D is diffusion coefficientk is Boltzman constanfl is absolute
temperature)F represents driving force for boundary migrationiclhis proportional to

curvature of grain boundarnd /s in a single phase bulk material, then

9 ME 21 @2
dt KT G

dG_ , D 1 k(M

G _ Pt (7.21)
dt  kT2G T2G

whereA is a constant, ark(T)=AD/k.



141

Equation (7.21) is the typical rate equation ofrggrowth for normal grain growth in
a single phase bulk material. For isothermal hgdequation (7.21) can be integrated

into the common parabolic grain growth law:

G? -G/ = Kt (7.22)

whereK=kg(T)/T, Gy is initial grain size at=0. Equation (7.22) is usually followed in the
case of pure single phase bulk materials. Howeagpration (7.22) is not omnipotent to
describe all experimental grain growth data duth&ofact that grain growth behavior in
reality is determined not only by curvature of gréoundary but also by many other
factors such as impurity, second phase, vacancysjtp etc. For example, the effects of
remaining porosity on grain growth durirfpal stage of sintering had been studied
extensively in literature [28-32]. The interactitbetween pores and grain boundaries
results in two situations: one is that boundary poik attach together and move forward
at the same time; the other is boundary can breal om pore and migrate as in single
phase bulk materials. Obviously, the latter case tha same grain growth behavior as
equation (7.22) for a bulk material, but in thestiicase, grain growth kinetics is chiefly
dependent on pore migration kinetics. The mechanifon pore migration could be
surface diffusion, vapor transport or lattice dsifan which are different from that of
boundary migration. Accordingly the grain growtimédics is changed to be controlled by
the mechanisms of pore migration. Interestingly,nmatter whether the grain growth is
pore control or boundary control, the kinetics ohig growth is found to follow a

generalized power law grain growth equation whlmhusing differenin values, can fit
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all the situations and describe the grain size dataessfully in almost all the isothermal

experiments, i.e.,

G" -G =Kt (7.23)

where n varies depending on several factors such as rabhtgystems, temperature,
impurity, second phase, porosity and so on. Tallesdmmarizes the exponentor the
various mechanisms [32]. For instance, the exponewas reported to be either n = 3 or
4 in literature [30, 31, 33, 34] for the final stagf sintering. Recently, it was also
revealed that grain growth kinetics needs to becri@=d by noninteger exponents,
somewhere between 3 and 4 [35].

It should be noticed from the above contents tlieg ¢rain growth has been
intensively studied in bulk materials or in finghge of sintering. According to grain size
vs. density trajectory, it has been always shovat ¢rain growth in the final stage of
sintering is significant and accounts for the migyoof grain growth during sintering. So
it is reasonable that grain growth in the finabgstaf sintering has been focused on in the
literature in order to control final grain sizethre sintered components. This is especially
true in the case of sintering coarse sized pastigdere grain growth in initial and
intermediate stages might be neglected. Nevertheles sintering of nanosized powder,
although grain growth in final stage of sinterirsgstill dominant during the entire grain
growth process, the amount of grain growth in ahitind intermediated stages is not
negligible but sufficient in many cases to cause rimterial to lose its nanocrystalline

characteristics.
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Table 7. 2 Grain growth exponent n in the equation & Go" = Kt for various
mechanisms

Mechanism Exponentm

Pore control

Surface diffusion 4
Lattice diffusion 3
Vapor transport (vapor pressure p = constant) 3
Vapor transport (p =y&v/r) 2

Boundary control
Pure system 2

System containing second-phase particles

Coalescence of second phase by lattfagsdhn 3
Coalescence of second phase by graindaoyriffusion 4
Solution of second phase 1
Diffusion through continuous second phase 3

Doped system
Solute drag (low solubility) 3

Solute drag (high solubility) 2
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In contrast to grain growth in the final stage oftering, the grain growth in the
initial and intermediate stages of sintering hddma been studied and is not of course
well understood. Because the characteristics ofasimucture in initial and intermediate
stages of sintering are interconnected open postedd of isolated close pores in final
stage of sintering, grain growth process in inigald intermediate stages of sintering
could be different from that in the late stage. SBowitch and Lay [36] and Lange and
Kellett [37] proposed a two step grain growth meutia qualitatively describing the
grain growth process in very porous compact dummial and intermediate stages of
sintering. In very porous compacts, grain boundarmyinned by the neck groove and its
motion induces an increase in its area and is metgetically favorable. The first step in
the coarsening is to fill the neck and increasesthe ratio between the adjacent particles
by interparticle mass transport, and the secorglsii start until the size ratio reaches a
critical value which enables grain boundary migmatwithout increasing its area. This
model did not provide quantitative kinetics of grgrowth for initial and intermediate
stages of sintering. To the best knowledge of th#ha, there have so far been no
specific models that are designed to quantitatigelgcribe grain growth kinetics during
initial and intermediate stages of sintering, asesult, the general power law grain
growth equation (7.13) has been still commonly eyed to fit any stage of grain
growth for simplicity.

Greskovitch and Lay [36] showed that the clasgcaver law grain growth equation
was still applicable to fit the experimental,®k data using exponemntvalues from 2 to
3, but Shi [38] reported that grain size data irPTahd YSZ compacts cannot be fitted

with the powder law grain growth equation, but wattinear relation between grain size
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and logarithm of time. This discrepancy indicates tomplexity of the grain growth
during initial and intermediate stages of sintering

In this study, we will put emphasis on evaluatingig growth during initial and
intermediate stages of sintering and try to exptbeemechanisms for this period of grain
growth. Grain growth in the final stage of sintgriis not the focus of this study since it
had been studied well in literature. Both nonisotied grain growth and isothermal grain
growth will be examined during initial and interniate stages of sintering using
generalized grain growth equation (7.23). Basedaumation (7.23), the generalized grain

growth rate equation can be written as:

G K ke

& = 24
dt nG"* TnG"? )

For isothermal condition, integration of equation2@) returns to equation (7.23).
However, for nonisothermal grain growth, e.g., ¢ansrate-heating experiment, the
integration of equation (7.24) is more complicatkdn that in the case of isothermal
kinetics. Therefore, the following discussion foesison developing mathematical

methods for kinetic analysis of nonisothermal ggriowth with constant heating rate.

7.3.2 Analysis of Nonisothermal Grain Growth
Using the generalized grain growth rate equatioR4(7and substituting = dT/dt to
the equation, wherg is the constant heating rate, a universal expyessi grain growth

rate as a function of temperature is shown as equét.25)
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_Q
4G ke _ kG"exr{ RT)
dT  ATnG™*  BTnG™?

(7.25)

where Qg is the activation energy for grain growth. Equati@25) will be used for
following discussion of kinetic analysis of nonisetmal grain growth. By collecting
grain size data at different temperatures from smthiermal grain growth experiments,
the kinetic parameters (e.q.,andQg) for grain growth can be simply determined using
the following two mathematical methods — differahthethod and integral method.

Differential methodDifferential method is referred to using diffei@hequation, i.e.,

rate equation, e.g., equation (7.25), directlyltitam kinetic parametersandQg. In this

method, equation (7.25) needs to be rearrangeatito équations as following:

|an—G=|n(@j—&+(1— n)inG (7.26)

dat '\ pn) RT

[Ian—G—(l— n)|nGj=—%(ij+|n(ﬁj (7.27)
dT R(T An

By pIotting(InT3—$—(1— n)in ijs(%j based on equation (7.27) using different

values, the best linear fitting regression ideesifihe value af, and the activation energy
Qg is determined from the slope of linear line.

Integral methodsintegral method indicates that an analytical #qnadeduced from

integration of a differential equation is used twaleate kinetic parameters. The

traditional isothermal grain growth kinetics is igglly analyzed using this method. In



147

case of isothermal kinetics of grain growth, thalgincal equation (7.23) is commonly
applied to obtain the values nfandK at different temperatures, and then the activation
energy is determined by utilizing the linear reaship between In(K) and 1/T. However,
in the case of nonisothermal kinetics of grain glgwo obtain an analytical equation
similar to equation (7.23) is a challenge sincetémeperature integral on the right side of

below equation (7.28) is unable to be analyticadiived.

"— jep{ jT (7.28)

In order to use this method for nonisothermal kasedf grain growth, the integration
of temperature integral has to be provided. Acjale temperature integral has been
studied in many literatures on phase transformatbemical reaction analysis, thermal
decomposition etc. [39-44], and various approxioratiorms were deduced in order to
precisely represent the temperature integral. Atingrto literature [45], in case of the
activation energy @>RT and T>>T, the temperature integral can be expressed in the

following term without sacrificing precision.

j— p{——dezixTxexy{—&j (7.29)
Qs RT

Then an analytical equation (7.30) can be obtaaredithis equation acts as description

of grain growth behavior as a function of tempeamin a constant heating experiment.
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G -G ~ Ko 7 xexp(—&j (7.30)
£Q, RT
In(ﬂj _ —%[Ej + |n(R—K3°j (7.31)
T RIT A0,

After rearrangement of equation (7.30), the valti@a andQgs can be easily determined

n n

by plotting In(G T 2 jvs[%j according to equation (7.31). Similar to the deston in

the section of differential method, is evaluated based on the best linear regression
coefficient, and)g is calculated from the slope of the linear line.

In this investigation, both differential method antegral method will be applied to
examine the nonisothermal kinetics of grain groddining heating up of nanocrystalline
tungsten powders at 10 °C/min.

The kinetics of nonisothermal grain growth duringial and intermediate stages of
sintering is evaluated using the grain size daienfB0OO °C to 1100 °C in Fig. 6.9. Both
differential method and integral method describdubva are applied by plotting
“In(TdG/dT)-(1-n)InG v.s 1/T"and“In[(G "-Gy")/T] v.s 1/T” respectively using different
grain growth exponentn” values. The linear regression fitting results ‘fot ranging
from 1 to 5 are summarized in Table 7.3. It carsd&en that both methods yield the same
conclusion: the best fitting is gained when n =This conclusion means linear grain
growth behavior in the initial and intermediatedggs of sintering process. The fitting
results for both methods with n = 1 are demondrate=ig. 7.6. The activation energies
are calculated to be 186 kJ/mol using differenti@thod and 226 kJ/mol using integral

method. Both values are close to but lower tharathiwation energy of surface diffusion
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Table 7. 3 Regression fitting coefficient <& using different grain growth
exponent values for both differential method and integral method

Grain growth exponent n=1 n=2 n=3 n=4 n=5
Differential method 0.9997 0.9813 0.9642 0.9523  0.9439
Integral method 0.9850  0.9843 0.9673 0.9517 0.9399
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Fig. 7. 6 Analysis of the kinetics of nonisothermal grain growth during initl and
intermediate stages of sintering by using both (a) differential method ah(b)
integral method
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in pure tungsten, the latter being reported inmdiiere to be 268-327 kJ/mol [10-13]. The
low activation energy in this study may be attrézuto nonequilibrium microstructures
arising from high energy mechanical milling. Ovéraurface diffusion can be regarded
as responsible for the grain growth process dunmigal and intermediate stages of

sintering.

7.3.3 Analysis of Isothermal Grain Growth

In order to further understand grain growth behawionanosized tungsten powders
during sintering, kinetics of isothermal grain gtbvare analyzed for comparison with
nonisothermal grain growth results. The grain slaga have been given in Fig. 6.10.
According to the fitting results using “(&,") vs. t” with differentn values, it turns out
that n = 1 is the best fit for grain growth at 9%D, 1000 °C and 1050 °C, and n = 2
becomes the best fit at 1100 °C. These resultsatelithat grain growth is linear during
initial and intermediate stages of sintering arehtiransforms to parabolic grain growth
law during final stage of sintering at high temperas. It is in accordance with the
analysis of nonisothermal grain growth results shgva linear grain growth behavior in
the very porous compacts before 90% relative dgnsit

It should be noted that isothermal grain growthekizs is usually analyzed using the
initial grain size at room temperature as the istgrtata pointG, for all the holding
temperatures in most studies without taking intooaat the grain growth during heating
up process to the preset isothermal holding tenyeraThis approximation may stand
for when grain growth during heating up is negligjbbut in the case of nanosized
grain/particles, it is not holding because suffitigrain growth will occur during the

heating up process. For example, if the initiallgsaze at room temperature is used as G
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in this study, the grain growth curves with a canststarting point are shown in Fig. 7.7.
For comparison, grain growth curves with considerabf grain growth during heating
up are also displayed in the same figure. Obviotiséy grain growth curves exhibit
nonlinear growth behavior at 950 °C and 1000 °C rwhenstant @ is used, and

analyzing results show the best fit goes to n dd? [jne) instead of n = 1 if grain growth
during heating up is considered (solid line). Thmmparison in Fig. 7.7 shows that

neglecting grain growth during heating up couldd/imisleading information regarding
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Fig. 7. 7 Comparison of the fitting results for isothermal grain growth at low
temperatures with or without consideration of grain growth during heatng up
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the grain growth during initial and intermediateagss of sintering. Therefore, it is
important for nanosize grains to consider the ggaowth during heat up and incorporate
them into isothermal kinetic analysis in order tmuare correct information for better
understanding the process.

In order to explore the mechanisms for the lingain growth during initial and
intermediate stages of sintering, the isothermainggrowth data are evaluated using the

following equation:

G=G, +Kt (7.32)

whereG is grain size at timg Gg is initial grain size at = 0, K = Koexp[-Q/(RT)] is
dependent on temperatufe Equation (7.32) is used to fit grain size datéeatperature
950 °C, 1000 °C and 1050 °C, then the valuk @dr each temperature can be obtained.
Based on the dependencekofon temperaturd, the activation energ® is able to be
derived by plotting In(K) vs. (1/T), see Fig. 7.8 he result shows that the activation
energy is about 299 kJ/mol and surface diffusioouth be accordingly the dominant

mechanism for the linear grain growth during iniiad intermediate stages of sintering.

7.3.4 Grain Growth Mechanism
Since grain growth in final stage of sintering Hasen considerably studied in
literature, the current study set focus on expfpmmechanisms for grain growth during
initial and intermediate stages of sintering. Usivamosized tungsten powders, the grain
growth during initial and intermediate stages otesiing has been investigated using both

nonisothermal heating approach and isothermal hgldpproach. Based on the above
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Fig. 7. 8 Evaluation result of the kinetics of initial grain growth using linear gain
growth law

kinetic analysis, the evaluation results from batimisothermal and isothermal grain
growth confirm a fact that grain growth is lineardasurface diffusion is responsible for
this linear grain growth during initial and interchate stages of sintering. This finding
can not be explained by the traditional grain gfottieories described in section 7.3.1.
For example, in Table 7.2, only “solution of secquithse” predicts linear grain growth,
which obviously does not fit the situation for tistsidy; further, if surface diffusion is the
controlling mechanism, the grain growth exponermusth be 4 instead of 1 according to
Table 7.2. Therefore, the surface diffusion comcbllinear grain growth in the very
porous compact is still an unanswered questiornénfield of grain growth and a new

grain growth model may be necessary to descriibefitture.
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7.4 Microstructure Evolution During Sintering

In general, microstructure of a material defines froperties, consequently
microstructure evolution during materials procegsand manufacturing processes is
extremely important and should be substantiallyeusitod in order to tailor or optimize
the materials properties. With respect to the gimjeprocess, microstructure evolution
involves densification and grain growth which am@ intertwined processes taking place
concurrently. In the current study, microstructawelution during sintering of nanosized
tungsten powders can be described by viewing ithase stages i.e., initial stage,
intermediate stage, and final stage.

Based on density vs. temperature curve during ingafp Fig. 6.3, initial stage is the
slow densification at low temperatures (<1000 °@¢l @éhen accelerated densification
occurs in intermediate stage between 1000 °C a@d 9, followed by final stage after
1100 °C. The microstructure evolution during iniaad intermediate stages of sintering
is exhibited in Fig. 7.9. At low temperatures bewe&00 °C and 950 °C, microstructures
are extremely fine, but not uniform. Especially880 °C and 900 °C, extremely small
grains can be seen in the powder compact. Witheasing temperatures, the
microstructure experienced slow coarsening andaalugd change to becoming more
uniform, as shown in (Fig 7.9 c) at 950 °C. Afteatt a “chain-like” microstructure was
developed at 1000 °C with clear outlines of eachvidual grain which is a result of
progressive coarsening. Much more significant eramng was observed at 1050 °C

before the microstructure became faceted at 1100 °C
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Fig. 7. 9 Microstructure evolution during heating up to different tempeatures: (a)
800 °C; (b) 900 °C; (c) 950 °C; (d) 1000 °C; (e) 1050 °C; (f) 1100 °C

It is important to note that the morphology of gsaat 1050 °C is considerably more
rounded. Each grain seemed to be coated with aten@oal round surface layer. This
phenomenon is called "surface rounding" hereaftethis study. We believe this is an
indication of surface transporting phenomenon. &afdiffusions are extremely active
during this period leading to dramatic reductiofisatal surface energy. The surface
rounding process is followed by grain faceting arapid densification at high
temperatures, all contributing to decreasing tlstesy’s total energy.

After 1100 °C, the grains remain faceted in shapégrain size grows rapidly with
temperature, see Fig. 7.10.

The more details on microstructure evolution cafooed in Fig. 7.11 for isothermal
holding experiments. It shows the same charadtsias described above for each stage

of sintering. For example, slow coarsening durimginitial stage of sintering is clearly
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holding time, relative sintered density and grain size (nm) labeled oraeh picture
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observed at 950 °C holding; the faceted grainsfastigrain growth are seen at final
stage of sintering, e.g., at 1100 °C holding; ragéshsification and surface rounding
phenomena are shown during intermediate stage nbérgig at 1000 °C. But it is

necessary to discuss more on the microstructuréutemo at 1000 °C because the
transition from linear densification to normal déication takes place at this temperature
according to Fig. 6.4. By comparing the two figu(egy. 6.4 and Fig. 7.11), it is found

that the transition from linear densification taomal densification accompanies “surface
rounding” phenomenon, so this phenomenon signities densification mechanism is
changed and the system starts rapid densificatitan aitial stage of sintering. The

reason for this phenomenon will be discussed later.

In order to study the characteristics of microguue during the initial grain growth
process further, the evolution of grain size dittion as a function of temperature is
illustrated in Fig 7.12. It shows that the graimesdistribution is initially wide at low
temperatures, becoming narrower with increasingotature, finally reaching a steady
state distribution after 1000 °C. These resulttecefthe observations in Fig. 7.9. The
wide grain size distribution indicates the initithomogeneous microstructures at low
temperatures, which is common for powders prodmetligh energy ball milling. The
steady state size distribution was reached at 2000orresponding to a more uniform
microstructure as shown by the micrographs of Higimperatures in Fig. 7.9. The
changes of grain size distribution are consistdtti the general theory of the effects of
particle size distribution on sintering [46, 47d®d on Fig. 6.9, Fig. 7.9 and Fig. 7.12, it
can be concluded that the initial stage of singeria a homogenizing process of

microstructure by coarsening which sharpens siggrildition until reaching a steady
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state as a result of the extremely small particigbe as produced powders consumed by
large particles. At the same time, densificatiorsliewly proceeding by “coarsening-

induced patrticle rearrangement” mechanism as destin section 7.2.4, so we assume

that the densification kinetics is dependent onrsirang kinetics i.e.%—/:oc(jj—?. As a

result, the linear coarsening kinetics resultshia linear densification kinetics at the
initial stage of sintering.

After the initial stage of sintering, homogeneouaimg size distribution and certain
density are achieved. With further sintering, graire and density keep on increasing

and then very rapid densification takes place ursdene conditions usually between
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50%-70% relative densities, indicating the trapsitifrom the initial stage to the
intermediate stage of sintering. The most promirfieature during intermediate stage of
sintering is the rapid and significant densificati@long with surface rounding
phenomenon. Based on kinetic analysis for thisestafgdensification, grain boundary
diffusion is the dominant mechanism, see sectidh Therefore, surface rounding
phenomenon may indicate that grain boundary diffustarts playing distinguished role
in the system.

The occurrence of “surface rounding” can be exgldiby the following discussion.
With increased density after the initial stage ioftexing, connectivity among particles
increases accordingly and more and more grain myndreas are formed in the
compact. As a result, the contribution of grain mary diffusion to the system becomes
competitively outstanding. Meanwhile, surface dfan is still very active to induce
coarsening. So the system is at a very activatdd sthere a large number of atoms are
transported by surface diffusion and boundary ditin simultaneously during this stage.
The plenty of transported atoms are kinetically hl@ao be accommodated into the
lowest energy’s positions on particle surfacesjnstead they form smooth and round
layer on the particle surfaces in order to minimihe system’s total free energy.
Consequently, the surface rounding layer is obskemharing sintering of nanosized
tungsten powders in this study, see Fig.7.9 (e)Fand7.11 (b).

After the surface rounding process, the densityhef compact is greatly increased,
and then a grain faceting process is followed ataifd of intermediate stage of sintering.
This is because most surface areas have been cedsduming the rapid densification

process, and at the end of intermediate stagentdrsig, boundary energy becomes the
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dominant component for the total system energyeatstof surface energy. Thus grain
faceting happened in order to reduce the boundaeygy. And with further sintering, the
system is approaching the final stage of sintering.

During the final stage of sintering, the pores@osed and sitting at grain boundaries
and triple junctions of the faceted grains. Denaifion dramatically slows down as a
consequence of high density, but grain growth @&casds rapidly by grain boundary
migration in order to reduce the total boundaryrgies.

Overall, microstructure evolution during sinteriofjnanosized tungsten powders in
this study starts with a homogenizing process irciwslow densification and slow grain
growth via surface diffusion occur at the beginnaigintering. Then the compact goes
through a very rapid densification process via bstinface diffusion and boundary
diffusion during intermediate stage of sinteringidAfinally following the grain faceting
process, the system experiences very rapid grawtgrby boundary migration and slow
densification in final stage of sintering. Eventyalearly full densification is obtained

after sintering.

7.5 Possible Mechanism for Linear Grain Growth

Based on the above kinetic analysis, the intergdtnding in this study is that the
initial grain growth of nanosized tungsten powdeltoivs linear kinetic behavior and
surface diffusion is responsible for this lineaaigrgrowth. The traditional grain growth
theory states that the grain growth expomeshould be 4 if the grain growth mechanism
is surface diffusion controlled pore migration.this classical grain growth model, the
grain boundaries are pinned by spherical and isola@ibres, and grain growth rate is

controlled by pore migration rate. There are sduaechanisms for pore migration such
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as surface diffusion, lattice diffusion and vapoansport. If surface diffusion is
responsible for pore migration, the resultant ggiowth exponent is derived to be 4
according to this model. So the linear grain grolbhavior found in this study cannot be
explained by the traditional pore-controlled grgimowth models.

Recent developments on grain growth either by exytal test or by simulation
have also found the linear grain growth behavionamocrystalline materials [48-56].
Some theoretical explanations have been proposmdeXample, Kirill et al[51] and
Estrin et al [48-50] found linear grain growth behavior in fullense Fe materials and
attributed this linear grain growth to excessivearaies dragging effects on grain
boundary migration; Zhou et.4b4] and Farkas et g55] simulated grain growth in thin
film and bulk nanocrystalline Ni, respectively, mgimolecular dynamics method, and the
results also showed a linear grain growth behawioich was explained by the authors
considering size effects on the grain boundary tigpGottstein et al[52, 53] proposed
a grain growth model in bulk nanocrystalline matisribased on the consideration that
the motion of a grain boundary is driven by graouidary curvature with triple and
guadruple junctions, and if the grain boundary owtis controlled by the mobility of
triple junctions, a linear grain growth results.olimer study by Klingeet al [56] also
provided a model for grain growth in porous nanetaline materials and showed that
for a polycrystal with subcritical pores the averagain size increases linearly with time
during initial stage of growth. It should be notkdt all of the above studies focused on
fully dense nanocrystalline materials or near fulgnse nanocrystalline materials, while
with respect to grain growth of nanosized particteshe very porous state, i.e., initial

grain growth, the linear grain growth has been@®ldeported in literature.
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Nevertheless, according to the above reportedrigesin growth in nanocrystalline
materials, a general principle is able to be ex¢édrom these studies, i.e., there exist
huge dragging forces for the grain growth in nagstalline materials from either
vacancies, triple junctions, porosities or freefaze grooves, which slow the boundary
migration leading to a linear grain growth behavibhis principle is believed to be also
shared in the case of grain growth in the very psreompact during initial and
intermediate stages of sintering considering tloetfaat there exists substantial inhibition
force for grain boundary migration by extensivegsities and neck grooves in the very
porous microstructure. But the detailed procesamgg the initial grain growth during
sintering is still a scientific issue that needdb®explored further by proposing certain

specific models so that the linear grain growthawetr can be explained.
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CHAPTER 8

CONCLUSIONS

Sintering of nanosized powders is one of the pymaproaches to manufacturing
bulk nanocrystalline materials. Because of theialssize and large surface to volume
ratio, which distinguish them from micron sized p®ss, nanosized powders exhibit
some different behaviors during sintering. In tisisdy, the characteristics during
sintering of nanosized powder were studied by usiagosized tungsten powders with
respect to effects of particle size on sinterirgpsification and grain growth of nanosized
powders, and the relationship between densificatinod grain growth. Based on the
experimental results, the following conclusions bardrawn:

1. Particle size has evident effects on sinterabilfjne particles show enhanced
sinterability at low sintering temperature. The elegience of sinterability on particle
size can be quantitatively described by the Her8ngling Law.

2. Densification of nanosized tungsten powder canibelet into three stages in this
study: initial stage (from green density to ~50%tiee density), intermediate stage
(~50% to ~90% relative density) and final staged@20 100% relative density).

3. The initial stage, due to the low green density?43@0% relative density), shows
unusual linear densification behavior which can da&ibuted to the particle
repacking process induced by coarsening. The mexhaifor initial stage of

sintering is evaluated to be surface diffusion.tiken, the initial stage sintering is
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also a process during which grain size distributbecomes narrower with sintering
and reaches a steady state at the end of this, stagelting in uniform
microstructure.

4. The intermediate and final stages have similar ileagon behavior to those of
micron sized powder but with rapid sintering rateedo small particle size. The
mechanism for intermediate and final stages ofesimy is calculated to be grain
boundary diffusion.

5. Grain growth during sintering of nanosized tungspmwder can be viewed as
consisting of two parts based on grain size vssithetrajectory: initial grain growth
before 90% relative density and normal grain groafter 90% relative density. The
normal grain growth is faster compared with theiahigrain growth, and accounts
for majority of entire grain growth. But the initigrain growth is not negligible
because it can usually increase grain size beyandstale (e.g., from 20nm to 400
nm in this study).

6. In contrast to the parabolic grain growth behawdrnormal grain growth, the
kinetics of initial grain growth shows unusual kBmegrain growth behavior. The
mechanism for the linear grain growth is evaluatebde surface diffusion. The linear
grain growth cannot be explained by traditionalimgrgrowth model, and a new
model is necessary in the future for analyzingiteetgorocess.

In order to achieve the goal of sintering nanosizedder, i.e., full densification and
nanoscale grain size, the following strategiespaoposed based on the present study for
pressureless sintering:

e Powder: the starting powder should have sharp gbartize distribution, i.e.,
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uniform particle size, to reduce the initial coaisg activities due to size
differences.

e Powder processing: some processing methods suatplesdal processing,
slip/tape casting are necessary to deagglomeratelgyze and obtain uniform
pore size distribution.

e Compaction: new techniques are needed for comgpa@mosized powders in
order to gain high green density. It can be seenthis study that the
characteristics of nanosized powder during sinterinrelated primarily to the
low green density, e.g., linear densification andlmear grain growth.
Ultrasonic compaction may be a candidate in th&eca

e Sintering design: optimized sintering cycles shobkl designed to enhance
densification and inhibit grain growth. One exam@ethe two step sintering,
which achieved full densification without final gmagrowth. New sintering
design is necessary to inhibit both initial andafigrain growth.

In summary, the sintering of nanosized powderdbalenge with respect to retaining

nanoscale grain size. There is no simple answiiddlifficulty, but it is possible that the
bulk nanocrystalline materials can be successfubduced by careful treatments with

powders, compaction and sintering process.



