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ABSTRACT

The sintering of single crystal rutile has been studied in air and in
reducing atmosphere in the temperature range 900 to 1350°C using a sphere-
to-sphere model. Rate data show that there are two sintering periods: a
slow initial growth characterized by a rate exponent n = 7 and a more rapid
subsequent period n = 2. The development of flat surfaces or facezs on the
particles is used to explain the two periods. A scaling exponent of % and
an activation energy of 70 kcal/mole indicate that volume diffusion is the
sintering mechanism. The initial rate exponent cannot be explained. In-
crease sinterability of reduced rutile is explained by the defect structure.
Facet formation on rutile spheres is discussed.
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INTRODUCTION

This report discusses some problems related to changes in the configura-
tion of solids as they proceed toward the equilibrium shape and size. These
problems have been studied extensively during the past fifteen years in metal-
lic systems because of the practical interest of understanding and controlling
the sintering of particulate aggregates. The data obtained from powdered
samples represent geometrically complicated phenomena and the formulation of
sintering kinetics is all but impossible in these systems. The simple geo-
metric models of two spheres in contact or a sphere-on-a-plate have been pro-
posed to permit interpretation of the data.l Many data have been gathered
for the metal systems using these models. Recently these techniques have been
applied to ceramic materials to determine their sintering behavior,

Previous investigations on the welding of single crystal microspheres of
rutile have shown that the value of the exponent n in the expression describ-
ing the rate of growth of the circular contact area between spheres

x1 = kt (1)

where x is the contact radius, k is a constant, and t is time, has a value of
gbout 2.2 This value was averaged from about 50 experimental runs, performed
in air and reducing atmospheres in the temperature range 900 to 1350°C with
microspheres of 1.0 mm diameter and for intervals of time corresponding to
about 30% neck formation (with respect to sphere diemeter).

To understand better the nature of the transport process responsible for
the reported value of n in expression (1), we have subjected the system to
additional investigations. In particular, attention has been directed toward
examining the initial period of sintering, with the intent of bringing to
light the effect on the sintering rate of flat surfaces formed on the spherical
surface in the neck region during sintering. If a topographical factor were
responsible for the value of n = 2, a study of sintering during the initial
stage, when the neck region is still bound by curved surfaces, should prove
revealing, since it would be reflected in a different numerical value for n
in Eq. (1). 1In addition, it has been shown that a change of scale of the sys-
tem can be used to differentiate between mechanisms of mass transport in
solids.’ Thus the times to effect geometrically similar changes are related
by an expression of the form

t1 = N2 (2)



where )\ is the ratio of a characteristic dimension of system 1 to the similar
dimension in system 2, The exponent m in Eg. (2) can be used as a criterion
to elucidate the mechanism of transport during contact formation.

As it will be apparent from the results reported below, the geometrical
conditions in the contact area play a critical role in fixing the value of
n and in controlling the transport process in both the value of its rate and
in its rate expression.

EXPERIMENTAL SYSTEM

The chemical composition of the initial rutile single crystals, the
preparation of the rutile microspheres, the equipment used for recording the
increase in neck width as a function of time, and the procedure followed for
obtaining and treating the experimental data have been discussed in detail
previously.

The microspheres, 0.5 to 1.3 mm diameter, were mounted in a platinum
groove, electrically heated, and set directly in the field of an optical micro-
scope. A filar stage in the microscope eyepiece enabled measurement of changes
in neck size as a function of time at sintering temperatures. A stream of air
or mixtures of HpO+Ho was slowly passed through the hot stage during sintering
measurements,

RESULTS

Direct evidence for the formation of facets on Ti0O, spheres is shown in
Fig. 1. The facets formed in air appeared smooth, while those developed under
reducing conditions appeared covered with minute striations (Fig. 2). More
severe heating in reducing conditions caused the striations to become smoothed
(Fig. 3). 1In addition, whisker growth was observed on many areas of the sur-
face of the spheres. The effect of temperature on the rate of welding of
microspheres, in air, is shown in Figs. 4 and 5. Similar results obtained
under reducing conditions (sz/pHQO = 10) are presented in Figs. 6 and 7. Com-
parison between the data shows that the sintering rate at 1100°C is about L0
times faster under reducing conditions than in air (Fig. 8). As is apparent
from these figures, a distinct change in sintering rate occurs at x/a = 0.075
to O0.1. The time at which the change in rate occurs, tec, is strongly depend-
ent upon the temperature of sintering. Two different periods of sintering
can, then, be recognized: an initial one, characterized by a relatively slow
rate followed by a period of more rapid sintering. The rate exponents, n from



Eq. (1), calculated from the experimental data for both sintering stages for
some 100 runs on 1.0 mm diameter spheres, are presented in Table I. A rate
exponent n = 7 is seen to fit the data for the initial period while n = 2 is
the rate exponent calculated for the second sintering period.

From sintering times to reach ratios x/a = 0.07 and x/a = 0.25 at dif-
ferent temperatures, an activation energy of 70 + 10 kCal/mole was computed
for each period for both atmospheres. TFigure 9 shows the results for air,
while Fig. 10 shows the results er PHQ/PHgo = 10. To determine the effect
of scale on sintering rates, experiments have been performed with spheres
with diameters varying between 0.5 and 1.3 mm, Despite a large amount of
scattering, it i1s possible to limit the value of a scaling exponent of m = 3
for the second stage of sintering (Fig. 11).

Weight loss for severely faceted and extensively sintered spheres (5
hours, 1100°C in reducing conditions) was < 0.25%. X-ray analyses on spheres
sintered in both types of atmosphere indicated that the rutile structure was
retained., No change in center-to-center distance between unsintered and
sintered sphere pairs was detected. The angle of contact between the sphere
surface and the neck decreased with extent of sintering.

A word should be said about the reproducibility of the experimental data.
In nearly all cases sintering sphere pairs showed a slow initial period (rate
exponent n ~ 7) followed by a rapid period (rate exponent n = 2), The change
in rate exponent occurred at a geometrically similar neck size x/a = 0.07 to
0.1. However, these rate features were often displaced along the time axis.
Thus two pairs of spheres sintered under identical conditions might show at
1100°C & 50-minute difference in the time to reach x/a = 0.3 for a total sinter-
ing time of 400 minutes. It was also observed that the facet formation showed
varying orientation with respect to the contact neck.

DISCUSSION CF THE EXPERIMENTAL RESULTS

Four possible mechanisms for the transport of mass which occurs during
sintering have been suggested: evaporation-condensation, viscous or plastic
flow, surface diffusion, and volume diffusion. To determine the transport
process involved for a particular material it is necessary that the sintering
data yield rate expressions, change of scale effects, center-to-center shrink-
age, activation energies, and characteristic constants which are consistent
with one of the four possible mechanisms.

The significant data presented in the previous section which must be
correlated are:



TABLE T

TIME DEPENDENCE OF THE VALUE OF n IN EQUATION (1) FOR RUTILE SPHERES

(1 mm diameter)

Atmosphere Tempefature, __ Inverse Slope, n
C Initial Stage Subsequent Stage
1000 - 1.6
1050 7.5 = 1.0% 2.2 + 0.8
1100 7.2 £ 0.3 1.5 £ 0.3
1150 8.0 1.6
Air

1200 - 1.7 + 0.1
1250 6.1 1.0 1.7 £ 0.1
1300 7.6 1.5
1350 6.0 1.5
900 5.6 2.1 £0.1
950 8.6 £ 0.5 2,5 * 0.5
1000 7.3 * 0.6 1.9 £ 0,2

Reducing

Atmosphere, 1050 7.6 £ 1.4 1.9 £+ 0,1

Py /PH 0= 10

= 1100 6.0 + 1.2 2.0 0.1
1150 - 2,3 £ 0,2
1200 - 1.9

*Tolerance limits are for one standard deviation.



(1) The value of n is dependent upon the extent of sintering: for
t <te¢, n=7, while for t > t,, n = 2.

(2) The change from one value to the other occurs over a narrow range
of the ratio x/a(~ 0.075).

(3) The values of the activation energy for sintering when t < te and
t > tc are similar.

(4) No change of center-to-center distance between the sintering spheres
can be detected.,

(5) In the course of sintering, rutile microspheres develop rather flat
facets on their surface, the time of appearance of facets being
strongly influenced by the temperature.

(6) A scaling exponent of m ~ 3 is obtained.
(7) Reduced oxygen pressure increases sintering rate.

The rate expressions which have been derived for the growth of the con-
tact area between particles are based on a spherical model.l Whenever flat
regions develop in the neck area, this model becomes invalid, since the pres-
ence of facets introduces a different neck geometry. Therefore, in the present
discussion of the experimental results we shall consider two different situa-
tions in the neck region of the welding microspheres: (1) without the presence
of facets; (2) with the presence of flat surfaces.

Initially, the former situation occurs, but as sintering progresses and
facets appear on the surface of the microspheres, the latter case should be
considered. Thus, the sintering rate expression changes as facets develop.

We suggest that the sharp, consistent break in the plots of the experimental
points (Figs. 7 to 10) is the result of the change of the rate expression for
sintering rather than a change in mechanism. In addition, the strong tempera-
ture dependence of tc is consistent with the assumption that the value of te

is connected with a solid state rearrangement of the type involved in facet
formation., Since the change in rate expression always occurs at similar amounts
of sintering, it would seem that the transport mechanism responsible for sinter-
ing in the initial period is also responsible for the rearrangement required

to produce the facets.

For t < t., sintering occurs between rutile microspheres which still re-
tain their spherical characteristics in the neck region. The experimental
results show that the value of the rate exponent n is ~ 7. According to pre-
vious derivations,l this fact would indicate that transport by surface dif-
fusion was prevalent., The corresponding rate expression is:



(5)7 _ 16 Dsy7tns (3)*
a T a%kT

Teking & = 0.05 cm, y = 10° ergs/cm2, Q = 10723 cm®/atom, ng = 104 atom/cm®,
and using the experimental results for x/a = 0.08 at t = 600 sec and T =
1100°C (Fig. 6), a value for Dg = 1.2 cm®/sec can be calculated for sintering
in reducing atmosphere. For a similar amount of sintering in air at the same
temperature, we find Dg = 3.0 x 10-2 cm2/secc

These results, together with the observation that no change in the center-
to-center distance was detected during sintering, would indicate that surface
diffusion is a predominant mechanism of mass transport. The operation of a
diffusion mechanism is strengthened by the large effect of the atmosphere on
the rate of neck growth. At 1100°C, the ratio of the diffusion coefficient
in air to that in pHg/pHéO = 10 is about 1/40.

Although the exact nature of the diffusing species is unknown, from the
evidence of other studies on the Ti-O system the identity of the mobile species
can be inferred. It has been shown that the stoichiometric defect in rutile
consists of trivalent cations and vacant anion lattice positions.u Thus the
number of anion vacancies is an inverse function of oxygen pressure. Metal
oxidation studies generally indicate oxygen-ion diffusion is the rate-con-
trolling process.5 Our data, which show that at 1100°C the ratio of the dif-
fusion coefficient in air to that in sz/szo = 10 is about 1/&0, are con-
sistent with a sintering rate controlled by oxygen-ion diffusion.

From recent measurements of oxygen diffusion in single crystals of rutile6
it is possible to calculate the value of the volume diffusion of oxygen at
1100°C in air, When this is done, a value of Dy = 2.6 x 10-12 cm2/sec is
found. Since, generally, the difference between surface- and volume-diffusion
coefficients would at most amount to four or five orders of magnitude, the
values of the former obtained through the application of Eq. (5) are not con-
sistent with a mechanism involving the diffusion of oxygen ions along the
surface. A mechanism based on volume diffusion would remove part of this in-
consistency. 1In fact, the value of Dy, calculated from the volume-diffusion
rate expression

(§>5 ) LODyyQrt (L)
a aSkT

using our results obtained at 1100°C, in air, is Dy = 2.0 x 10-° cmg/sec.
This suggestion is strengthened by the fact that the derived activation energy
for this period of sintering (~70 kcal/mole) is similar to the value obtained

*Symbols are identified in Appendix D.



from direct anion diffusion measurements (73 kcal/mole).

Since no scaling data are available for sintering during the initial
period, this criterion cannot be used to determine the identity of the dif-
fusion mode. The failure to observe a shrinkage in the center-to-center dis-
tance for sintering sphere pairs may not be a rigorous denial of volume-dif-
fusion transport, since the amount of shrinkage which might be observed is so
small as to be unnoticed during the rather short initial rate period.

For t > tc, sintering occurs between rutile microspheres which have de-
veloped flat facets. The experimental results show that the rate exponent
has a value n = 2, A previous derivation attributes this value to mass trans-
port by a plastic or viscous flow mechanism, * However, rutile is a crystalline
solid and the stresses which surface tension might develop in the neck region
would hardly be sufficient to cause deformation. Hence the flow mechanism
cannot be a large contributing factor in rutile for the conditions studied.

The activation energies for this second period are similar to those de-
rived for the first period (Figs. 9 and 10). The experimental scaling ex-
ponent (m ~ 3) would suggest a volume-diffusion mechanism., A previous derive-
tion for sintering by volume diffusion in the presence of flat surfaces at the
neck has been used to explain the growth of the contact neck at Al-0s spheres
in dry hydrogen for the temperature range 1825°C-2000°C.7»

The derived expression

(x-xo)3 _ k270 Dycos <%) (t - to) (5)

a3 kTa>

shows a rate exponent of n =~ 3 (scaling exponent m = 3), and because the in-
terparticle grain boundary is the material source, a shrinkage in center-to-
center distance is required. The first and third requirements indicate this
rate expression is not applicable to our data.

Rate expressions for the sintering of rutile spheres after the develop-
ment of facets have been derived assuming various types of facet movements.
Both volume- and surface-diffusion mass transport mechanisms were considered,
but no expression was found which could accommodate the n = 2 rate exponent,
the m = 3 scaling factor, and the lack of shrinkage, (See Appendices A-C.)

An empirical expression for the rate of contact area growth after facet forma-
tion has the form

<5)2 - kDot (6)



Assuming a k value of 100, volume-diffusion coefficients can be calculated

from the data at 1100°C to be Dy = 4 x 10~8 cm®/sec for air and Dy = 1.7 x 10-*
cmg/sec in reducing atmosphere. These coefficients are considerably higher
than those calculated from the literature or those calculated from the liter-
ature or those calculated for the initial period.

In light of the predominant evidence for diffusion, the difficulty of
reproducing experimental data along the time axis can be interpreted as caused
by the anisotropy of the tetragonal rutile crystal structure. Diffusion co-
efficients in such a lattice would be expected to vary with the crystallo-
graphic direction. The orientation of facets can be generally coordinated
with the time displacement.

Mass transport by an evaporation condensation mechanism is unlikely. The
data yleld neither the appropriate rate exponent nor the correct scaling ex-
ponent for this mechanism., From the free energy functions for gaseous rutile8
and for solid rutile? the vapor pressure equation can be calculated

Inp = -139700/RT + 18.6 (1800-2300°K) . (7)

It is seen that this vaporization energy is 70 kcal/mole higher than the ob-
served activation energy for sintering while the vapor pressure at 1800°K is
six orders of magnitude lower than that required to give the sintering rates
observed at 1350°C.

CONCLUSIONS

While the data indicates that a diffusional transport of matter is opera-
tive in rutile sintering, the exact mode of diffusion is not completely clear.
The kinetics of contact area growth in the initial period point to a mecha-
nism controlled by surface diffusion, However, the value of the activation
energy for both the initial and subsequent periods, the value of the initial-
diffusion coefficient, and the exponent of the scaling ratio are more directly
related to a volume-diffusion process. The oxygen pressure dependence and the
activation energy of the sintering indicate that oxygen-ion migration is the
rate-controlling step in the diffusion process.

Although previous work on the sintering of ice spheres disclosed abnorm-
ally high diffusion coefficients using Eq. (3), it was concluded that surface
diffusion was the predominant process.li0 1In rutile, there is similarly an un-
usually high coefficient for volume diffusion as calculated by Eq. (7). This

fact might be explained if development of facets provides preferred diffusion
pathways. The rate of facet formation is comparable with the rate of change-

over from the first to the second stage of sintering. This can be taken as an
indication that a similar transport process is fundamental to both effects.

8



APPENDIX A

CALCULATION OF SINTERING DRIVING FORCE ASSUMING
SURFACE-VAPGR EQUILIBRIUM

Imagine a three-step process in which a mass of material, dm, on a solid
body composed of two surfaces, 1 and 2, is;

(1) evaporated from surface 1;

(2) transported somehow to surface 2; and

(3) deposited at surface 2,

If boundary processes are rapid, it is obvious that steps 1 and 5 involve no
free energy change and that the total free energy change may be expressed as

, dm
dF = T (Fo - Fy)

where F is molal free energy. The corresponding decrease in ftotal surface
energy 1is:

dF = vy2dlds + ydAy .
Now
Fi = g3 = R In T, +3B
Fo = po = R 1In £ + B
f2 = P2
fi = b1

where the standard state is vapor at 1 atm at the temperature in question.

Thus

o.

° am

72dfz + y10A, = A== (b2 - 1)

dm ART 1n 22 |

M D,

3



Now if surface 1 is close to equilibrium, i.e.,

P, ¥ Py, u T up, and us = W - pp
yodho + ydhA; = A;——m(uz-uo) = admy

T b= by - Ho)-

Since dm = pdV where p is the density

M(yodAs + vy,dA
Loy - by = (72 02 7184;)
AdVp
0 =
Ap
dAs + y,;dA
b=y - My = (y2dAs Y1 1)
dv

Since this expression is similar to that derived under conditions of sur-
face volume equilibrium,

we conclude that for calculations of boundary values
of the chemical potentials, conditions involving equilibria between volume,
surface and gas phaseslead to a similar result.

10



APPENDIX B

FACET FORMATION ON CURVED SURFACE

Due to the difficulties of nucleation on flat surfaces, the development
of the facet will preferably occur by inward displacement.ll Consider a cir-
cular, flat facet which forms on a spherical surface by removal of material
from the top of the facet or the addition of material around the perimeter of
the facet., Our first concern will be with the process of formation of a flat
plane on a curved surface. In Fig. 12 we have depicted this situation, but
the kinetic derivation of the growth process is similar for both cases. Two
paths are available to the carriers for this mass rearrangement: through (1)
the surface itself; or (2) the interior of the solid.

Considering the situation involving surface diffusion and following the
method outlined in Reference 3, the variation in free energy following the
transfer of 8N carriers between a surface position on the sphere, S, and the
flat plene, F, is given by [(u-py)g-(n-py)pl. AN, where u, pp are the chemical
potentials of atoms and vacancies, respectively. The flux of migrating atoms
is a function of this potential and the path length., Since most faces of even
cubic crystals show preferred directions for surface diffusion, the flux is
given by

: - 8(u - up)
Jo = - k—: Tadep __QS_{E___“@_ (8)
B

where

Jgs flux of surface atoms (atoms/length-time)
a,B, values for‘l_direction in surface plane
£, coordinate of directions

v, number of surface atoms/area.

Let us assume that surface diffusion is isotropic and the facet under
consideration has a circular perimeter, P. This is the most reasonable as-
sumption for an isotropic crystal. Then, it can be shown (Fig. 12) that:

8Fs = (ypcot © - y4 csc ©)2xsin Yoz
E'Eh’no
oFy, = Y £Sz,

11



Since the equilibrium condition is:

5FS + BFV = 0
one has:
L= Up - Ho 2nasint
— ~ (74c0t © = 7 csc 6).

Taking a constant gradient across the flat facet, then:

u‘ﬁh'no
Vw -y =

where the bar indicates average values. With the above simplifying assump-
tions, Eq. (8) reduces to:

D.n
J = - == y(u- .
KT (n Hh)
Now
CLE (71
at
and
dV. = Adz
or
Mz gfﬁfifﬂf( cot @ = csc ) Dsts Q=g (9)
FY A ’F 7s KT ’
Taking the characteristic facet dimension as its radius x' = asin “Yand
for\WY<< n/2:
oY | Llax
dt & dt

12



Since

x'¥<<a, A = wx'? and z = (af - x’2)l/2
\1/2
dz }.(-ng)(——l )T axt
dt Z \?2 ~ Xv? dat
Substituting into (9):
x'%ax’ = bLn0® Ds?s (y.csc © - yrcot 0)dt
- kT 7s 7F °
But
csc © = cot 6 for ﬁ/lE
and

csc 6 = a/x'.

Upon integration, one finally gets:

4 D.n
x'" = ka®n? _ifé (75 - 7Pt

Whenever volume diffusion predominates, the rate equation becomes:

av. - gqa,
at

Upon substitution and integration the result is:

D
x'5 = 2r e +,
KTk,

13
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APPENDIX C

GRCWIH OF NECK BEIWEEN CONTACTING SPHERES

1, PARALLEL OUIWARD DISPLACEMENT OF FLAT FACETS

Let us now consider the growth of a connecting bridge between two spheres
upon which flat facets have been formed in the contact area and let us assume
that the process of contact formation and growth occurs by parallel displace-
ment of facets discussed in the previous section (Fig. 13). Consider facets
growing outward after a time t, (time for facet formation). The sink for vacan-
cles is the sphere surface and the source is the facets in the neck region.
Let us assume that the neck intercepts the facets along its entire perimeter
and that each facet meets the neck radius at the same angle. If the assump-
tion of local surface-volume equilibrium holds, the relationship between sur-
face and volume free energy may be calculated in a manner similar to that one
used previously for the growth of a single facet.

Let the facet move outward for a distance dz. For large values of o the
change in surface energy may be approximated as

8Fy = =bx x y sin a.

Since there is local equilibrium between surface and bulk, it may be con-
sidered that the region directly below the surface provides material for dis-
placement by creation of vacancies. Thus,

8F, = %X up - P8V.

Since the chemical poterntial of any region is related to standard potential
and equilibrium pressure

E = po + DO

- - hre x v sin
BTy - Mo = - o

where L and p, are averaged along the area under consideration.

1h



Let us assume that the concentration gradient of vacancies is uniform
from the neck region to the outer facet perimeter over the length £ of the
facet. Then:

b= by - Mg

V(H' “h) = ;

The diffusive flux of atoms to facet is:

and rate of transport is:

av

Upon substitution of the proper terms for the flux rate expression for parallel
facet displacement by surface diffusion is obtained. Table II summarizes the
results for both volume and surface diffusion.

2. ROTATIONAL DISPLACEMENT OF FACETS

Facets may also grow by a rotational displacement around two fulcra
situated along the boundary between the flat and the curved portion of the
spheres (Fig. 14). 1In this instance the contact angle is not constant,

Let us consider two different cases in which (l) the source of material
is grain boundary and the sink the neck region or grain interior, and (2) the
source is the sphere surface and the sink the neck region. For both models
the existence of a fillet as a vacancy source is not required. The contact
angle is not the equilibrium angle and must change with neck growth. Assuming
again that surface-volume equilibrium holds, the derivation of the rate ex-
pressions follows in a manner similar to the previous cases.

The rate expressions are:

g— = JQA
dt /g
av = JOP.
dt /AR

Upon substitutions of proper flux expressions, the values listed in Table III
are obtained.

15



TABLE IT

GROWTH OF CONTACT BEIWEEN SOLID SPHERES
BY PARALLEL DISPLACEMENT OF FLAT SURFACES

Vacancy source
Sink
Mechanism
av/dt
Perimeter

Ares,

Au - up)

Path

Rate expression

Scaling law

Facet surface
Sphere surface
Surface diffusion
nlcoso2x+4sing) 5x

Constant oQa

_ Qbmxysina

v

A log x - Bx = kT

16

Facet surface
Sphere surface
Surface diffusion
2nixcosadx

Constant o<l a

_ nhQxysing
&V

Constant ©Ca
w2 Dgng®Fysing
(ﬁ) kT facos®q

L
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APPENDIX D

LIST OF SYMBOLS

area
Avagadro constant

surface diffusion constant

volume diffusion constant
molecular weight

gas constant

absolute temperature

volume

sphere radius

proportionality constant for path
fugacity

Boltzmann constant

facet length

facet perimeter

scaling exponent

rate exponent

atomic surface density

Vapor pressure

time

yime of facet appearance

contact neck radius
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Mo

Hh

neck radius at t,

facet radius

virtual displacement distance

angle between facet normal and contact radius
surface energy

angle between facet face and sphere surface
chemical potential of atom

equilibrium chemical potential

chemical potential of vacancy

angle intercepted by facet radius

atomic volume
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Filg. 1. PFaceted Ti0, single crystal sphere sintered in low oxygen
atmosphere (pg, = .02) at 1250°C for 800 minutes 60X.

2l



Fig. 2. TiOz single crystal spheres sintered in reducing atmosphere
(PH,/PH,0 = 10) &t 1050°C for 800 minutes. 60X.
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Fig. 3, TiOz single crystal spheres sintered in reducing atmosphere
(pH,/PH,0 = 10) at 1200°C for 600 minutes. 60X.
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Fig. 9. Time for a ratio of neck-to-particle radius x/a = 0.07 initial stage
and x/a = 0.25 second stage as a function of absolute temperature for 1 mm
diameter TiOs spheres sintered in air.
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FLAT \

SURFACE

Filg 12. Growth of a flat facet on a spherical
surface by parallel displacement.
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Fig. 1. Formation and growth of contact between two spherical surfaces
flattened in the contact area by facet growth, occurring by parallel
displacement of itself.

Fig. 14. Formation and growth of contact between two spherical surfaces
flattened in the contact area by facet growth, occurring by rotational
displacement around a fulcrum.
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