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THERMODYNAMICSVOFVSOLID STATE SINTERiNG
, »
Carl E. Hoge and Joseph A. Pask

” Inorganic Materials Research Divison, Lawrence Berkeley Laboratory

and Department of Materials Science and Engineering,
College of Engineering; University of Callfornla,
Berkeley, California 94720
ABSTRACT
A thermodynamig analysis of solid state sintériﬁg"of a single phase

isotropic maferiaifof uniform particle size indicates that the ratio of
the solid/solid and solid/vapor interfacial'energies:(YSS/st) is critical;
in order to realize theoretical density it must be sméller-for less

dénse packings of unfired compacts. Another.critical requirement is that
pores must remain on grain boundaries during sinfering.' Pores on planar
v'gréiﬁ boundaries are effectively pinned; Curved grain boundaries can
break awsy from‘pores when they achieve critical curvatures; this

feature is eséentially independent of YSS/Ysv Or‘the‘éorresponding di-
hedral anglé_in the normal range of valﬁes. Non-Uhiform.particle or

:grain size distribution thus must be avoided since théy lead to grain

boundary curvatures.

*Graduate research a551stant and professor of ceramlc engineering,
) respectlvely

This work was done under the ausplces of the Unlted States Atomic Energy
Comm1531on.' : :
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Introduction -

The baéic driving force fof the sintering of:aiparticﬁlate.COmpact
of eqﬁilibrium éompdsifion is the reduction in freeféhergy of the compact
‘which ariées?thréugh'the reauction iﬁ'the.surface (solid/vapor interface)
'areaqu‘the cbmpactt Also, in cases wheré theoreticaivdeﬁsity is
desired, pores musf be associated.with grain bounaariés.(SOlid/solid
ihterfﬁéeé):during the entire sintering pr0céss§ i;é;; igolated pores‘
should not develop} 'Thérmodynamic anal&sés identify‘thé conditiops
under which these obJectiveé can be realized. B | |

Thermodynamics of End-Point Densities .

~ As the solid/vapor interfacial area decreases, the solid/solid
 interfacial area increases. The change in free energy of the system at

constant'témperatﬁfé, pressure and mole fraction can then be expressed

as
G(Gsys_t) , Gstvd'Asv 8 f 8, AL, | (1)
where
Yoy = solid/vapor interfacial energy
Yes solid/solid inferfaéial energy
dAsv = differential solid/vapor interfacial érea'
dAsé = differential solid/solid interfacial area’

As long as S(G) remains eqpal td or -less than zero, sintering will con-
tinue. The first term on the right of the equatioﬁvié always negative'
‘and the second, positive.- Therefore, §(G) will 5e:a;function of the
relative interfaciael areas (geometry of the system) gnd interfacial

_energies.




Three:sinteringvgeqmetriés were analyzed for spherical particles of
uniform sizé: Simple cubié,_body-centered cubic,-and‘face-centered cubic
packing; The particles are assumed to be crystalliﬁe, and their inter-
facial energiés to be isotropic. The interfacial'énergies are related

as:

A 2Y ., gos ¢/2 : ' (2)

vhere ¢ is the dihedral angle.

Tﬁe.analyéis for simple cubice packing is as'folldws; Figure iA
shdws a siﬁple cubic cell with eight particles at the corners of a cube,
éorrespondingkto one particle with a coordination of six per unit_cell.
Figure 1B shows the mass distributioﬁ on densification at a contact or

_Jgrain-bdundary’betweén'two éphéres. As the cap matefial is removed, the
particleﬁcenters move together and the radii of the épheres increase,
keeping the total volume constant. Then, from Fig.jiB, for a particle in

a unit cell with six contacts
A lm3 6(2mRh) _ (3)
where R is the radius of the sphere at any degree of densification and h

is the height of the spherical segment. Setting P as a varisble equal

to h/R (similar to White and Stevensonl).

A : -
-—“:‘T-‘_i=uR2(1-3P) - | \ (&)
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The original particle radius, R, and R are related'by_
4R3

;R3=Q o (5)
4-18P2 + 6P = o : :

By' substi‘b_li‘ting’ (5) ‘into ()-b)

Asv - h(h)2/3(l—3P)

-3P) (6)
TRZ (L-18P + 6p%)%/3 :
and on differentiating
N (Asv ) _2u(4)23(2 _5p? + kP + 3PY) m
Amz /. (hease? + 6p%)°/3 |

Since each solid/solid contact is shared by two spheres, the solid/

" solid area-ber unit cell sphere is'expressed as

Bss _ 6(omn-n?) o . (8)
T 2 - T ’ ,
2Rh-h? | . o . o S
~ Where = > - 1s half the boundary area per contact for & single sphere.

By substituting (5) into (8) and PR for h .

Ass _  304)23(ep-p2)
mR2 (41892 + 6p?)2/3

(9)

and on differentiating,
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s 2/3 ) /(e 6p3)5/3 |
—= = 12(4)7"7(2 + 3p?-2P)/(4-18P* + 6P°) | (10)
TR ' : . o
S ,

Substituting (1) and (7) into (1)

; , : 2/3 , g . 5/3
8(Cgygy) = TBE Vg, (M) (W)717(-2-58% + kP + 3P%)/(b-288 + 6p%)”

+-nRg Ysé(l2)(h)?/§(2 + 3P2f2P)/(h-15P2 N 6P5)5/3 (1)

and settiyg_d(;sy ) =0

st

| Yss _ -2(-2-5P% + Lp + 3P%)
« Ysv . - (2+ 3p% -2P)

(12)

A similar procedure was used for the other pdcking'arrangements.
The results for the body-centered cubic packing of particles (with a

coordination number of eight) was found to be

© Yss _ -2(-1-3p2 + 2P% + 2P)
Ysv. (1 + 2pP3-p)

(13)

and for face-centered cubic packing (with a coordiration number of twelve),

‘Yss _ -2(-2-bp? + 303 +2P) (14)
Ysv. (1 + 3p%-p) -
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Equations (12), (13), and (14) determine the ratlo of- Yg /Y as a
functlon of den51flcat10n for which G(G ) = 0.
¥ . The fractlonal startlng v01d volume for 51mple cublc packlng of

spheres is 0.L48; for body—centered cublc, 0. 32 and for face-centered
cublc, 0. 26 “'As den51f1cat10n or 51nter1ng proceeds h/R, or P 1ncreases.
»Then, by”eQuatlng the'v01d»volume with the material removed from the
‘sphericel cgés es a'fﬁnction of P, 'densificétion‘wasifeund to be com~-
plete at P.= 0. 3&7, P =0, 205, and P - 0. 110, respectlvely, for the three
types of packlngs. ' . _ .

Figure 2 is a plot of h/R or P, versus Y /Y ' for (12), (13), and
(lh),-the_plotsllie on the same straight line. Crltical-ratios of
Yss/‘ysv fer wﬁich coﬁplete deﬁsificatidn can beIObfeined are defermined
by the above critical values of P;'HTherefere;'es shown in the figﬁre,?
fef‘simp;e cubic packing the critiea; valﬁe for Y;s/Yéé'is 1.31; for |
body;ceﬁtered-CUbic, 1.58; and for face-cente:edicubic, 1.78. Since tﬁis
ratio iS'direetly related to the dihedral angle as:shown in (2), the
corresanding éritical'Values'fbr ) are'98°, 7h°;1snd“53°, respectively.

For.a pei£icular.packing arrengeﬁent,'any ratio:of.yssstv less, or

' any'valuesef.¢ greater, than the critieal value canfiead to cemplete or -
theoresieel dehsification. In real systems where packing 1s not unlform
the critlcal values w1ll prdbably be determlned by the coordlnatlon

.:number of the partlcles in the less dense reglons._‘ .

Startlng with (1) and using (3), (8) and the crltlcal ratio of

| Yss/Ys for slmple cubic packlng, a plot of the net 1ntegra1 normallzed

free energy change vs h/R can be made as shown in FMg. 3. The graph

also shows the integral free energy changes due to the solid/vapor and :
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solid/solidbarea’changes. It can be seen that AG decreases aé-h/R, or

P, increasés and reaches.a minimum at the critiéaivvaiue of P of 0.3k47

vhere G(G;) ié zero. Higher values'of P aie unrealiétic since the

éysfem ié‘already dépsé at this:point. Similar apaijses were obtaiﬁed

for compacts with bbdy-centéred cubic‘and face—centefed cubic packings.
_Tﬁé dihedrai anéle under eqﬁilibriﬁm conditions is important in that

.it réveal; thé Yss/st_ratio for a given system. In many cases of solid

S£ate sintering ¢ i; greater than l20°‘due to.the fggf that'yss is‘less

than st. 'Tﬁe present ahalysis'indicates.that theorétical density should

 be achievediiﬁ these céses. Lack of complete densification then muét be

due to othéf factors such as movement qf grain boundaries past pores

: ieawing them isolated, entrapment of gases, or poor processing resuiting

in extreme non-uniformity’of-packiné‘and/or aggregatibn.

o On the other hand, a system that does not densify and whose dihedral

angle is iess>than 98°, which is the critical angle for simple cubic

- packing, can reaiize densificatioﬁ inbtwo ways. Ehe.densit& of the

unfired compact can be incréased assuming that thévpacking is uniform

throughout the ‘compact; this procedure would lower the critical angle

for coﬁplete‘densificétion. Secoﬁd;y, the dihedral angle may be altered

by the addition of iﬁpurities that segregate at, iﬁtetfécés thus altering

Ygg and.st resulting in a rgduced YSS/Yév raﬁio{

In any case, the poreé must remain associated vith grain boundaries

throughout the entire densification process until they are gone.
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Thermodynamics of Grain Growth

"It has long been realized that if the pores stay at the grain

“boundaries during sintering,lthey have a much better chance of being

annihalated’than if they are trapped as isolated spherical pores at'large

diffusion distances from grain boundaries. ’3 B

The fact that isolated
pores lead to densities less than theoretical while pores which remaiu
atigrain'boundaries lead to theoretical density ieyuell known. .it_hee
been'ergued:that.in3order to achieve theoretical.deneity, the grain -
boundaries must be prohibited from sweeping out past pores thus: leaving

them 1solated. Therefore, in numerous 31nter1ng studies, additives are

: introduced to compacts for the stated purpose of piuning grain boundariee.

In some cases, the additive acts as a sparingly soluble second phase

" which segregates at grain boundaries; the enalyaisuis then modified from

that being discussed in this report.

A. Lentieular Pore at a Planar Grain Boundary

It 1s of 1nterest to examine ‘the thermodynamics of a planar grain

boundary breaking away from a lenticular shaped pore. The geometry to

" be examined in detall is shown in Fig. L, ~the 1solated pore becomes

spherical as the grain boundary moves away. This process increases the

-free energy of the system because solid/solid 1nterfac1al area is created
' but also reduces the free energy because solid/vaporfinterfacial area is
Lreduced due to the pore shape change. Therefore, the-net free energy

- of the system will be a function of the relative'iuterfacial_areas and

energies. The analysis proceeds as follows.

From Fig. 4, half the dihedral angle is given by



x\ .3 OIS N § o f 6«"
-0—-
2_,2 S :
cos’ ¢/2 = _I‘___IL_ ’ ) : - (15)
r2+p? :

" where r is the radius of the lenticular pore. From (2) and by setting

.Yss/est equal to A, we get

2 42
A= r_:'_h_. : (16)
p24p? :

Algebraic manipulation leads to

2 . ' S
2 _r gl-AE' : ‘
h® = 1+4A) - . (178.)

¢ . 7

| e | . |
p=ll=A) 2 o (17b)

(144)/2

Referring to Flg by the cheange in free energy of ‘t'he system is

BGgyst = G113 ~ G | | | - (18)
L II II
~vhere (_}II = Ags Yss * Asv Yev?
- I 1
and GI - Ass Yss ,+ Asv st :
Therefore, .

_ I I 1T I
syst Yss(Ass - ASS) * st(Asv Asv)

AG (19a)

a»

H



AGS&st =-Yés AASS'+ st AAsv ' .} : : (19p)

If we consider the overall area of the grain boundary'to be fixed and

" circular, then

1T

o =l 9y )2 2 _ : .
A (&1 )?~7r , o ,(20_) |
and o .
IT _ 2 ' _ ' ‘ iy

where £ is the radius of the planar grain boundary. - Thus

|5

L = m(2r)2en(2r)? + me? o . (22a)

aa__ = mr? | S (22b)

The solidevapor area of the lenticular pbré is gifen'by

Aiv = 2(2mRn) "1-‘ _ o ._(23)

If we substitute

_r2+n?
2h

obtained from geometry (Fig. 4) into (23), then

e ey 4
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I _ 2(2mh)(r® +1n?) o
Agy == 2h . (2ka)
I _ 2 2
A, = m(r® + b%) - : (2kp)

When the grain boundaryvmoves, the volume of the resﬁlting pore remains

constant. The volume of the lenticular pore is

- T 2 L L2 o :
vﬁv = 2(3:_ h(3r® + h )) 1 (25)
and the volume of the spherical pore is

AT g . (26)
3

where q is the radius of the spherical pore. Equating (25) and (26)

resuits in

@ . [patean]? @
S@bstituting;this-value,for q2 into
W ungr | (28)

sV

gives the value of the resulting spherical pore in terms of r and h
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AIT 2 23 n(n(3e? + 12?3 o | (29v)

Then, combining (24¥b) and (29b)

AASV = )-l»l/3 ,n.(h(3r2 + h2))2/3 - 2."(1,27 + hZ) ‘ - (30)

. Substituting (22b) end (30) into (19b), we get

e

MG oy = Vo™ * ysv 13 mn(3r? + 1n2))2/3 - 2n(r2-+,h2)' (31a)
S YegT stl W3 (n(3? + 02)*3 -2 +0?) - (3w)

Further substitution of (17) into (31b) gives

o 1/2 2/3
syst _ 2 1/3|{1-A 2 . 2(1-A A
W = YssT +st,h [(1+A) r(3r +r_(l+A)')]

SRR ))] I
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AG 1/2 2/3

_syst _ 1/3 (_1_-_4) (h+2A) s
Then,,sub§tituting 2§st for Yeq we get

2 = Mgy T Yy l+A 1+A ‘ 1+A &

AG \ 1/2 V273 R
syst _ 1/3 ( 1-A L+2p ] b
ry 2h + b 1+A \T+a T+A (330)
sv

A*plot,of the net integrai normalizgd free energy change vs cos

.¢/2, which is equal to A in (33b), is shown in Fig. 5. The graph also
shows the'integral free eneréy changeé due to the éoiid/solid'and solid/
vapor areé.ghénges; Since solid/sqlid area is al&éyé created gy movement

of the grain boundary, this factor always mekes A positive contribution

to the free energy of tﬁe system. On the other-hand; the solid/vapor
. area is-alvéys reduced and makes a negative éontribution; the small
contribution ét small values of cos ¢/2 is a refiection of the small
area changébbecause the lenticular pores, with avlarge dihedral angle,
are almcst spherical.. Thé net free energy change for the systgm, however,
is alwéys,positive throughout the entire range 6f dihedral anglés from

180° to 0° (cos ¢/2 =0 to 1.0).



An effort has not been made here tOranelyze cases of elongated
pores on two or three grain junctions and pores a.t: four grain junctions.
Observations have been reported, however, that three grain junctions do:

5,6 Also, it cen be deduced by inspection that

not break away from pores.
v'the breaklng away of the grain boundarles from the pore would be energetlc—
ally even less favorable because the increase of'the_solld/solld area
relative po the decrease in the solid/vapor area”would be muoﬁ"larger.
From an energetic viewpoint it would be expected‘that the;geometry ﬁould
change progressively by_grain boundary motions'to_the‘oonfiguration
treated here. |

-This thermodynamic analysis indicates that ﬁhe_oresence of &
lenticular pore with any dihedral angle oh a planar.grain boundary will.
always pin the grain boundary or the pore will move with the boundary
Thus for graln boundary movement away from a pore to occur, there must

" be another negative contribution to the free energy of the system._

B. Lentlcular Pore at a Curved Grain Boundary:

The geometry to be examined in detail'is”showhvin Fig. 6 whichv
vrepresenfs a circular sector of width m, arc length‘ﬁ; and angle in terms
of Y. Then,'for'a pore~free sector. of boundary Lf = pr, the area is
Lfm or hWm and the free energy is G =

hWmyss.'-A differential change

in pf with a constant ¥ leads to : _ : .
= ' ' L 4
Ymy_ dp,. | | , (34)

If_dpf is positive, so is dG and vice versa. TherefOre, a grain boundary

will always have a_tendency to move toward its center of curvature with a
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constant curvature of ¥ because the incremental free energy change is
then negafive. Likewiée, a movement toward the center of curvatufe will
“tend to oécur_efen with a_constant chord lengthAif tﬁe curvature is
decreased in movement because the length of the boﬁndary will then
decrgase. |

Thevnext step is to analyze the free energy chanées when a boundary

with a pore (Li) moves to position L. leaving the pore behind with the

by
_ geometry of Fig. 6; The sum of the free énergy changes due to the
cfeation'of the gfain boundary énq the changé_in the Shape of the pore
is positivevfor all.dihedral angles as has been Shown in the previous
section. There is, however, ah additional effect due to the reduction

- in grain'boundary area asrthe boundary moves toward its qenter which is
alweys negative. For grain growth or boundary movement to occur, the
lﬁtter tefm muét have a large enough negative value to makeAthe net free
energy cha#gé for the system negative. A detailed analysis for movement
with constant curvature and within a given sector follows.

The initial area of the grain boundary, making m equal to 2r and
neglecting the slight curvature of the_boundary fﬁrough th; pore region;
is

vAzs = L,(2r) - mr? = p,¥2r - mr? v (35)
; and the final éolid/solid interfacial area after movement, where q is
equal to the radius of the.resulting spherical pore ﬁith volume equél to

the original lenticular pore, is
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'AII = L _(2r) =

s A pff2r = (pi-q?T2r - ", o (36)»
The change in area'is
- : 2 ' '
AASS--—' 2r‘i’pi - 2r¥q - p‘i‘1’2rv+‘m'. B ,. | o (379.)
M = mr? - 2r¥q ' - (37p)

Ss

Substituting (17a) into (27) and solving, we get"

_ 1/ “ 1/3 .
. r 1-A h+2A) -
= 173 ‘(1+A)v (l—A ' (38)
Then substituting (38) into (37b) results in
. » v ‘ 1/3 .
1/2 |
_ r 1-A L+2A . ,
aa_ = mr’ - 2Yr[lﬂj3‘(l+A) | (1+A-)l - (39;)
_ K 1/2 1/3 | o
ool 2y Jf1-a h+2A) ] ,
A =T [ﬂ - ul/3.!<l+A) (1+A,, . (390)

The change in solid/vapor interfacial area obtained‘from the planar

grain boundary by substituting (17) into (30) is

o 1/2 2/3 1 | |
g 1/3 L+24 N . o
| _AASV [’4 l(l+A (l+A ) - —] TTrZ o (ko)

1+A
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The free energy change of the system, substitu’éing YSV2A for ’Yss’

then beccmes

AGsyst = st(zA‘AAss * AAsv) _ . (k1)

" On substituting (39b) and (40) into (41) and solving, we obtain

AGS <t ‘=.2A L oy l_-_%')l/2()4+2A) 1/3
2y u1/3q o '
sv

4 4173 [(%)1@(%%)]2/3 -rﬁg (k2)

This equation gives the normalized free energy change as a function

of angle of curvature (¥) for various dihedral angles (represented by A).

Solutions for dihedral angles from 168.4° to 106° are plotted in Fig. T

and for angles from 73.6° to 16.2° in Fig. 8. The integrated free

energy curves are positive for low angles of curvature ¥, and become.

‘negative as the angle of curvature increases due to the cont_inuing-
breduction of the grain boundary length as the curvature becomes larger.
) Inspection of the graphs indicates that for dihedrel angles (¢) above

about 73° boundary movement can occur at boundary curvatures above about

0.62 radians or about 36°. With the decrease of dihedral angles below

_T3° boundary movement can occur at decreasing values of curvature; with

¢ ai_ 16°, grain growth can occur at curvatures above about 26°,
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~ Another informative ;elationship is indicateq.infEig,-Q:which is a
'plot of ¥ versus half the dihedral éngle ¢/2. Thg 1¢§u$ offpointé_which.
fall beiow'thé_curve yield positive values of the:ffee energy for pore'
isqlﬁtion,VAGsy;tf Whereasé points lying above th¢ curve yield negative

AG's. ~ Inspection 6f_the'graph reveals that the cfitiéal}angle of
curvature is vre-i.ati\’rely independent of the dihedral angle for large
values of ¢/2. While a£ $/2 less than sbout 36°; the”value_of ¥ critical
) decréases sﬁérply as ¢/2 decreases. This result indicates that control
of the;curvature of the grain boundary is the cfitical factor in pre-
venfiné pbre iSoiation and that the introduétion 6f_additives to a system
CauSing‘the Yés/st ratio to be reduced Beyond fhg criticel valué.has.
little effecf on pinning grain boundaries. |

C. Effect of a Mixture of Particle Sizes’

A-plahér cross-seétion of a model'microstructure of an isdtropic
material with uniform grain size would show hexagoﬁal grains with three
) gfaih Junctiéns of 120° and_straigﬁt line boundaries; the syétem would
thén be'inmetastéble equilibrium since there would be no driving'force
for boundary movement. A variatioﬁ in grain sizé would result in graini‘
'boundary curvafﬁresvbecause the three grain Juncfiqns will always attemp£
to maintéin equilibrium angles of 120?; Grains withlless than six side§
would have their boﬁnéaries curve outﬁard since the polygon angles'witﬁ
straight sides would be less then 120° while grains with more than six .
- sides would have boundaries curving inward since fﬂe polygon aﬁéies |
would be greater than 120°. Thus, thermodynamica;ly‘there-would be an
additional driving quce for a grain with less then six sides to shrink

~and with more than six sides to grow since the'gfain-boundaries,would
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have a tendenéy'to'move towafd their centers of curvature as described
above.’
With-grains of tvo sizes the 1ength and number of grain boundaries
relative to the large grain will be dépendent on the size of the small
 'grain. The curvature betweenithe triple points in all cases according
‘, tngéometry would be spherical and the angle of curvature ¥ would be
_ 60Q;'fhéreforé, the boundaries would not be pinned by.poreé. The
greater the length of the grain boundary, however,'particularly'oﬁ an
.atomisti§ scale,’the greater will be the probabiiity that the inter-
mediaté portion of the bouﬁdary will.acqﬁire a smaller angle of curvaéure
because of the dfiving force to flatten out the boﬁndary. If the cur-~
vature decreases below about 36° the pore can then.pipvthe grain
boundary. It thus appears that from a thermodynamic viewpoint a start-
ing powder with a single pafticle size of the smaiieét particle size
. range possible is desirable for sintering; the actﬁél size of the
particles becomes important only from & kinetic viewpoint.
The thermodynamic analysis of solid state sintering indicates that

é decrease in the Yss/ysv ratio and an increase ig thé density of the
unfired compaét favor densification. An increase invdensity of the
compact reSulfs in a greater coordination nﬁmber-fof_thé particles
which alloVSQcompieté densification to be achieVedrat a higher YSS/Ysv
ratio. This ratio must be less than 1.78 for facef:entered cubic packing
~of uniforﬁ spherical partiéleé,‘l.59 fcr body-centered cubic, and 1.31
for simple cubic; cqrresﬁondiﬁgly the dihedral angie.has to be larger

\
' \ o
than 53°, T4°, and 98°, respectively. Therefore, any additives that
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would tend to‘reducg Yss relativé to st would énhénce sintering or make
' sintérihg pos§iblé if the Yés/Ys§ ratio for a'givéh'material is above
the critical value.
A pore on a planar grain boundéry effectively pins the boundary for
all values of the Y__/Y_ ratio'éhd thus the dihé@raliangle; A curved
grain bouﬁdary, however, can move away from a pofe:if.the curvature is
above th§ cfitiéél value. As the dihedral angle‘increasgs abbve about
73°, although the megnitude of the driving~force”de¢réases mo&ément in
all cases will occur toward the center of curvatufe at curvatures above
about 36°; as the dihedral angle decreases from T3° to about 16°, the
critical cﬁr;ature value decreases to about 26°."Gr§iﬁ boundaries with

lesser curvature tend to be pinned by pores. Additives which reduce the

'Yss/st ratio beyond that.necessary for dense sinterihg, therefore, have -

‘ essentiaiLy no effect on the pinning of a grain beoundary by a pore.

It thus is evident that the most critical factor in the pinninglof '

grain boundaries by pores is the degree of'curvaturé.ofvthe boundaries

and not the magnitude of the dihedral angle. Factors that lead to

curvature should be controlled. A uniform packing bfvspheres of a given

size shduld'density'to a microstructufe‘with uniforﬁ'grain size with
planar grai# Béundaries. Compacts with a range of.pérticlé sizes, hbw—

‘ever, will tend to form curved grain boundaries.u-If this curvature i§'~
above about 35°, the boundaries will be able to move away from pores.
Narrow particle size ranges will ténd to form gréin boundaries with
smaller curvatures.

Anothervfactor that has not been discussed or,analyZed is the effect

of anisotropy of interfacial energies. Irregularvmovement of grain
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boundaries.and different énéles at fhree_grainngnétibqs due to aniso-
troﬁy couid lead toaboundary éurvaturés tﬁaﬁ wbuld‘allow them to bresak
away from pores. ‘Additives'in this case could bélﬁenef;cial’if their
effect would be to reduce any existing anigotropy.:if

AllYOf‘tHé discussions have been based on é‘uniform and homogeneous
- distriﬁttiop of partiéles.- ?oor'processing'that‘wpuid infroduce varying
packing'densifies or infroduce'agglomefates‘of higher or lower density
than the matrix would result in a range of grain sizes in thé early
étages of sinfering'as well as introduce other fgcto;éfthat would inter-
feré wﬁth-realizing theoretical density in the entire compact. An’
additive in this case would have a beneficial effect if it played some
.réié ih reducing agglomeration or increasing uniformity of particle dis-
_tribution'during the preparation of the compacts.

The presence of a liquid phase at sintering femperatures introduceé
a degree_ofjéompléxity iﬁ that Yss’_*sv’ Ysg and YE#“now play a role in
the densification process. A thermodynamic analysis‘of such systems is

béing undertaken and wiil be presented elsewhere.
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" 'Figure Captions

Fig. 1. (a) Idealized model of uniformvéized sphérical particles in
_siﬁple cubic packing; (b) Two sphere densifiCatioﬁ model.

Fig;‘E; éritical surface energy ratios for densification to theoretical

| Jdensiﬁyiin solid phase sintering at different packing densities.

_ Fig.‘3. Integrai normalized free energy change ét”the critical surface
eneréy ratio for siﬁple cubic packiné. | |

Fig. L, Lenticular pore at a plansr grainvboundaryvbefore and after
thé grain boundafy sweeps past.

Fig. 5. _Integral.nérmalized free.energy change versus dihedrél angle
fér isolation of a lenticular pore at a planar>grain boundary.

Fig. 6. A lenticular pore at a curved grain bouﬁ@ary with a constant

~ angle of curvature.

Fig. 1. NOrmaliéed integral free energy change fo; isolation of a
lenticulai pore at a curved grain boundary ﬁersus angle of
curféture; at high dihedral angles.

Fig. 8. Normalized'integral free enérgy change-foriiéolation of a
'lenticular pore at a curved grain boundary_vérsus angle of
curvature, ét low dihedral‘aggles.

.Fig. 9. Critical'angie of curvature for pore isolatibn'vgrsus dihedral

angle.



—24~

SIMPLE CUBIC
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Fig. 4
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LENTICULAR PORE
AT A CURVED GRAIN BOUNDARY

. XBL733-5899
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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