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by the dihedral angle,

greét‘er than the ¢

driving force may be expressed as A% = Qéq - ¢

A © LBL-3546

THERMODYNAMIC CONSTIDERATIONS OF SOLID STATE SINTERING
Carl E. Hoge and Joseph A. Pask.
Inorganic Materials Research Division, Lawrence Béfkeley Labotatory
and Department of Materials Science and Engineering,
College of Engineering; University of California,
Berkeley, California 94720
ABSTRACT
. A theoretical analysis for solid phasé siﬁteriﬁg of idealized
spherical particles packed in several ordered afréys'was perfqrmed based
on  thermodynamic éonsiderations. Results indicate that critical ratios
of solid/solid over solid/vapor interfacial ene:gies.(Yss/yéQ)‘répresented
critical’ gxist for any degree of den51f1;atiop
of\é'sintering compact. If the‘equilibfium Qeq for a real material is
re critical determingd at theorg;;cal density fo; ?
specific idealized packing array, then no thermbdynamic barrier to com- .
plete dens;ficgtlon exists. However, if Qeq is less than écfiti¢al’
endpoint densities will result. Additionally, a thermodynamic driving
force exists for continued densification if the experimental or dynamic
dihedral angle ¢, , in a sintering compact is less‘thén.éeq. .This

dyn

dyn and is dgpgndeét on

-corrosive, chemical and geometric effects. Experiments were performed to

test the theoretical model using MgO compacts sintered under seyétal-

different atmospheric conditions.
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I. -INTRODUCTION

If a pécking of crystalline ﬁarticleé'of eduilibrium single phASe -
compositién_ls.subjetted to a sufficiently high éeﬁperature éuch that
mass . transport mechanisms-become»ope;ative, thé areas ofvsolid/vapor
intgrfaceé decrease ésvéolid/solid intérfaces increaée. Thisvprécess is
defined as'sintéfihg,‘and~fhe basic driviné forcelis thevrééulting'redué-
tion in free eﬁergy_of the system. In §rderﬂtoﬂfully:éhéracterize sin-
tering, knowlédge of thermodynamic:as well as kinétié‘factors is thus -
neéesSary. | - v |

Oﬁ sintering, particle/particle coﬁtacts of‘grain bounéafies form

and increase in area, .and the compact normally shriqks by movement of

. material from the grain boundaries to free surfaces. The compact is

characterized by a solid network and an interconnecting pore phase.

. Upon further sintering, the pore phase genefally-becdmes,discontinuous

and eventually is eliminated if it remains associated with grain bound-

aries. This point corresponds to the elimination of thevsolid/vapof

interfacial area and the attainment of theoretical density. This point,

hbwever, does_hbt constitute a minimumlfree energy cénfigurationf- Grain'
bouﬁdary'migration and grain growth generally continﬁé unfil Planér grain
bbuhdariesz-4 are attdined. This pro;esé also goés on whenlthe,Sbecimen
is not théoretically dense. | :

The effect of thermodynémic'factors on endpoint densities and densi-

" fication rates in real compacts has as yet received little attention.

.Therefore, several idealized geometric packing models were studied theo-

retically in order to determine the thermodynamic constraints on densi-

fication. Some experimental data on the significance of geometric
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configurations on sintering rates was»also obtained. -

II. THEORETICAL CONSIDERATIONS

(D Thermodyanmics of Endp01nt Dens1t1es

In a sintering powder compact the'change in freelenergy of the :
systen at constant'temperature; pressure and’phaSe compositiOn'Can'be_
expressed as.‘; : | _ _ | : : S
_(syst)—(szsv sV GfY dA ‘_ o _(],')
where.ySv = golid/vapor interfacialvenergy,_YS; = solid/solid'interfaéial
energy5'dAsv.= ﬁecreasing differential'solid/vapor_interfacial ;fea, and
dAss.=.increasing differential SOlid/solid,interfacialtarea. -Thevfirst"
term on the right of the equation is aluafs negative and the second,
positive.v Sintering will continue as long;as tﬁe_firstxterm dominates,
or G(G ).renains negative. . o

Four sintering geometries based on spherical particles of a uniform
size were analyzed diamond cubic (DC), simple cubic (SC), body-centered
cubic (BCC), and face—centered cubic (FCC) (corresponding to particle
coordination numbers of 4 6, 8, and 12). The particles are assumed to" _ -
be single‘phase, single crystals_and to have isotropic_interfacial

energies. The interfacial energies are related to the dihedral angle by'

2

. e I
Ygg = 2Yg, COS ’_ - (2)

The densification model used is based on the concept that the cap

‘material removed at every contact, or grain boundary;fbetween spheres is
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uniformly disﬁribﬁted on thg free surfaces. As fﬁé particle centers then
move‘towa;d'eaCh othér, the radii of.tﬁelspheres.inc:eése iﬁ ofdér to
‘keep the total sblid voiume constant.si'During thié proéess; the Qihedral.
angle increases. This model differs from thatfnorﬁally empldyed.for pre-
dicting kinétiés of solid phase sintering in whicﬁ'the métérial removed
at a contact forms a bridgirg neck of increasing diameter.‘ Althoﬁgh in
most cases neﬁk formation is experimentally oBséfved‘during sintering and
is associated Qith a decrease in free energy, suéhta geometry does not
co;fespond to the minimum free energy configufafionvfor thevsystem aﬁd
i; fhus an intérmediate stage favored by kinetic considerations. |

- To illustrate: when two spheres are just in'conﬁaét;'fig.flA;'the
:experimentAl'é is zero. Now, if the spheres interpenetraté uﬁtil a cer-
taiﬁ éap:height,'ho, is removed and déposited.in_the'neck’regio@; fig..lB;
the radius of each sphere is unchanged. vAt this point, if no furtherb
denéificati6n or‘change iﬁ h_ occurs but the solid/solid and solid/vapor
interfaces equilibrate.as shown in Fig. 1C, méteriai from the neck region
is deposited_nniformly on the surfaces of the sphéres'causing ROth in-
cfease.to R a.nd‘ho to h; so that Ro'—h0 = Rrhi; and $ to assume tpé
~ characteristic vaiue for the configuratioﬁ. Theblétter geometry;;which
céffesponds,to the minimum free energy configuratidn for-tﬁat*paﬁﬁicﬁlar
dégfeg‘df densification, becomes the model Qsed:iﬁ thié-analjSis;' It
vbééoﬁes thevequiiibrium geometry-ﬁhen 8G in Eq. (1) is numéricaily equal
‘to zero. Thé critiéal values of Ysslysv.and'the corregﬁonding § can then
bé determined. for this-equilibrium configufation forhany degxee éf

shrinkage.
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o . v . . oo ‘ o
In a given packing if-ni'is the coordination of nearest neighbors

around each sphere and Pl is set as a.variable'equaijtp hl/R (similar

‘nomenclature to White and Stevenson,s)the soiid/Vaﬁor andvsolid/Jolid

interfacial areas for a sphere are given by

"

. 2 . _' 5 o .
ov 4TR” - 2nRhlql = TR™(4 - 2n,P.) : G

A hy(2R - h)/2 = mhR2 - P)/2 . @

If these;valués are substituted in Eq. (1) éﬁd G(Gsyst) is setito :

. o SR Y Y '
zero, it becomes possible to determine the relationship . between Yss/yS

and P:
| a2 3.2/3 , .\ 2, . 2. 3-1/3
Yes ) 2(4 3n1Pl +n ) ( 2nl) 3 (4 3anlv+ 1Pl)
v T o2 2/3 a- =2 (4=5n.p% 173
sv (4 3n1Pl +n P ) (nl(2 2P1)) 3 (4 5?1P1'+ n 1)

o : 2 ‘
‘ (—6an1 +'3n1Pl)(4—2an1)

: 2 2 (%)
(-6n1P1 + 3anl)<2P1_Pl)nl

However, since densification is measured as AL/_Lo (where Lo in this
qase'is the original radius of the sphere) which is éqpiyalent to hd/Ro,'

P, or h1/R can be recalculated as ho/Ro or P . Critical values.qflyélesv

*Detailed nathematlcal analyses are presented in the Ph D. the81s of
Carl Hoge, which 1s avallable as report LBL—3116 R



=5- | S LBL~-3546

-can then be plotted as 'a. function of‘ho/Ro.“Figure'2’shows curves for

uniform siée spherical’pgrticles in DC,»SC, BCC>andJFCC packingsl»lThis
plot is based_oﬁ thevminimuﬁ free enefgy densifiééﬁién model which corre-
spoﬁds to'a'stér;ing value'of’gwfor YSS/YSv (0° dihédral angle)'aﬁd a
dé;rease of_Y;S/YSQ (increase of dihedral angle) as‘shrinkage~dr'ho/Ro
incfeases. 7The increasing dispersion of the curves with décréasé of
Yés/st is due>to the fact that R increases morearépidly thén hy as
densificatioﬁ proceeds when the coordination numbgr n, of neares;vneigh—
bors ‘increases.

»i Theiinterpenetration'of_spheres or shrinkage is represéntedvby

Eq. (5) 'in teirms of P1 for all packing arrays, regular or irregular,

expressed by ni until second nearest neighbors touch or until a planar

face in the unit cell has densified. This interval is represented by the

a-B.segments of each of the curves in Fig. 2, Eachvof the pécking arrays
;hén'continués-to'sinter differently.

(A)i*SC’Packing. For SC packing with a fractional ;void volume of'O.ZS,

Fig. 3A, six nearest neighbors interpenetrate according to Eq. (5) and

the densification is represented by segment a-b" of Fig. 2 until contacts

form with sécond nearest néighbors along <110> di:ections, Fig; 3B. At

,;his'poin;,_po = 0.184, ¢1‘=789.6°, Y, /Y., = 1416, fractional.Ygid

volume = 0.036, and thé (100) faces become completeiy.densified;  ﬁowéver,
cldéed pdrosity.remains along the (110) faces, Fig;}3B. With further
de@sificatiqﬁ interpenetration'along primary-contacté nust contiﬁ@e
resulting in'reduction_in the area of the‘(IOOj faces and in iﬁcféasé.of

¢. beyond 90° along the (110) planesé also the second heighbor inter-

1
penetrations begin from ¢2 = 0° (Fig. 3C). Just pripf to complete
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densificationvof(the (llO) face,,the nearest neighhorfoihedtal angle .
(detetmined by graphical techniques)‘Ql =v109°,~and Y;é/yév =1.161. The
second nearest neighbor dihedralyangle_Q = 89.6°;7?The’calculated value.
of Pl at theoretical density is 0. l96 Thus, no thermodynamic barriers:
exist for den31f1cat10n of a s1mple cubic array of spheres if equllibrlum
¢ is greater than 109°vor Yg /Y for the system is less than 1.161.
Kinetic barriers;“however, may exist beyond Q' = 89. 6; - Also, the 90°'
dihedral angles on the (100) faces at point b" constltute an unstable
condition that could lead to further complexity by grain growth by demand
of equilibrium 120° angles at triple points v

(B) BCC Packingu For BCC packing with a fractional void'volume'of‘0;32;
densification:proceeds according to'the model until contacts.fotm with
second nearest neighbors along <100> directlons when the coordlnatlon of
the spheres increases from‘8 to 14. At this point h /R or Po equals:
0.102,;fractional void volume is 0.062, and YSS/Ysv is 1.734 or,eris
59.6°;p:With continued shrinkage, Pé and the nearest neighbor @l continue ‘
to increase, hut’the~new contacts result in removal of cap materialiof

.height ‘h, and the creation of second nearest nelghbor @ whlch w111 always

2
be smaller than @1. The interpenetratlon continues unt11 complete densi—‘
fication of thevunit cell is realized.- Equation (5) applies up to the
point of second neighbor contacts (segment a-b in Flg 2) and then has

to be mod1f1ed to take into account the contribution to the dens1f1cat10n '
,by the_second neighbor contacts. At the p01nt just priorvto-complete-
densification of_the unit cell, the.critical or neatest neighborYQl.:
determined by graphical methods iS'71.5°_for WhiCh.Yss/st =.1.625t

- (point ¢, Fig. 2):nhile the’second.nearest'neighborlQZ =.42° or
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Y /Y = 1.814;. The'value wof Ah/L;; called f"iﬁ Tahle‘I, of 0;121 at
theoretical den51ty is calculated from the starting volune of the unit
cell The den31f1catlon path_ from b to ¢ in F1g 2 is shown as a. con-
tinuous line since open porosity is maintalned to the end of densif1Cation
for thisvpacking. Thus, no thermodynamic barrier to the-densitication |
of a BCC arta& of'spheres exists if the teal value of Yss/st for the

| system is less.than 1;625. At complete densification'the solid/Solid/
vapor d1hedra1 angle becomes a triple point with graln boundarles forming
‘angles of 109°, 125.5°, and 125.5°. This configuration creates a driving |
force for grain boundary movement since the equiiihfium anglés are 120°,
which would result in grain growth. | | o

(C) DC Packing. For DC packing with a fractional void volume of 0. 68
four nearest neighbors interpenetrate until contacts form with second
nearest neighbors. Exnerimental Yss/st as alfunction of P0 is repre-
‘sented by Eq. (5) and by segment a-b' in Fig. 2;'.At‘b', P = 0.277,
Yss/st = 1;226' § = 104.4°, and fractionai void vdlumevis 0,101'

(Table f) Wlth contlnued shrinkage, a modlfication of Eq. (5)_can be
achievea*‘as‘in'the case for BCC packing since open_porosity is naia-
tainedvand‘is'represented by segment b'—cﬁ.in Fig; Zf At point g},ro-is
Q.ZﬁO,’YS;/YSVh= 1.074,-@1 = 115°, and a residual fractional_c1osed‘-
potosity of 0.088v5till remains. Based on_a cube‘ofvunit edgevlength and
_ 0.68 poroSity.theoretical density-occurs at Pi = 0,316. Becausevof‘the
complex geometry the criticai value of ?ss/ysv aththis point was not
determined but it certainly would be expectedbto be less than 1.074.

*Detailed mathematical analyses are presented in the Ph D. thesis of
Carl Hoge, which is. avallable as report LBL—3116 :
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(D) FCC Packing. For FCC.ﬁhcking with.avfract{onal.VOia volume of 0.26,
12 nearest neighbor sphéres-iﬁtérpenetraté until fhe_(lll) face:of the
unit cell has densified completely, as represented by Seément a-b"' of
Fig. 2 and qu‘(S)f Just before b"',AP0‘= 0.084, tﬁé.solid vapor'(I>1 =
59.60, experimenﬁal YSS/YSv = 1.734, and fractional‘closédrpore volume =
0.035. When the (111) plane has densified at b"', aifriﬁle point with
grains infersecting at 120° angles and athexégonai'neprfk of grain
boundaries form-along this plane. With continued dénéification material
must be removediffom the (lll)Iplanes until cbntactsrfqrﬁ_with sééond
nearest néighbbrs‘along (100) faces. At this pdint @i on the (100) plang
is 90° and the plane is densified. Further shrinkageﬁreduireé femovai;of
material from the- (111) and (100) planes and continuea_interpenet:ation |
on the (110) plaﬁés with @l incréasing béyond 90f and éz_increééing from-

0°. At completé'dénsification graphical methods indicate that @1 = 109°

1

o = 0.095. Theréfore,-ifmél is“grea;efv,

and @2 =~68°,_and‘célcu1ated'P
ﬁhan 109°, or-the‘equilibrium YS;/Y;v is less‘thaq ifl6i; there ig no
_therquynamic;barriér to cbﬁplete densifiéation of an ECC_érray_bf =
spheres.' o | B

(E) Ceneral. Ahalysié'of the fourﬂsintéring geometries indicatesithat
.the densification pattern_is the;same ‘for any kind of’dﬁiform packiné; X
regulép or irreguiér; of uniforﬁvsize.spheres.qnpil secbﬁd neighbér}con—
faCts are made or'ﬁntil densification is reached along some crystéiib—
gra?hic plane. This stage is represented by Eq. (5)_éﬁd the a-bfségﬁents
in Fig. 2.”>In cases whefe secon& neighbor cohtacts éfé'made;_denSifica—.'
tion should prdceéd.readily until‘co@pléte ﬂensification'is échieved )

along some plaﬁe or planes. This stage would be represented by expanding
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(5) to-take.intoraccounﬁ inte}penetration aionéaSecond neighbor con—
tacts. A'fortheftmathematicalVmodification_is re@uired when ihtefaction
begihs to occur between interpenetratiohs‘or growihé grain'boundaties.
In any'case,;no thermodynamic barriers to densificatioh exist if the true
or chemical'fff/Y v;ratio for'the system is smaller than the critical
value forea paftiCular packingf"If'densificatioh is reached along soﬁe
plane, howevef,‘closed pores'form and furthet densification requiresv
" lateral transport of material from thesekplanes;‘this condition could
_leadrto kinetic barriers and grain boundary motion. - |

' The BCC packing;‘however,»is uniquevin that siﬁtering cohtihues'
after second neighbor contacts are made until complete den31f1cat10nvls.
reached without the formation of any closed pores because each.éralnv
forms a lé-sided polygonal solid (tetrakaidecahedron) which. fllls space.

(2) Thermodyhamic Dr1v1ngAForce

At any instance during sintering, if the exper1menta1 or dynamlc
dihedral angle is less than the equilibrlum value determined by Yg /Y
for the system,.a thermodynamlc driv1ng force ex1sts for contlnued mass
.transport from_the grain boundary to the adJoinlng f:eeVSurfaces.; The
fotthet the exoerimental dihedral angle-is from the,equilibriumfoalae;:
the more neéative is the differential»freeAehergy'hetweeh»the'noh%f
eqoilibriqm and_equilihrium cbnfigurations. hThe ertall.dtivingktotce

fof_sintefing may thus be expressed as

v'(s)

[}
1
©

M=o, -0
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where & é is‘the'value'based:on Y' bfor a planar grain boundary and on
Yav for surfaces.ln equillbrlum with thelr own vapor, and @ dyn 1S:£h¢
vinstantaneous value in a'sintering compact which is dependent on geometry, .
chemiCal'effects;vand‘atmospheric conditions. When @&?ﬁ becomes equal -
to @eq,v81nter1ng ceases w1th an endp01nt density unless ® ritlf.or‘the
packing is smaller than ¢ q.in,whlch-case there.1svno thermodynamic
barrier for sintering. | E
' Geometric‘changes'also play a role in chemicallyrstable systems.in

which bridging necks form between particles, Nichols6:has shown mathe4
matiCally-that inhthe initial stage of sintering of-two;spherevmodelsf
(actually infinite cylinders) bridgng necks can form(bf "undercuttingﬁ
the reglon adjacent to the neck by surface diffusion alone. 'Similarf
undercutting has also been predicted when volume diffusion mechanisms

are operat1ve.7 These derivations‘assumed no contrihution from the.:
grain boundary'energy.to the.shape_of themsurfaces; i:e;,'a 1809‘solid/
~vapor dihedral“angle. -The“reverseksurface curvature introduced.by this
'neck formation 1s a thermodynamically unstable conditlon. A movement'of
: material from the surface of the neck in the grain boundary region to |
the undercutCregion.reduces or flattens out the degree of“undercuttlng
and in turn reduces the experimental dihedral angle. eWhen ¢dyn' becomes ‘
smaller'than_Qeq, a‘thermodYnamic'driving force Aé.exists for transoort
of material via bulk or grain boundary diffusion mechanisms from,thev
grain bour:iary towards the dihedral angle region in orderntovrestoreithe
equilibrium dihedral angle. When these fluxes are similar to the sur-
face diffusion'flunes, the'two processes will continue on an atomistic

scale until surface inflection points disappear and the equilibrium
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configdratibn is‘feached.v_f;.fhié case Ad reméinsEsmall throﬁghqut sin-
tering in cqmééfisbnvwith the bresénted.sintering ﬁ6ael whéxein A@ is’ -
1afge at the'beginning éﬂd'dec:eaées as the quiliﬁr;pmvconfigurafion ié
appréached,fWhich is realized when the flux fromfﬁhe'gfain boundary is
rapid.coﬁparéd‘to the surface difquion flux. - |

"-vif the surface_diffusion'flux is rapid cbmpéred to the bulk ‘or grain

bbundary.difﬁﬁsion flux; movementvéf material from ;hévfree surfaces
| feéds Fé.formiqgcks without underéutting and*thu$ maihtaiﬁj@eq'ﬁ;ﬁhou;.,
'any,ﬁeasuréble‘&ensification. |

" Chemical effects, such as aasorptioﬁ or desorpcion‘éf matefiél,at
Surfacés and_iﬁterfaces-from the bulk or vaﬁor wi11 éffect the:;drface
anﬂ inferfaci#lvénergies aﬁd thus 0. | |

: Atmosﬁheric condi;ions become a facfor;in siﬁﬁéring ifbthey éause
nonequilibrium between the solid and vapor. If VAﬁbfizatibn is_répid]
compared to other mass transport mechanisms which:étﬁeﬁpt to realize an
equiiibrium>dihédral angle, a néﬁ-equilibrium'oraégperimental QdynVWhiCh
is;smailer thén @eqbyill be maintained until closed pores are formed.
This decrease in Qdyn and corresponding~incréase-in Ad cap’be regerred
to as a "corfosion" effect. When closed porosityfforms, the:inﬁernal
diﬁedfal.éngles.will change toward Qeq under a.sﬁatié of equilibfium';
vapor either with or withbut additional sintéripg dépending uéon_ﬁhe _
vaiué of ¢ctit" However, if a back pfeésure»is Buil£ up withiﬁ-fhe porg,
’thé’pofé aloné a grain‘boundary or triple pbiﬁt willvéssume'the‘ﬁinimum |

free energy configuration with equilibrium dihedral angles,
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- 11 1.' _Eic'PERnﬁ«;_ﬁTAL PROCEDUI{ES '

An expérimental vefification qf_thejthefmodynamic_pfédictions could‘
cbnsist of chboéing several single phase iSptropiﬁ ﬁaterigls-idehtical
in'gvery way excgpt with different YSS/Ysv ot‘@eq vg;ﬁes;vcoid\pfeésing' “
them to thé sémé green density, and siﬂtering'them'underﬁidentical céh—.
for a given paéking inveachrcase_was larger than

ditions. If the ¢ .
.- ecrit

¢eq’ the'material‘with the largest ¢eq shohld haVefthe»highéét:endpoint

density;  On the other hand, if ¢eé in each case vasvlargetlthan ®crit’
all the materials would reachvtheoretical dehsity ffom‘g'thermodynamic'
viewpoint but at différent rates. it is, however, practically imp§SSiBie
_to reélize Such'expefiméntél conditioﬁs;.

-An experimental verification of fhermodynamic érédiEtions ﬁaé héde
by aﬁ gnalysis'of Mgd‘compaccs sintered a;'1510°CﬁQnder_diffefent atﬁb--
~ spheric cénditiqns._'lf the gases ‘in ;hesatmoépﬁeré'éffé;t YSQ and/qf
YSS, or.;reate.géyrosive effects, the éXperimentai diﬁedral angles will
vary."iheSe differences can then be éofrelﬁted‘tO'fhe.densitiééfaﬁd/or

rates of ‘densification of the sintering powder compacts.

(l) »Prquratioh of Powder Compacts _
MgO powder‘wasbprepéred by calcining Méllinckrod.t:MgCO3 ét 100Q°C

in a heaﬁy dﬁ£y type furnaqe'for 24 h in air.and furnace-cooled. ihe
powderlwas thehvground in an alumina'mortar withspesﬁié to break up»the.
| icalcined cake.A‘After grinding, it was diéperSEd in;ethyl élcohol an&A |
immediately dried at 110;C. Compacts,.1.77 cm dia. and V1 cm thick;jﬁefe
formed by cold pressing in a steél die using no binders to a green .
density of 45%.of_theore£ical. Fifteen compacﬁs.wére_prepared fOr*each

’sintering run.
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. (2),‘Sinteri§gfahd Density Measurements

”Sinteriﬁg,anneéls-wefe padéIWith fhfee diffeténf-éthdspheric con-
“ditioﬁsf static‘air, flowiﬁg air; and floﬁing'wafef §épor; In eaéh case
the“speciﬁensbﬁere arfénged Qn.a porous cerémic pedestal thét was faised
into .the furnace which was maintained af a temperétufe of 1200°C. The _
 temperétufejwaé then raised to 1510°C in 30 min and held for 100, 700,
1440,Hand 2880 ﬁin. After annealing, tﬁe specimens were cooled.td 1200°C '
_';nd'rémoved f;om_the fﬁrnaée.-- |

 _ The static air experiments were made with no gasepus:introduétidns;
Féf ihe series:wiﬁh flowing‘air, éomprégsed air waé paséed into Ehe
' fufn;cé by ﬁeahs-bf.a tube'runningvalong thé aﬁisvéf"the'pedéstél[pér_
'migting,the‘air ﬁo floﬁ directly over the spéciméﬁé; A siﬁiiaf.éetup
waé ﬁséd for'tﬁe flowing water vapor atmbéphefe.‘ bistilléd'waﬁef‘was
boilea.in a éeéled-vessei and cérried‘throughhheated glaséitﬁbiﬁg
o difeétiy ihtq_fﬁe furnace. The flow rate for bothAga§es:Was apprqximately
;.2.0 cﬁ;vft/h and maintained during'theicoolihg steﬁ{ - o
o _After each sintering run the bulk density was det¢rmiﬁed;f6f1éach
Spécimen using the disblacement technique in‘diStilled water; vThé
st;ndard}deViétion and vériaﬁce were calculated for the distribgtion-of
iS,Iaﬁd fofia'fgduced.distribution of'l3 specimeﬁé after ﬁﬁé 3pééimeﬁs
wiﬁh the lafgest'positive and negative deviation were elimihatéd::~Frac-
»ture surfaces of selected speciﬁené were aisq_preéafed fbr SEMléx;mina;

tion.

(3)  Dihedral Angle Measurements
Direct meaéuréments of the dihedral angles of sintered specimens

could not be performed since the densities of the sintered compacts were
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less than 90% of theoretical, and the grain sizes were too small. 1In

order to apprcximate sintering conditions,.specimens’for dihedral angle
’measurements were hot nressed'from similarly prepared"ﬁgo pcwder ln‘a
graphite die at 1200°C for 30 min in a vacuum of 5xlO 4 torr to a'densicy
of 98.5% of theoretlcal After hot. pressing, the spec1mens were annealed
at 1700°C for 1440 min (24 h) in order ‘to. reallze suff1c1ent graln growth
for dihedral anglebmeasurements. The graln size was approx1mately4100
microns; | | | |

The annealed polycrystalllne mater1a1 was cuc into 0. 5 cm cubes and
one surface of each cube was pollshed on a. succession of dlamond wheels
and cloths to a finish'of 0.25 microns. A final polishdwith'Linde_B
alumina was‘perfcrmed just prior to experimentation.';A polished snecimen
'Qas then annealed'for 1440 minutes -at l510°C under a number Of.atmof" |
. spheric conditlcns. Tnenty—four hours was chosen as an’annealing rime
since‘it allcwed sufficienc~diffusicn sb rhatvgrainsbcundaries incersect—
ing tne polished’surface were rhermally grooved tc a'width'andla‘deprh‘
to permit measurement of the dihedral:angles which was perfdrned.accord-
1ng ‘to the method of Achutaramayya and Scott.8-'The rechnique“consisted
of orientlng the surface of the specimen perpendlcular to the beam of ‘ B
the SEM. A contamination line of carbon was deposited perpendicularjto.
‘the grain boundaryfgroove.' The specimen was then tllted‘47° around the
:axis_of-tnebcontamination line, and the profile of the groove was photo-
graphed.

The dihedral angle,dQ,'was calculated frcm the measured grooue_angles

61 and.62~according to Eqs. (7), (8), and (9).
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Tan o = Sin (Tilt Angle) Tan 6 (N
Tan o, = Sin (Tilt Angle) Tan 0, | (8)
<I>=o.1+a2 (9)

Since 9 and 6 are measured separately, the true dihedral angle is
obtained even if- the graln boundary is not perpendicular to the surface
of the speelmen. | . |
| .lV.'vRESULTé AND DISCUSSlON:
(l) Sintering

Density values of sintered Spec1mens which were annealed at lSlO c
for varying times in several atmospheres are given in Table lI and are
plotted in Fig 4 as denslty versus time. A con51derably faster densi—
fication rate was observed in flowing water vapor Similar results have

been reported by others. 9-12

Slower sintering rates were observed in flowing air and static air

atmospheres but if the time at temperature was extended suffic1ent1y, all

sintered specimens approached the same endp01nt density. Spec1mens sin- .

tered in water vapor realized the1r principal den51f1cation w1th1n the
first 100 min and reached maximum denslty (3.3 g/cc) at 700 mln; ‘In
flowing air, spec1mens.reached maximum den31ty at about 1440 min;land in
static air, at more than 2880 min. 'Thisvdensity.eorrespondsdto ahoutx
93Z‘of theoretical which was eonsideredmto‘he at least partially due to

nonhomogeneity in the unfired oompact.
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vFracture‘éuffaces of éﬁgéimeh§:sintered-in flowinngater‘vapor
indicqted no significaht'grain growth dqfing the firstFLOO min, but '
apprbxiﬁétély'a fiVe fdid incréésé in grain siée occurred beﬁween-lbo and.
1440 min;; Frgcﬁu;é surfaces of épegimens sintered ih"étaticbair aqd
flowiﬁg air f§r 1440vmiﬁ;indicated similafvgréin sizés which were aboup
”the same size és—#he‘grain size of Specimens>siﬁtéred in flowing water
vapor for 700 mih. | |

It should be noted that as the gfain size.of the Spécimens sintered
in flowing watér Vépor from 100 to 1440 min inéreased, the sizé of the
porésion the.grain boundaries also incfeased, as wo@ld bg expected since
the denéities remained eésentially.the_same._ Since the fractﬁrésiwere
essentially franséranﬁlar, pores were al§o reVealed.on.the c1eavaget'
plénes that were not associated with grain boundariesgfthese pores'are
expeqﬁed to be associated with‘ponhomogeneity in thé.gfeen.comﬁéct_and
grain'boundary ﬁotioﬁ.- it is a.well.eétablishgd experiméngal féét that.‘
as the vblume-ffaction of inclusions or pbrosity deéfeééés;the mobility

4,13,14 ‘Therefore, the iarger grain size

of grain boundaries increases.
of the compacts sintered in flowing water vapor as compared to flowing
air or static air can be attributed to the faster initial densification

rate of the former.

(2) Dihedral Aégles

_ :Table III'liéts the dihedrallangle measurements of érain.bouh&ary
_giooves of hot—pfessed polycrjstallihé MgO anneéled in étmospheres_éf'
static air (96°), flowing air (56°), flowing water vapo; (32°), and : |
flowing waﬁér vapor followed by static air_(96°). Figﬁré.S (2000%)

shows a surface of a hot-pressed specimen of MgO which was annealed in
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static air,-and Fig. 6 (ZQ,OOOX)’shOWS a grain onndary groove of. this
specimen tiltéd relative ﬁo the aiié.of.the cOhtam;natioh 1ine.(dark
line) pérmittiﬁg ﬁeésufement of_theﬁdihedral'aﬁgle. ‘This exPérimeﬁt
would.be éxbected to most closely appréach equilibrium_éonditions since
it is‘mést iikeiy to be in>equilibfium with its owanApor, and ékhibits
A the largest diﬁe&ral angle. .
The specimen sintered in f10wing'air has a dihédral angle of 56°.
Since thefgrOGVe root of a grain boﬁndéry intefsecting a surfage has a
” poéitive chf?éﬁure aﬁd a stressfconéentrétion'exiéfs in the\gfaiﬁ-bbundarY'
afiﬁhé roqf,‘é higher vaﬁor pressufe exists above the grdévé root than -
abb?e a plaﬁar éurface. Under dynaﬁic conditibns; thevvapof Spé¢ies abévé
drspéciQEn can be sﬁept away. As the system attemﬁts to réstéré the |
eqpiiiﬁriuﬁ vapor pressure, materiai vaporizeé ﬁdre’from'thé higﬁer :
enéfgy curved surfacé_at the groer root;ﬁ If vaporization iévrapid com-
éaféd to othgf'maés transport mechanisms which attempt to restore‘the
equilibrium_shape'of the dihedral angle, a nonequiiibpium'or expérimentai»
' dihédral'angle which is smaller than ﬁhé equilibriém_angle will résult;
TheISmaliést experimeﬁtal dihedrallaﬁglé (32°5'was observed_fér a
'spééimen‘annealed in'flowing water vapof. It is nbtvknowﬁ:whggveffect
wé#ér vapbr méy have on the interfacialvehergies'qvagO at 151046. It
hé; been_reported_that negligibig water vapor eXiété on-the:surféce at
15-17 |

1000°C and that in the presence of static water vapor a transient

ﬁoledulaf»adsdrption or chemisorption of water vépor-on MgO may pcéur
with a reduction of st.18 If the gfain boundary .energy is unaffected,
then the dihedral angle would be reduced'overbthat‘in static air as

observed.’ A'more 1ikely explanation under flowing cohditions, however,
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- is that a molecular layer of adsorbed hydroxide does not form but a
"'complex of- H;O and Mgo can form which has a higher vapor pressure than
MgO gas._11 This reaction would occur more readily at the groove root’
because of.a.higher stress concentration. Vaporization of a complex is-
supported by the appearance of precipitates on the'surfaee'of the.specif
men, as shown in Fig. 7 (2000X)., uhioh'probably formed on cooling from
the test'temperature. This condition would thenfresult:in a corrosion
effect with a smaller nonequilibrium or dynamic’dihedral angle Sinee
st would‘bevexpected to remain the same as that forvthe static air value.
:Another’experimentvwas‘performed to determine the effect on the
dihedral angle 1fvnonequilibr1um conditions were 1ntroduced and then
essentially removed. A specimen was annealed for the first 700 min in
flowing water_vapor and then for an additional 700 minvin static air.
The measured dihedral anglevwas 965iwhich is identical to the static air

value.

(3) Correlation’of'Densification with Driuing Foreesbfor Sinterigg
. .At'any,instance during sintering, if the experimental or.dynamic

dihedral angle is lessbthan the equilibrium value,hthere is a thermq-
“dynamic driving force expressed as A for continued mass transport from
the grain boundary to the adjoining surfaces and sintering. .The value
of ¢ measured in static air was used- as the equ111br1um dihedral angle.
The dlfferences, A@ orr between the dihedral angles in static air and
other atmOSpheres given in Table 111 represent the driying force due to
the corrosion effect alone. Figure 4 indicates that the largerbis the
-value ofrAQ s the greater is the den31ty at any given time. The

orr

growth of gralns and pores with essentlally no increase in den31ty during
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the sintering:of:compacts'i;‘HZOfvspot‘beyond‘lOQ ninutes of sintering
suggests'the,loss of the corrosion'effect>dne to'the formation ofhclosed
pores. | o |

For Mg0 cOmoects useo‘in;this study, the'maxiﬁum.measured‘vsine>of

96° for ¢ wes'consideredto be ¢eq._-Although thecoerticle_Packing_was
' itregular and,inhomogeneous, the avetage bulk green!Void.VOlume of’0,55
wasisimilar to that for simple'Cuhic packing which-has a'yaIUe.of~¢cri£
ofb909 when second'neareSt neighhorsvtouch to form closed pores,'and of
109§.for complete densification. Therefore, no thetnodynamicibetrier
wonld-be expected for densification up t0'the‘point_nhere second‘nearest
neighbors touch, hut there may be one to reach comniete densificationv
resulting in an endpoint density. | .

thhe slon’densification ratejfof the sintering experiments,in”static-
air suggests that 'necks; formed at particle-partlcle contacts resultlng o
in Qeq'h The driving force then‘ls due to an upset of @ from equillbrlum;
because of_mass transport due to the teverse'curyatutes of the partlcle'
sutfacesvin3the:neck.regions attempting to‘reach;a minimum eneréyfcon—
fignrntion;:.Under these conditions, A remains small. In flowing'
atnospheres, hoWever, the corrosion effectitends tOvdecreesefédyﬁ.end ,
incteaSesAQ With an increase of the sintering ratesvehove'those;fot
stetic air. o

V. CONCLUSIONS AND SUMMARY

. (1) Theoretical Consideration
The thermodynamlc analysis of SOlld state 51nter1ng indlcates that
'a small Yg /Y ratio for the system and a high density of the unfired

compact favor den31f1cation, and also that the ratlo must be less than the
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B ~eritical ratio for a_given‘§Ecking of particles to réach_theoreti;al
i&ensigy. Therefore, any ;dditives that would fedﬁCé Y;s relative to Y;v
would enhance sintering, or méke sintering densificafion possible if the .
YSS/YSv ratio‘for a given.@aterial is fhen reduced beléﬁ,;he critical

vélue;

Additionally, thé,thermodynamic driving force for sintering, A9, ié"
given by Eq..(é)_and‘is dependeht on géoﬁetry, chemicai”effetts, and. |
corrosion. Corgoéion is effective during the opén'poré sfage of sinter-
ing. . B . o

The model“pfésented here is based on uniform packiﬁg-of'spherés of a
given;sizé with iSOtropic'interfaéial energies. Sinﬁériﬁg of sﬁch
systéﬁs would n&tvlead to grain boundary motion or grain gro&th in thé
iopen pore stagévalthough'motion would'probably occur-after déyelobment of
second neighbor c@htacts'due to geometric férmation'of_nouequilibfium |
trip1é point gonfigﬁrations. " In real systemS'complexitiesvare introdﬁced
'bécause‘of_a réngé of’particlebsizes and shapes, aniéotfapy of inter-
facial.enérgiesféndinon-uniformity of packing. Only the latter fagtdf
has beeh discuésedl The other factors could develop cdﬁditions favorable
':fdr-gfain bodndary'moﬁion and grain growth during thé open.bo;e stage.‘ ‘ "‘
These.factofs ate_présentlybbeing considered.b This discﬁésion, hoﬁevgr,'
should'provide an initial contributionbto the underéféhdihg of the factors

that are critical in controlling the sintering process.

(2) ’§§perimentai Considerations
Sintering studies of Mg0 compacts annealed in three different aﬁmo-‘
spheres at 1510°C revealed that the fastest sintering-rate occurs in

flowing water vapor and the slowest in static air. All specimens yielded

o
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approximatel& the same ehdp01nt den31ty of 93% of theoretical although
. they attalned thls den51ty at different 31nter1ng.rates.
Corresponding'dlhedral.angle measurements indicated that the.
smellest'value'(32°) occurred in flowing_weter vepor and the largest in
static eirv(96°),g-The corrosive effect of.a'flowing water vaoor,atmo;
sphere.leads to a emall ¢'yn and a 1arée Ad uhiCh"ie maintained during
31nter1ng and thus prevents neck formation between partlcles.' in‘static.
air, no corrosive effects occur; a bridglng neck probably forms between
partieles reduelng A% and thus also the sintering_rate._
'It-is not known whether the 93% theoretica1~density which was
atteined,is ahtrue endpoint density or was due primerily to inhoﬁo-
geheities iutroduced during fabrication of the eoupécte;. For compects |

with an unf1red density of 457 theoretical, if 96° is the true equilib-

rium dihedral angle for MgO at the experlmental temperature, the observed o

endpoint den31t1es are not completely due to inhomogeneltles but are also
partielly’due to thermodynamicvendpoint densities reached in certain.
regions of_the:packings. | T
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Table I. Parameters for solid phase sintering models

© LBL-3546

ss" 'sv

DC  sSC ©  BCC FCC
'Fractional initial void volume: 0.68 0.48 - .'0.32 0.26
At point of second neighbor
contacts or endpoint of Eq. (5)
P (Linear shrinkage based 1 _
on Eq. (5)). 0.277 ,0.184?' _0.102 0.084
o, (dihedral angle) 104.4 89.6  59:6 59.6
YSS/YSV 1.226 1.416 . 1.734 »;.734
Fractional void volume 0.101 0.036  0.062 0.035
At theoretiéal-density: B
Pb'(Linear shrinkage of cube
“with original edge length . _ S
of 1) o 0.316 0.196 0.121 0.095 -
¢ (dihedral angle) 109 71.5 109
Y Iy <1.074 1.161 . 1.625  1.161
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Densitles under varying 81nter1ng '

':condltlons at 1510°C

Std.'DeviatiOn;'

. 0.033  0.040  0.019  0.019

Time in minutes 50 100 700 1440 2880
Stétic Air
" Density (13 specimens) - 1.921  2.550  3.043 - 3.270
std. Deviation - 0.024  0.131 0.018 - - 0.038
" Flowing Air
Density (13 specimens) - 2.039 3.017  3.280. ~ -
std. Deviation - 0.042 0.035 0.038 -
Flowing Water
V@or .
Density (13 specimens)  3.165 3.200  3.324  3.299 -




Static Air-

*Driving force for sintering due to corrosion effect.

o6 LBL-3546
Table III. Dihedral angles under varying sintering.
o ' conditions .at 1510°C 4 '
Experimental Dihedral Iy )
Conditions. Angle 88 sV corr
Static Air 96° 1.33 0.0°
Flowing Air 56° 1.81 40°
- Flowing Water '
Vapor - 32° 1.92 64°
Flowing Water
Vapor followed by = o K
. 96° 1.33 ©0.0°

ty
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*prouRe CAPTIONS
Interpénétratién'at twbvsphefe contaCt-;nd distribqtiénvof mass
in'ﬁeék fegion and in minimum(free enefgy"céﬁfigurationi  |
Ffagtional.shrinkage vs critical YSS/YSv.fgtio.for diffefént
ar;ajs_qf uniformvsize'spheres.
.DénSificatiph_steps‘bhvsinteripg sphefes_iﬁ:simple-éubic'péckfv_
’iﬁg:'.(a)vat Start; (b) ébmpleté-densification 6n-(100)'face;

and (c) continued densification along'(llo)vfaéet

. Density vs time for MgO compaéts:sintefed_at lSOOfC'in several

atmospheres. .

Surface‘of-hot pressed MgO specimen anneéled in stétiq‘air
(2000%) .
Grain boundary groovevtilted 47° around-the:éxis of thé con-_

‘tamination line.

"PfeCipitates on the surface of a specimeneaﬁnealed:in flowing

iwater’vapor'at 1510°C for 1440 minutes, which probably formed on '

cooling from the test temperature.
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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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