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' PERMEATION OF SILICATE LIQUIDS
- INTO SINTERED MAGNESIA -COMPACTS
'~ Boon Wong. -
Inorganié Materials Research Division, Lawrence Befkeley Laboratory
.and Department of Materials Science and_Engineering,f
. .College of Engineering; University of California,
: ‘Berkeley, California 94720 '
August 1972
© ABSTRACT
Fuﬁdamentéis ofvpermeationbkinetics of'd liqﬁidvinto‘a porous solid
compact and'fhe'corresponding microstructﬁre'changes in the solid due to
the perméating liQuid, either in the-preéence or abéencé of reactions, -
were studied from both theoretical and experimental viewpoints.
Equations for capillary penetration were deVeloped based on

, Poiseuille’s lawvfor.capillary flow-énd the generalized thermodynamic

o éoncept'of”weffing_of;a solid by a'liquid. Dihedfal anglé'equation used

‘for’deséribing.phésé:diétfibution (microstructuré)_iﬁ a solid-liquid

: syStém'was therﬁodyhéﬁiéally'derived aﬁd genéralized;' o
Experimental:studies were pefformed on the permeation of a number of

Léii;éate'liéuid§ into sintered magnesia (Mg0) compacts of about 92.5%

 theoretical density. The experimental results support the theoreticél‘l

-~ predictions.

”Permeatién ratévqf a.viscpus liquid into a_ﬁhomégeneous" compact .
'wiﬁhvfiveféapillafies.depehds mainly on. the d?iviﬁg fOrge for Wetting,  -
'whichiin;fufh aeﬁéﬁds.markedly 6n,the‘presence and rate 6fxany inﬁerfacial:
:chemical”reéqﬁions.' In addition, the average;pefmeation distance éf the

. viscous- liquid -into thé'cdmpactbinCreasesvparabdlically'with,time during-
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the iﬁitiél steges. A:ﬁegstivevdeViation from this parebolic relation- S

shlp usually results at later stages when the back—pressure developed by

compre531on of entrapped gases becomes 31gn1f1cant._ | _ R N
The mlcrostructure of a relatlvely dense solld’compact is markedly :

_affected by a permeatlng llquld. The degree of materlal redlstrlbutlop

V1n the solld by a solutlon-prec1p1tat10n process is 31gn1flcantly

'dependent on’ the degree of react1v1ty of the llquld Wlth the solld




»

e engineering."In’therqase of the'behavior‘of‘refractory”materials,

=1
1. INTRODUCTION

‘Permedtion is a fundamental process in many branches of science and

[N

”studies hare'led,tO'the conclusion thatdpermeation-plays an important -

role in the Slagvattack of;refractories_and onjmicrostructure de#elopment.

Permeation of slags into refractories usually results in reactions

vand corrosion;_ Duringvtheipast few'years,.the.meChanisn‘of slag attack

on ba51c refractorles of oxygen furnaces has‘been studled by several

'1nvest1gators. Herron Beecham and Padfleldl studled the attack of tar-
1mpregnated magnes1te br1ck by slags contalnlng numerous oxides. They

concluded that there were three main cons1derat10ns in slag attack:

(1) dependence of permeatlon of the slag 1nto the brlck structure on
wettlng of carbon by llquld slag, (2) permeat1on of the slag into the *

brlck structure due to decarburlzatlon caused by: reactlon of carbon w1th

-'some oxides 1n the slag, and ( ) dlssolutlon of MgO'from the bulk of the
- brick by the slag.t Later, Hodson and Rlchardson2 studled the slag attack

» of -dolom;te, of fu51on cast magnes1te —chrome and of tar-lmpregnated

magneSite,'v'Basically, theirlresults were similar to those,obtained by

- Herron et sl. With fusion cast magnesite-chrome, they further observed

that slags rich'in'dicalcium’ferrite‘caused greater attack than silicates

since dicalcium:ferrite dissolved intergranular sPinelJ Recently, RaJu,

‘Aksay and Pask3 studled the permeatlon of 31llcates in magnes1a and
»_forsterite compaCts.j They observed that permeatlon occurred only when
“the solld was wet by the llquld and when open channels were available.-

» When the solld reacted w1th the liquid, the . formatlon of a saturated

SOlld solutlon or equ111br1um compound resulted in the blocklng off of
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the open channels at thevmacroscopic solid-liquid interface,_preventing
the perﬁeation of silicates.

Once slag has permeated into the refractory structure, some redls—

tribution of material occurs.' Smithh flrst established the pr1nc1ple of

equilibriumidihedralrangles:to explain the phase distributions (micro-

_.structures) of metallic alloy systems.” He p01nted out that the equilib—
riun.dihedral angles 1s governed by the magnitudes of the grain boundary
interfa01al-ten51on and solid-liquid 1nterfa01al ten51on. During the |

5,657

past ten years, White and his associates studied systems hased_on
mixtures of 85 wt% periclase and 15 wt% monticellite which consisted of a
solid and liquid at 1550°C. With an additionvof Cr203, they found that

the degree of direct bonding between the magnes1a grains was promoted

v-equ111br1um dihedral angles was 1ncreased ahd firing shrinkage and growth

b';of'pericalse érains were inhibited. In contrast to Crzoa, additionseofHV
t Fezog, Alzoa and TlOz decreased the degree of direct bondlng and the

' dihedral angle, and 1ncreased the firing shrinkage and grain growth. The‘
equilibrium dihedral angle was found to be 1ndependent of the amount of
liquid. The grain growth was found to be proportlonal to the one-third

'power of flring time

The objective‘offthis study was tocunderstand,'both from theoreticalr

~and experimental viewpoints, the fundamentals of permeation in the’
‘absence and'presence ofichemiCal reactions. The corresponding changes in

 some of the microstructures were also. investigated.
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'tII. THEORY OF CAPILLARY PENETRATION |

In the follow1ng development of the theory of cap1llary penetratlon,

;two main types of caplllarles shall be con31dered' (1) caplllarles with

£l ow from one end and the other end open to the atmosphere, and (2)

’ caplllar1esvw1th’flow fromkone end and.the'otheriend isolated from the

atmosphere.  In order to 'simplify vth'e problem, 'svome basic assumptions are

made.

_ iA.*:Basic Aséumptions: -

For lamlnar flow 1n a 51ngle unlform cyllndrlcal caplllary,

pP01seullle s law (Append1x I) applleS'

q =& _ TR .
S at 8nlt

or
‘dv“-8n1v-r at. (1)
R
where'”
Q = disoharge rate: volume of liquid penetrated per unit time

hZP'=valgebraievsnm of effeetive pressures that:force the liquid_
-1along the caplllary ' o |
v .=_volume of llquld penetrated
f n> =fcoeff101ent of v1scos1ty of the llquld
1 _% length of the column of the liquid 1n the caplllary at time t pl

r ='radlus_ofvthevcyl1ndr1cal caplllary.
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The volume of the liduid in the capillary at time t Can:be.giyen by

2 : o - ' - :
e W

B. Physical Aspects of Capillary Penetration

. In the absence of any chemical changes, the‘radiué,of the capillary
can be‘treateq-és a constant. Differentiatibn of Eq; (2) gives
t

av = wr?ar,. = N )

Substitution of Eq. (3) into Eg. (1) results in

.- Tir dlt gﬁi—-r dat
: t
;or'
B o | (4)
dt 8nlt' ‘ '

Equation (L) is then the general penetration.fate,equation-in the
absence of any chemical changes as the s-1 (solid-liquid), and s-v (solid-

vapor) interfaces of the system. It was first derived by Washburn.8

1. Consideration of the Parameters in the Rate Equation (Eq. (L))

components making up the effectiVe pressure can be expressed as:

IP=P +P +P -P : (5)
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" where P

)= et@oephepie pressure = 1 atmos. (in:eir)_.
, P, ;-hydrae;ic pressure #.bgh (p is the_density:of the liquid,vg is
L gravitational constent,ih‘isbthe depth of liquid above the N
cehteriof tﬁe:mouth of the capillary.censidefed)‘
P, =:eapillary pressure' ,
-Pi =>iﬁternal baek'pressure caused by entrapﬁed gas.

According to Laplace's equetioh for a spherical bﬁbbie

. P“= —-—gylv o Lo | '(6)v
c R _ ' o o
where
bYlv'% sufface'tension at liquid-vapor interface
' R_ = radlus of. the spherlcal bubble.

If complete wettlng of the SOlld by the llquld or spreadlng, doesv .
;-not ex1st ‘there 1s a contact angle 0.
‘In Flgure l w = 2(—-- 6)

sinlgt= %u
hen
s G-o) =
etahd:aleO»' '
| 'rcos 9'=v%4
Loese @)
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- Substitu@ipn‘ofVEq.i(7) into Eq. (6) gives

.. .2y, _cos O : o
.Pc T r St R : (8)
This is'the'expfessiOn-f6r capillary pfessure uéed ih:Washbuin's paper.
Since the driving force for wetting is (stéysl)nahd according to

Young's- equation’

| Yov o1 Yivy C?S o (9)
where YSV"Yél are‘thg_solid-vapor,'and'solid-liquid5interfacial tensions,
respectively. ‘In order to take the cases of spreading‘into consideration
also, the more correct expression for.caﬁiliary'présSure should thereforé-

be‘writtén as

_  b - 7 /. :  . ; o (lb)

. b. Thefcoefficiént:of_viscosity, h. In the abéénce ofvany chemical
Changeé at the inﬁerfaces of the system, the composition of the liquid is
éonstantfat'cdnstant temperature. Therefore, N can be treated as a con- .

 stant.

2. Some Typical Capillary Penetration Systems.

'a. Flow from one end.

- (1) With other end open to the atmosphere. ‘Pi.fin this case is a .

constant and equal to P, which can be approximated by assuming
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P, =P W .- (Po is the initial pressurévof'the‘gases in the capillary.)

SP=P +P . : - ©(11)
h - "¢ o

(i) Horizomtal caSe'(Figure'2).‘,A combination of Egs. (4), (10)

and (11) gives -

a1, 20y_~v_;) , o
t _ r ' sv_'sl ‘ _ -
at " 8t [Pgh T ] o B
Integration of Eq. (12) gives
o 2 _ 1 "‘2 . |
L = I leen 2%+ 20y v Irlt. S (13)

Equation (13) is parabolic. The penetration distance, 1> will thus con-
tinuously increase parabolicaliy with time; i;e., there is no -end-point

. penetration distance assuming that. the capillary iS'semi-infinite;

(ii). Vertical cases

_(a),Downward flow (Figure 3); With this configuration
o RE pg(p.+ 1) B : (1k)

From Eqs. (1), (11) and (14)

‘a1, 2 2y _~y.) 0 o
t . r sv_'sl’” |
& ey, [ + pg(h + 1)1, (15)

¥
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integratioﬁ of Eq. (15) givésv'

. . |
" =4/’ it = -
. o 2

“"8nltdlt‘
,z(yé.eysl)

+-pg(h+lt)] |

Aéaiq:jthere is,nqﬁendpﬁoint'penetration distance.

b. Upward flow (Figure 4). 1In this case

'v.P£ %-pg(h%lt)" V'v | L ',_' B '(17).3'.

From Egs. (4), (11) and (17) it follows that =~ . f

dt By

"Integration QfﬂEq.i(18).gives

. :' (19)

For veftiCal]éases, ﬁﬁen the firing'time'is very sho"rt,_lt is small
and the hydraulic pressure effect is negligible. Under these conditions,

 the capillary penetration kinetic equation may be expressed approximately

- (16)'-"
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ésvli = kt where k is.an arbitrary constant. . There_is‘an end-point pene-

tration.distance for vertical upward flow‘case:. setting Eq. (18) to

zero gives

R 2(Ygy7Ygy)
t _ pgr
tamr. . L

1 +ho | (20)

" (2) With other end closed. The préSsure.Pi'in the leSed end of the-
capillary is

Par’L, = PL
Q - ) ]

VP. = =
L ﬂrz(L-lt) (Léi;)

(21),

where L equals the total length of the capillary. =

(i) Horizontal case (Figure 5).  From Egs. (L), (5) and (21)

it follows that

. | 2(y..~y..) PL ][ 2']
dl, . sv ‘sl . 0. T
t _|P, + pgh + == || R (22)
ek [_4 ‘ r | (I-1,) 8n1, C

By letting dlt/dt'= 0 in Eq. (22), when steédy state is reached, we obtain n

: 2(y -y ) P L -
_ . sv_'sl: Ke) o

Tt follows that

',P.r
Jo!

2 =Ll —— -
: S : + -
t . P, r+pghr 2(ysv Y

oo,

. e
ol R
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: Ffom‘Eg. (é3)ﬁiﬁ?éa@-be3séeﬁ_£hatiin/¢éséyo£ gas entrépmentyinside the.i,
 §apillary (assum;ngvgoﬁéolubility:gf gaS¢s in:the liqﬁid éhdtnovporosity_
leaks) lt_willvﬁefef feaéh_L;;i.eéhthére is aﬁ.eﬁd—poiﬁt pénef?afién dis-
tance agéinfv' | |

. From kq. (22);Tit'follows that

'-‘However,1Whén t is"smal1;glt-is also small and thevback—pressure byiéom—
'pr¢Ssed'éntrapped‘ggses is thus negligible, Under theseﬂconditions, the
vCapillafy penetratiQn kinetic equation mayvbe expréssed approximately as

‘lz = k,t, where_kl is an arbitréry constant.

(ii)‘Vertfca1 éasés

© (a) Downvard flow (Figure 6). From Eas: (), (5), (14) and
ERGPE . 3

a oy s ey Me) | BL f p2

1

 8”1td?f"' '.) o . (26)
2(y -y PL '
sv 'sl 0
,[PAfpg(hﬂt) Ty T (L—lt):l




©o1h

7,(b) Ugward flow.» From Egs. (L),'(S), (17) apq.(2l) the

differential is

Bnlgat o (28}

- 2(y_,_-v.,) ~PL ' :
; : sv-'sl 0

[?hfpg(hflt) +_ r (L_lt)]

_t:

When t i$'sméll,‘1 is'alsé'smai;vahd phé hydréUlic préssﬁre and the baqk;
pressure §f the compréésed'éﬁtrapped gases are negligible. Under“these_'
conditioné;-ﬁhe_quiliary pehétfaﬁién ginetié equatioh méyzbe expressed .
approximétély a$:i:;= kzt; where k, is an afbitrarjucoqstant.' quever,
‘againvthére‘is an end-point pénefra#ion distance-fof each of the,verticél

cases with gas entrapment in the capillary.

" b. Flow from Both Ends.

«(l)'Horizohtél case (Figure 7). In this case
P L
. o

where L =’thé total length of the capillary. From Egs. (4), (5) and (29)

we have

;
i
b
]
(
i
|
|
.
1
I
i
i
LR
:
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dly - i{p + p oo+ E(st_ysl) _" Pl r? (30)
at  |taTPeT Tz-21,) |[8nI, :
| When'dlt/df = 0, then Eq. (30) gives
_ : Pr _ .
. : 1 o : v
1 =L |- (31)

t 2~ L4(y -y _)+P r+pghr
14500 . sv 'sl” A

From Eq. (31), 1, will never reach the value é;‘i.e;'there”is again an
end;pointvpenetration;distance.

UpOn_integration‘df Eq. (30) one finds

T

SRR S _ tot (32)
" t_./ dt _ r? N ' Q(Yév-ysl) Pl
S S | Epteed o

t

entrapped g&ses is négligible.’ Under these conditions, the capillary

Whenlt is small, 1 is also small and the back—pressure by compressed

pénetratiqh'kinetic-equatiOn may be expressed approximately_as li = k3t,

" where k3 is an arbitrarytconstant.

" (2) Vertical case

(i) Downward flow (Figure 8). 1In this case

Py T eslmtly) o (33
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and -

R 'fi";" B (3

t

From Bgs. (), (5), (33) and (34)

CpL
’ O

—=— + pg(hi+l1 )+P, -

'¢lyt = _r?  “2(YSV?YSl)
odt T 8nlyy T

- Infegiatiéﬁvbf“Eq.f(35) gives =
11y . . _ _ _
Sy 6

AT PL -
- sv 'sl) L ' : 0 .
..[ r . +.9g(§1+l1t)+ ' E:TEIZIEEZT].

(ii) Qpﬁard‘flow'(Figure 8). 1In this case
Py =eelbeslz). o (31

FromBgs. (4), (5), (34) end (37)

20y, ~y.,) T 3 PR N .
SV sl + pg(hz-lz€)+ P () r __(38)

'd12£ 
A me-(lltf;zt) | gﬁizt

at .} . r
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Integration of Eq. (38) gives

t
t ) . o 8nly.dl,. o
1 - o C°t %t
t = . t = — - .
f a == 20y —v_) TP I (39)
o) r __g_y____s_l_ + pg(hz_lz )+P - ) ]
r , N A} L—(11t+12t5
(o]

When t is small, llt andvlzt are very small and the hydraulic pressure
and the back-pressure by compressed entrapped gases are negligible.
Under these conditions, the capillary penétration kinetic‘equations can
be expressed approximately as 1ft = kyt and.lzt = kst; ky, ks are arbit-
rary constants. However, Wifh entrapment of gases in the capillary, an

end-point penetration distance will exist for each of the vertical cases.

(iii) Average vertical flow (Figure 9). If Pﬁ is the average

N :
hydraulic pressure, then Pﬁ = pgh, and the downward and upward flows are

considered to be equally fast. Then

Eiﬁ.: P + éﬁ + E(YSV-Y51) - For r’ (29a)
at AT P r L-21, Bnl,
and
- Pr ’ '
_ i 0 ' _
1, =1L| 3 ) (30a)

h(st_Ysl) +PAr+pékr

With entrapment of gases in the capillary, and end-point penetration dis-

tance will exist. Integration of Eq. (29a) gives



L; Wod w9 C‘; iy P ;:3 »)
o 219.
et ol 8141, -
" : 1 t . en toE s

t= ] ‘at == . ST |

' f .- - W 2ly_=vy_ ) . P L -(31‘5%)
I C. P +pgh * sv sl o . . :
o o [FpTP : L2l

r t ]
When t is small, 1ﬁ'is also small and'hydraulic piessuré and back~
pressure by compressed entrapped gases are négiigible. Again under these

conditionS5vthé capillaryvpenetrationvkinetic'equatibn may be expressed

2
t

C. Chemical Aspects of Capillary Penetration

‘approximately as 17 = ket, where k¢ is an arbitrary.constanf;

In this séction, only the hdriiontal penetration cases are tsken into -

consideration. For the cases of verticélﬂpenetratiOn, analogous treat-
ments can be applied similar to those in Section II-B-2.

1. Physical Wetting

The wetting process of a solid by évliQuid,.iﬁ brief, is that'

process dﬁfing whiéh’the solid-vapor inteffacial area,is replagedvby a
, solid—liquid'interfaciai area. USuélly the degrée‘of wetting is indicated
.by thébcontaCt angle © as shown in Fig. 10. At eQﬁilibrium, if -
0°< 0 <90°,-ﬁetting is said to occur. .Complete ﬁetting‘or spreading
.develops when the driving force for wéfting ié‘gréate? than Yiv’ COr?gs;
ponding to 6 < 0°. . If 90° # 0<180° non-wetting[éf the solid existé.

‘:vYéﬁng's equati?ﬁ;;Eq.-(9); hbwever,.haé its restrictions. Réferriﬁg
to Fig. 11, it is'Oniy applicéble forvthose céhditioﬁs wheré:bbth

o« . o <:> <1 ' _ ' . When v .
0 ~\>6§2180 (1\fc93‘e\\ 1) and |st Ysllnglv Wheg Yqp is large gnqugh
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'to mahe:y Y .5f; Yl . then no 1nterface formsr. fhe only condltlon'
:whlch is. of partlcular 1mportance in studles on. wettlng that cannot be
vdescrlbed by Young s, equatlon is the condltlon Y Y .vyl > 1.€.
Spreadrng A dlscuss1on followsr |

2. Effect of Chemlcal Factors on Wettlngf

| In the flrlng of refractorles chemlcal changes frequently occur at -
vsoild—lléUld 1nterfaces._ The degree of wettlng of the golid. by the
vllquld is then 1mproved and the contact angle decreases or spreadlné
Qeéurs. o S S : : .
Young s equatlon, as can be understood from 1ts form, only abplles hn
to steady state cases; Therefore, ;n,the presence_of chemical reactlons}
at interfaces, Young?s equation cannot;be appliedkdirectly. A_modffied
’.form of:Young's eqnation shocld‘then'befde#elopedrg. |
‘ a1 fi& =fs§eciffc surface freeenergfes>at;soiid;va§or,:

‘SOlld—lquld and liquid-vapor 1nterfaces, respectlvely o

Iff_,f
sV

u chemlcal potentlal of component 1
F Til, Tiv #'excess 1nterfac1al concentratlons of the: 1th;com~

-cponent in.a System at the solld-vapor, solld-llquld and the llquld-vapor‘v

o 1nterfaces respectlvely over the. concentratlon in the bulk
Iy T = surface free energy contrlbutlon at the s-1 1nterface due

3°J
to a s-1 interface,reactlon; ‘Then . '~”j tfh- B ; IR
'[fsv - EuTy ]' [ for = I Wl (T Ty )] >[('flv‘ - Lyl Jeos e] :
i . ) - i ] C X j s . L . i N S ‘
. R . e (uo)

*"Minus" sign, since s=1 1nterface reactlons always lead to a lower free
: energy at s-1 1nterface. -
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The inequality oceurs- usually when the_réaction term

2 s
Ijujjl

is iarge.

3. Kinetics of Wetting in Presence of Chemical Reactions

Chemical reactions'bétween the solid and contacting liquid.can_
markedly afféct the wetting phenomehon. _During‘ﬁhe course of a reaction,

the reaction term

|2 .t
3 JdJ 0
which'contributés fo fhe drivipg force fdf weftihg, méy markedly affect
’the wé£ting beha?iof;' ThuS,iyéttihg will depend 6n the producf ratio ofv
the gctivities of thé reactants invthe solid and iﬁ the li@uidvat’the_“
;solid—liéuid;vapor jungtiohs.- With the cdnfiguraéion:shown'ih Fig. 12,
the'following assﬁmptions oh the systéms-to be aiscussed are made;‘
_(a) diffusidn of aﬁy reactant species A in a liquid,isvalways fast,
(b) diséoiutiénvraxe-qf the sourcevﬁatérial AXVof the feéctant A in the
liquid, AX;A+X, is élﬁéyé fast, (c) the solid-liquid interface reacfion
A+5AS, is alwaysifast,rand (d),the-liquid is-always saturated with
respéct té.ﬁhe components of thersélid. |
Tﬁé firéﬁ case_to'bé considered is 6ne in.which diffusion ofISPecieg

A in thé solid is rate COntrolliné. No depletibn of reactants occur.in
vthe liquid and the.soiid (i;é. each oﬁe of the.reaétént species has aﬁ

"unlimited" reservoir of its own.source material so that each of them
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always can remain at maximum concentration or solubility limit in the
liquid). Therefore, the ratio of the activity of species A in the solid
and in the liquid at the solid-liquid-vapor junctions is very small;
significant and rapid reaction always occurs at the three-phase junctions
between the vapor, liquid and solid. The term

N

DR
d

is then always significant in Eq. (L40). As a result, low or zero contact
angies (good wetting or spreading) usually exist. |

The second case is one in which either a depletion of the reactants
in one of the phases occurs or when diffusion of species A in the solid
is so fast that the diffusing species enters the solid beyond the periphery
.of the liquid drop. The significance of the reaction at the three-phase
junctions will then be reduced (the ratio of the activity of species A in
the solid and in the liquid at the three-phase junctions approaches one)
and larger contact angles are usually observed.lo Depletion of the
reactants in the liquid usually leads to the "pulling back" of the liquid
after reaching a low contact angles or spreading but not both in the
initial stages of reaction. Fast diffusion rate of species A in the solid
usually saturates the area of the solid to be wetted ahead of the liquid
part, resulting in an "equilibrium" contact angle. Under these cases,
the reaction term vanishes and Eq. (40) may be written in the foliowing

steady state form:



o
o

| e

725;'.

- [%sv - ? UiFi*] e:[fgl_— E “iri ] = [(flv _'Eﬁuiri_ )«oosﬂd]f v(ﬁl)v

If it is assumed that (a) the change in v1scosity of the liduld is

r:negligible, (b) the capillary radius 1s constant, and (¢) " the dominant
pressure acting at the 11qu1d head is the capillary pressure of wetting,_v
jthe penetration rate of.a liquid 1nto a capillary then depends on the
iwetting behav1or of the liquid which in turn depends greatly on the

| chemical react1v1ty¥of the liquid With the solid. |

In the'presence of chemioal reactiOns,'Eq._(lC) giving the capillary

pressure of wetting can be written 1n a more general way as

B Oy LTI B

vFoilowing'the.preVious relationships, if a'reaction occurs that con- -
tributes;to increasing'the capillary pressure and is sustained, the rates
" of penetration of suoh'iiquids are enhanced. In the'absenoevof the term

|
jJJ

| -as a_contributing'factor to the capillary_pressures,és describedf
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previously, the rates of penetration of the liquids are slower with all
other conditions being the same,

In case of no significant back-pressure introduced b& the presence
of compressed entrapped gases in the capillary, the penetration equation .

can be written in a general and simple way as:

or upon integration

,,.J

2 .
t_ _r _ sV _ sl _ sl
£ - on {l:fsv L HsTy ]' [fsl RER +'< |§ M55 l) } o (u3)

i

Equation (L43) is parabolic. Therefore, whenever capillary pressure is
dominant, the kinetic equation for capillary penetration can be expressed

approximately as li = K6t’ where K6 is an arbitrary constant.
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-ZIII}"THEORY OF PHASE DISTRIBUTION IN. SOLID—LIQUID SYSTEMS

Once a liquld has permeated into the solld compact along open

{,channels

redistrlbution of. the solid phase may occur. Flrst “the -

E spatial arrangement of the phases in equillbrium structures, as’ has been_

described for alloys,h can be accounted for in terms of surface ten51on f

balances

at.intersectlons of 1nterfaces as shown 1n,Fl€~ l3 &nd repree

. sented by

" where -

Va1

‘The

" for- ¢ is

ss

(yu)”

Nn)k} "

interfacial»tension in solid grain houndary,

”interfacial tension’in the solid-liquid interface.

dihedral angle between solld-llquid 1nterfaces measured 1n the
llquid phase at the junction of the 11qu1d w1th the graln

boundary

‘d Aé' The Derlvation of Dihedral Angle Equatlon

‘following]derivation of the dihedral angle equation (Eq. (43))

based on the model given bnghite.lla Thevassumptions are that

-bthere are'twodphases.(one solid and«One liquid) and that the solid

v'particles are Spheres of equal s1ze 1n1t1ally in contact and enveloped -

'by the liquid phase.:_

7; At constant temperature, pressure and comp051t10n, a solid-liquid N

' fsystem such as the one shown 1n Flg. lh gives.-
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Figure 13. XBL726-6368 -

(b)

Figure 1h. © XBL726-6369



.where»(GG)sy

Y

A

systeﬁ

= surface tension .

= interfacial area

29

(b5) -

differential change of Gibbs free energy for the entire

During liquid phase sintering, the intefpenetration_df<the two SPhericai"

particles occurs. The material of the caps.displabed is assumed to be

kdistributed uniformly over the spherical surfaces by;a solution and re-

precipitation process. Then the materialvbalancéﬂfor each spherical

partfcle,reqhires'fhat

where
| Vo= initial volume of eaqh‘SPherical,partic;e m
_V£ = vo;ume of each interpenetrating spherical‘parﬁiclé
V¢ab =‘volﬁme of the cgp rémoved from.each particle

Vs = pgvt_vcap

o = the density of the solid.

' Differentiation of Eq. (46) results in v, -av, = 0 or

(46)
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4r?dr - 2rhdh - h%dr + h%dh = O

(Lbr? - n?) ar = (2rh - h%)an

i:’g.h(zr'-‘h)_

(2r + h)“(gr - h) dn

dr =

dN(%‘f—,g) LR e

where r isﬁthe‘réaigs:of_tﬁe spherical particle»with a volﬁmeVVt and h
is the heigﬁt of the cap. |

Let A = ﬁhe surfaég érea;of.eaéh sphérical pafticle.with:a_volume
' Vt’Al = fhé curfed sﬁrfacé>area4of'thévcép; andAA; ¥ théiﬁasé aréa of

the cap, then

A=t )

e
"o

omen (49)

'n.yz.:‘."n'[_rz - (r;hjz.] = TI'[QI‘h'—hZ]- -. (50)

o

Differentiation of Egs. (48), (49) and (50) results in




From Eq.;(hS);'

Substituting Eqgs.

-

Substituting Eq.

one- sphere .

i(51),

W G 4
-31-
= 8mrdr

2mrdh + 2Thdr

2mrdh + 2mhdr - 27hdh.

(52) and (53) into Eq.

(Eh)fone finds

(51)

(52)

(53)

| (6G>one sphere / d.A2 * (i/q dA'dAl) (s

—A-—A 1

5;;) ' = Tr[- ..§fyss(hdhfhdr—r;dh.') + 26f yél(h.rdr-rdh—hdr):,. (55)

G)i =g

~’one sphere

[ e
s Yss(rhdhfar:dh)_
. . 2r+h- »

| fy_.(3rhdh-2r?dn-n?
+ 26 sl »
: ) 2r+h

-

(47) into (55), one obtains

dh)

shared by 2 spheres :

‘-Ji

*D1v1ded by 2 because each base of the cap is assumed to be equally
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At equilibrium, (6G)one sphere.= 0. Equatlon.(so) Becomes

*Ygs»';V (2r-h)(r~h) _ r-h

N -

L leemGe) _mn
'~2Ysl : r(h-2r} S
.Or
oy = 2Y 1 cos g-. o B - S (hh)_

ss.

when_yéé ;;2y81;f¢-=ho and conplete penetration'of the.liquidlphase”
'ebetweenhthe two solid grains will oocurf.-When Ys$;<2Ysl’_¢ will'have‘a.
finite valueband the liquid cannot penetrate-oompletely aiongvthe grain
boundary The degree of penetratlon will decrease as the ratlo =2
3decreasesvand ¢ 1ncreases, When Y =Y l’ the SOlld ano liquid Eihare
as 1dent1cal phases and all three angles between the 1ntersect1ng

boundaries will. be equal (¢ = 120°) S If v <Y 1’ then 120° < oL < 180°..

Therefore, -a llquld w1ll penetrate the graln boundarles only when
Yoo = 2Ysl

B. Phase Distribution in the Presence of
" Chemical Reactions in the System

'Chemical.reactrons do play an equally s;gnlf;cant role in the
development‘of microstructures in sblid-liquid systems as in the wetting

v'behav1or of dlfferent llqulds on solids. - When reactions occur in a solid-

llquld system, analogous to Young s equatlon, the dlhedral angle equatlon '

for descrlblng the phase distribution should be wrltteniln a more,general v

form as follows:
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B A [ e R O ) |t SR
e ‘w}‘l'er:e. o
fss é,speéifig éﬁrfééé free éngrgy at-soiid—sélid interfacé
;;vui‘ris - :_s.p:g'cifi’c surface free engfgy change due: to composition
o 'qhqhgevatvSOIid;sdiid intérface, énd'the other.tefms_are
.15idéfiﬁ¢d,fﬁé”éame'as before. . | |

}Uéiﬁgfthé:éa@é;béﬁicIASéumpﬁions és'£hose.ﬁéde'in fhe theoreti¢él
vdevelopmeﬁt‘of capiliary penétratioﬁ;-tﬁo freéﬁéhtly obéérvea cases in
phésé;distriﬁuﬁibns>dué fo océurrencé of §hemical feactions can then be
¢lassifiea; A

In ﬁhélfirs#-éésé; the aiffﬁsidh 6f thé.reactiqn-pfoduct species '
1nto ‘the s.oljic:if _i..s‘“ assumed ‘gd be slow Then, thg. terfm. l)éujl“j,ll” in Eq. (57)
. 15'éiéﬁifﬁgaﬂffigi%ﬁéfinitiél,étégés;i>Tﬂer¢fore, thé dghedral ang1e will
._uéually:be:JOWIQriZefo and the liQuié has a qhaﬁée.fé penétrate ﬁost of
'Lfﬁéfgr;iﬁvaQAdariéé;f Ifiﬁhé-reégtioh iﬁvolves some solution of tﬁé
-SOlidehich,wouid.§ccuf/féadily dt:grain boﬁndaries;.then'penétration of
the gréin bgﬁpdé;ies:would bevenhanéed. When the:feaction; bgcome com—
3 pléﬁed,ahd the éystem,éppréaCheé thermoaynamic equilibrigm, the dihedral
‘angle énq grain;graiﬁﬁCOntacts'will inéreésé.
| . .In_the,sécb@d,casefthe_aiffusiop of»the*reggtion product species
'ihtbifgé1§Qiiaiis:éssp£é&'f§ ﬁejfast.réiéiiYe;toAﬁhé.sfl iﬁterfaée |
_ feactioné.' Undef tHééé,éoﬁditions, the lidUid ﬁill come in contact with
solid_thgtvis gsséntiélly in éQuilibrium with ihe liquid. As a result,

- ~¥See footnote on page 21.
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the term IZquE;I venishes and penetration along existing.grain boundaries

J

will not occur. Equation (57) may then be written in the following steady -

state form:

g T e
[fss T EwTy ]," 2 [(fsl_ Sl )] cos 5 Lo (5T
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Iv. EXPERIMEI\_ITAL_ B B

.Mbdéi‘péfméation-s&éfé@é were set ub to test'énd‘confifm'the
thebrieé iﬁ Sectioﬁs Iiyand iII. 'MgO.péwaeruﬁas chosen to forﬁvcompact, ;
.Tén,fpéﬁderéd sili9§te.liquid"vé@mﬁésiﬁibnslcohfainihg farious sesqﬁi;' '
6xidéé,:ha§ing diffefeﬁt chéﬁical feaétivities ﬁith'MgO atvthé anﬁealing
| témperature, Werérprépgred_as.permeating liquids,"These'materials wefé
choéeh because fotheifbimpoftapée inrthevbéSic feffaétof& faﬁriéatioﬁ
pfocesses, | |

A. Prepﬁfatibn of Sintered Magnesia Compact

: Réégéﬁt grade 9§% pufe'magnesium oxide péwder of Allied Chemical .
'CofporatiOn; N;X;,f ﬁa$;is6stétically presSed Under 30,000_psi at'rodm
.temferétufe‘fofmingvé large éombact'épproximatély 3 ém iﬁ”diameter ahd ;
T to 9 cm in length. ‘Thejpressed compact was slowiy heaﬁed and sintered
in aif at lSOOéC,fgr:iSIhours, and at 1550°C for. 3 hours, and furﬁace;
coOléd to fo6m tegp§rature. | |

. >Aftef_sihtefihg,vthé éoméacﬁJWas.cut into apéroximaﬁeiy equai-éized R
small“séécimené'ﬁith‘dimensions roughlyi0;5h cm x 0.54 em x 0.63 cm and:v.
polished. The_a#épgge:bulk dénsity of £he cpmpécts-was about 3;3l'gm/c¢
ﬁith an aVefage épgn porésity 3.1%. Takihg the theoretical density of
 pure:MgQ‘siﬁgle'crystals as 3.58 gm/cc,le'the’relative density fbr thev
compécts was 92.5%'of ihéoretical denéitya The compacts were then stored.

in a desiccator until later use.

~ *Appendix: IT
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B. Preparation of the "Powdered Silicate Liguid" Compositions

Ten different "powdered silicate liquid" compositions were prepared
at room temperature by intimately dry'hixing powders in tumblers for
about 24 hours. Mixtures of fine powders of'MgO, CaCO3, SiOz with
additions of the sesquioxides of Crzoa, Fe203 and Aleé* were prepared
whose compositions after reaction and-melting were:

(1) [Ca0-MgO+5i0;]

(2) 99 wt# [Ca0Mg0*5i0,] + 1 wt% [Cr205]

(3) 90 wt% [Ca0+Mg0+Si0,] + 10 wt% [crzo3]

(k) 85 wt% [CaOeMg0+Si0,] + 15 wt% [quog]

(5) 95 wt% [Ca0*Mg0+5i0,] + 5 wt$ [Fe 03]

(6) 55 wt% [Cao-Mgo-s;oz] + 45 wt% [Fey03]

(7) L5 wt? [CaofMgO‘Siozl + 55 wth [FezQé]

(8) 99 wt% [Ca0+Mg0+5i0;] + 1 wth [A1203]

(9) 90 wt% [CaO+Mg0+5i0,] + 10 wt% [A1,03]

(10) 85 wt% [CaOfMgO°Si02] + 15 wtf [Aizoa]

No premelting of these compositions was méde, and the tumbled mix-
tures were stored in a desiccator until later use. It was found that
premelting was not necessary for the subsequent experiments.

C. Permeation Studies

Each "silicate liquid" powder mixture was packed tightly on top of a
sintered magnesia compact specimen (with the polished surface up) in a
* ' :
magnesia crucible of 0.76 cm in diameter. Then the crucible was placed

in a Pt crucible which in turn was placed in an air atmosphere furnace

¥Appendix II .
¥%¥Norton Company, Magnorite-L80 fused magnesia.
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,jW1th M0812 heatlng elements, shown in Flg 15 The furnace Whlch was

h ;1n1t1ally at about 1150°C to 1200°C was then gradually heated up to
.1550°C. Flve assemblles of each comp051tlon were heated ‘at 1550°C for
.perlods of 5 mlnutes, 15 mlnutes, one—half hour,.one hour, and two hours;

__All spec1mens were furnace-cooled to 1200°C and then quenched to room

temperature in air."‘ | | |
','Each_epeeimehéwegbchp Qertieaily,inﬁovequal helyes, The’cut sec=

tione'ﬁefe1meuntedcin:fesinhahdrwere”eubjeeted to Stendard'cefamograﬁhiC'i--'

 pol1sh1ng.: Careful examlnatlons undervreflected llght Wlth magnlflcatlons

franglng frem 80X to hOOX were subsequently made of each spec1men.

_jPthographie‘studies,on microstruetures were done by using a
meﬁailographicvmicroeeope.- A number.ef fypical‘permeationvspecimens*were '
etched ih;order te.emphasize the_gfain boundaries_end'distribution of -

;fliquid;phéees in;theimeghesia compacts.
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V. RESULTS AND DISCUSSIONS

| A;_ Permeation of'Liquids

rj.A typlcal sectlon of.the mlcrostructure of the MgO compacts used for
'perﬁeatlon studles w1th 92 57 of the theoretlcal den31ty is shown in
Flg. 16. The avallable channels for permeatlon were very small.and
essentlally along trlple llnes whlch appear as pores on trlple p01nts 1n
 the two—dlmen31onal flgure;_ As a result dlfflcultles were experlenced :
in determlnlng the permeatlon dlstance of the llqulds into the Mg0 comy_r
"pacts. In addltlon the non—homogeneous features of the mlcrostructure,‘
vsuch.as non—un;form dlstrlbutlon of pores and-dlscontlnuous,gralu érowth,
further COmblioateu.the aetermihation of‘permeation”distances into tﬁe_
'oompaets. ngorous quantitatlve results were thus not attalnable.;;

From the analyses 1n Sectlon 11, physlcal permeatlon (w1thout any
.chemlcal reactlons 1n the system) of a llquld into a porous SOlld should
be dlfferent aiong hor1zontal and vertlcal dlrectlons because of dlfferent
’hydraullc.pressure contrlbutlons.‘ Montlcelllte (CaO'MgO SlOz or CMS) |
ziliQuid af ;55050 acoording‘uo the phase d;agram'of Osborn and Muan;3.is
:3at chemicaleequilibrium with Mgoraftervprecipitation,Of a small amouuf

’of Mgo probably on the magnes1a gralns. Flgure 17 shows log-log
__grelatlonshlps of permeatlon dlstance of thls 11qu1d and anneallng tlme'
:'_at 1550°C for average hor1zonta1 flow (Curve A), vertlcal downward flow1 
(Curve B), and‘vert;calrupward flow,(Curve_C);v The.differenoes can be i
vseeu_to;be'in aeoordanee with-theoretical predictions. Since these |
'v'differences are;small,‘hoWever; equally'signifioaof-results can be ob-

stained by indicatiug‘the‘fermeatioo of a'given‘iiquid either'by averag-

ing Curves A, B and C, which is shown as Curve D, or by directly using
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Figure 16a.

o
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Figure 16b.



Permeation Distance (crh) of Pure CMS Liquid into MgO Compact
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Figure 17.
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Curve A which is based on a. constant hydraulic pressure.
' Figures l8.and 19 show:the linear and logarithnic relationships of

average horlzontal permeatlon distances with tlme at 1550°C of the dlf—

ferent experlmental s111cate llqulds. The Crzoa-conta1n1ng lquldS had -

the fastest permeatlon rates" the 15% and 10% Cr203 llqulds completely
permeated the MgO compact w1th1n 5 mlnutes at temperature, and 1% Cr203
llquld permeated-through-the compact‘after 15 mlnutes,_'ThevS% FezQa»
.liquid was thevfourthvfastest, threas no permeationioCCurred with the'
‘high FezO;‘conCentration liquids (45% and 55% Fezoa); The lS% 10% and
l% Ales-contalnlng llqulds were the fifth, 51xth and seventh fastest,
respectlvely.' CMS llquld w1thout any add1t1ves had the slowest per-
meation rate: |

Figure l9 also'showslthat all of'the curves in-the initial stages,
of permeatlon have an average slope of approx1mately one-half or that

the permeatlon dlstance is proportlonal to the square root of tlme 1n

accordance w1th~Eq._(h3),' Thls'relatlonshlp is ma1nta1ned into the later

stages of permeatlon except by the curves for the slower permeating

' llqulds such as pure cMS and 1% Alzos-contalnlng llquld whlch show
‘average slopes of less than one—half after longer tlmes. When the per-
meatlon dlstance of the l1qu1d is small the back—pressure due to com~-
press1on of entrapped gases in the caplllarles is negllglble and.the

parabollc rate is esSentlally unaffected. "As the entrapped gases are

.SWept into the-center of the»specimen and compressed by the more‘slowly

penetrating liquids, the back-pressure is built up to a significant mag-

nitude and the total pressure at the liquid head is reduced resulting in
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3;neéatlve deuiationelfroﬁ the:initial one;half;slope, When the back
',pressure becomes.equal to the caplllary pressure, a steady state or end
polnt 1s-reaChed. | | | | |

lhe‘faeter permeeting liquids, such eevthoee COnteining Qr203 and
low Fezd; contentsband thuevuith reletively'larger”drlviné forces for
:.ﬁetting (as‘uill{he.seen leter), bypess the smaller closed-end channels.
The entrappeddgases eredthen.dispersed in emall nockets.instead of being
seéregatedvin the.center of the specimen,Aas shown'scheﬁetically in
) Elg.v20.' These geseé are conpressed in each of the nockets:as'hefore.
Penetrationﬁdiétancebthen;is,obserued throughoutvthe compacts according.
to an approx1mate parabolic rate. |

The rate of caplllary flow, given by Eq. (h) as developed in -

: Sectlon II, is controlled by the radlus of the caplllary, the v1scos1ty
:hv,of the llquld and the total pressure actlng at the head of the penetrat-
‘1ng llquld Although the radlus of the caplllarles 1s unknown, the _"‘
average radlus cen be con81dered to be a constant since the MgO compects
dwere_prepared at5thedsameAtime in the samevway.~‘The v130051t1es of the
,vdifferentierperiﬁentel silicote liquids are alsodunknown; but they can.f
‘be considered not-to-varyvtoo_greatly because of.the high O/Si.ratios
i of the llqulds.- The obeerved differences-could-be produced by chemicel »
'reactlon effect and will be dlscussed below. | | | |

.  B. Chemlcal Reactlon Effects

The capillary'pressure of wett1ng is determlned_by_thevdriuing force -
for wetting which is indicated by the magnitude of the contact angle in a
' sessile drop experiment: ‘the smaller the . contact angle, the larger the

. driving force for wetting;i'Spreading occurs when the driving force for



Figure 20A and 20B
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'wetting'exceeds the enefgy hecessery to extend the liquid surface

(st&Yslelv)' Figure_2l'shows the contact angles.of different silicate

liquids on a.(100) faeevof MgO single crystels st 1550°C in air, as

v'reported'by”Aksay}lo The contact angle of CMS llquld on MgO is about yre,

’Wlth additions of sesqulox1des (Rzoa)-tO{the llquld, the contact angle

decreases. Spreadlng,oceurred when 3% or more Cr,0; was added. ' Constant.

" contact angles of 15° and 35° were obtained when 3% or more of Fe,0; and-

S%IQrfmore oflAlgdg_were'edded, respectively. .

When RéOévis'pﬁesent-ip the liquid, a chemical reaction'could occur

' at’the‘solidéliquid»interface if the phases are not in thermodynamic -
equilibrium. :The_ﬁeture of this interface reaction and its effect on the

- contact ahgle'heve been‘discussed by Aksay;lo

R203(1n llquld) Mgo(substrate)-* MngO“(solld) l (58)

e 1f"£he'Mg0_is.unéAtﬁfated'ﬁifh'résﬁecf toyﬁgRgo;, the'reaction produet'
' Mngog w1ll contlnue to be dlssolved until the chemlcal potentlal or
:act1v1t1es of R203 in the llquld and substrate are the same. If‘the MgOv
&ebecomes saturated.before the excess.R203 in the liquid beeomes exhausted,

vthen a separate MgR,0,4 phase'will form st the interfaceg At constant

femperetUré_andipressufe:
H(R205 in Mg0) = u_(Ro03) + RTina(R:0s in MgO). - (59)

U( 20 31n llquld) (RZO )+ RTlna(Rzosln llquld) . (60).
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:(AU) whlch is. equlvalent to Zu

: then depend upon,the diffu51on'k1net1cs 1n the system. ‘Diffusion of R

by

_ Subtraction of (60)from (59) results in

u(3203 in MgO) - U(Rzoa in llquld) = (AU)
a(R203 ) - , S '
= RT In o135 nMgor . - (61)
F273 in liquid) - :

sl
J J

a negative quantity of free energy change for spontaneous reaction.

as shown in Section II, is always

Therefore,vas long as (Au) ex1sts, the solld-liquid (sl) 1nterfa01al

free energy w1ll be reduced and the net dr1v1ng force for Wetting w1ll

,1ncrease-by'1ts contribution.

If 1t is assumed that the 1nterface reaction in. these systems is

v always fast the magnitude of the (Au) contribution to wettlng:will

+3

ions in the MgO compact is'postulated to beithe.controlling step of the

rate offreaction'due to nonequilibrium in the bulk system. The diffusion

ac, dn, -
i i N
flUlen Mg0O, given by J; =-D, 3= =-CD T (where C, = concentrar

tion of~spec1es it, ¢ = total concentratlon Wthh is a constant N

mole fraction ofvspecies 'it in MgO) determines the. rate of reachlng
Lo : S - dc,

- bulk.chemiCal equilibrium, If the flux is large, i.e. either D. or d;l

or both are large, the rate of reaching bulk chemical equillbrium is’ fast,

»thus the time for the system, or for the effective area just ahead of
the llquid to be'wetted, to reach equilibrium is relatively short. Then '

. - v - :
a(R203 | ) v a(RzOs ), and the (Au)Sl contribution to

in MgO’ - in liquld
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wetting due to a sl 1nterface reactlon is small

The diffusivity of Fe e end Fe *3 in MgO at 1600°C is in the range of

3.1 x 10—9_Cm2/se¢;12 Cr+3,l.3'x 10 :I'_cmzj/sec_;l)4 and Al 1.6'x 10—9

15

calculated‘from-pubilehed ceta. Fe > a1

Cr s Slow difquionjoffCr+3

_inngO resultS-in-the_Mgo aree‘juet ghead .
" of the wettingvliquidjto beounsatuiated and reactive with Crgogiin the = -

liquid. - Since the reactivity depends on the ratio of

- a(Rg 0 1ﬁ‘Mgo)
a(R203 ‘in liquld)

:thefe is a Significant\(Au)Slréontripution.to the driving'fofce for
'wetting, end;ﬁhepcontactzépgle“decreaSesvwith.incfease of tnevcontent:of
_ cr265'in thefliouidnbthe contribution:appaiently'was large enough to |
result in spreeaing With‘3%.orfmore'0ré0; in the iiquid The diffusion 

. of Fe 'in MgO appears to be comparable to the sl 1nterfac1al reactlon rate

-thus diminishing the contributlon of (Ap) to Wetting. When suff1c1ent _

amounts of Fe203 are added to the llquld, the diffus1on flux t6 the area
ehead of the wettlng llquid results in essentlal equillbrium of the
SOlld with the liquid_at the three-phase.junction; the (Au) contrlbu—
tlon to wettlng is then practlcally absent -and . a steady state constant
contact_angle_results. Intermediate rates of diffus1on and a low solu-
bility limit’(lees then 1 wt% at 1550°C) of A1,0; in MgO results in bulk
phase equilibrium in the region of the advancingbliquid. The (Au)Sl con-

tribution to wetting then is not significant and & constant contact angle

cmz/sec.

Accordingly, at 1600°C D_ > D, +3 >>
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is attainea.

The indicated correlation of the rate of permeation and the wetting
behavior of the liquid on the solid is supported by a comparison of the
results of Figs. 18 and 19 with Fig. 21, except for the lack of signifi-
cant permeations by the liquids containing 45% and 55% Fe,0; even though
these liquids wet the MgO solid. This condition is due to fast diffusion
of Fe ions in MgO and the high solubility limit of iron oxide in MgO
resulting in a fast and large bulk reaction. Product layers of spinel
then build up rapidly at the solid-liquid interfaces. As a result, all
the open channels are closed off during the initial stages of permeation.
Further discussions on the corresponding microstructure development will
be covered in the next section.

C. Microstructure Effects

MgO compacts with 2 hours of additional annealing in air at 1550°C

= 92.5%) or

did not have any significant changes in their density (pth
microstructures. Compacts without and with annealing are shown in
Figs. 16 and 22, respectively. Figures 16a and 22a are selected sections
showing both the less dense and denser areas in the specimens. In the
less dense areas, the grains are smaller than the grains in the denser
areas. Figures 16b and 22b show the same specimens at a higher magnifi-
cation. Discontinuous grain growths, similar distribution of pores both
‘inside the grains and at the grain boundaries, and similar grain sizes
are observed.

With liquid permeation, however, significant microstructure changes

occurred. Figures 23a and 23b (low and high magnification) show the

microstructure of an MgO compact permeated by a liquid containing 15%
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Figure 22a.
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Figure 22b.
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Figure 23a.
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Crp03 after 5 minutes at 1550°C. A comparison with Figs. 16 and 22

shows the appearance of thin films of liquid along most of the grain
boundaries with an elimination of the pores along these boundaries, and
grain growth. Figures 24, 25, 26 and 27 show the microstructures of the
compacts permeated by liquids containing low amounts of Crz03, low
amounts of Fe;03, and low and high amounts of Alzoa, respectively, after
2 hours at 1550°C. A comparison with Fig. 23 shows the presence of
lesser amounts of liquid films at the grain boundaries and varying amounts
of liquid films at the grain boundaries and varying amounts of grain
growth. Figures 28a and 28b (low and high magnification) show the micro-
structure permeated by CMS liquid after 2 hours at 1550°C. In the denser
areas, liquid can be observed primarily at the triple points, and little
grain growth has occurred. On the other hand, in the less dense areas,
most of the grains are enveloped by the liquid and have grown larger

and more spherical.

The observed microstructural changes must be due to material redis-
tribution as a result of some solution and reprecipitation process either
under coﬁditions of bulk thermodynamic equilibrium or non-equilibrium.

A solution-precipitation process arises when two adjoining regions in

the compact have different chemical potentials due either to differences
in composition or structure defects. Solubility limits of the solid in
the liquid in such two regions are different. As a result, a concen-
tration gradient between the two regions is established in the liquid,

and material migrates from the high chemical potential region to the lower
chemical potential region where precipitation occurs because of super-

saturation.
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Figure 25.
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Figure 27.
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The Thomson-Freundlich equation was thermodynamically derived16
which shows that different solubility limits of solid in liquid exist for
particles of different sizes even when their chemical compositions are
the same and when bulk thermodynamic equilibrium exists between the solid

and liquid. The equation states:

o

s(sat) oMy
T [ Seken - G (62)

AL rRTp

X

[ s(sat) .

[x* 1 .and [ ] are solubility limits of the solid in the
s(sat) - s(sat)”

liquid when its radius of curvature is equal to r and infinity (flat

surface), respectively. The other terms are:

Yo1 = interfacial free energy between the solid and the liquid
M = molecular weight of the solid

s = absolute temperéture

o] = density of the solid

R = gas constant

Accordingly, solids are dissolved at the regions with small radius
of curvature (convex surfaces, small grains, etc.) and re-precipitated at
the regions with large radius of curvature (concave or flat surfaces,
large grains, etc.). An extension of the Thomson-Freundlich equation to
other sources of excess free energy suggest that solution would also
occur in the regions with higher amounts of atomic defects (high chemical
potential regions) and precipitation in the regions with "perfect"

structures (low chemical potential regions) irrespective of curvature,
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assuming that such regions existed at the time the liquid reached them.

Material redistribution is also dependent on the lack of bulk
thermodynamic equilibrium between the solid and liquid phases. CMS
liquids with sesquioxide additions are not in equilibrium with MgO and
thus will dissolve MgO at 1550°C according to the respective phase dia-
gramslo shown in Figs. 29, 30, and 31 to reach their saturation limits.
MgO will also dissolve sesquioxides from the liquids to reach saturation
limits or.equivalent chemical potentials in the solid and liquid (Fig.
32). Use of "reactive liquids, such as those with higher amounts of
Cro03 and associated large (Au)Sl, thus result in a significant reductioﬁ
of the s-1 interfacial free energy and solution of some of the MgO. This
condition generally decreases the dihedral angle to zero and allows the
liquid to penetrate the grain boundary. The liquid then has a chance to
distribute itself along the grain boundaries with elimination of pre-
viously existing pores and occurrence of grain growth. Less 'reactive"
liquids, such as those with low Cr;03 and low Fe»03 contents, and those
with Al203, will have lesser reductions of the s-1 interfacial free
energy and solution of smaller amounts of magnesia. The microstructures
reflect fhe effect of these mechanisms.

With "non-reactive" liquids, such as CMS liquid in contact with MgO
at 1550°C, the dihedral angle is relatively large under equilibrium con-
ditions. Permeating into the denser areas in the compacts, these liquids
can normally only penetrate along the triple lines., A limited amount of
penetration, however, can occur along boundaries with highly misoriented
grains and large amounts of structural defects by a solution and pre-

cipitation process. Therefore, most of the pores at the grain boundaries
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still remain and grain growth is limited and localized. In the less

dense areas, large and numerous channels are available that could be
permeated by liquid resulting in the presence of relatively large amounts
of liquid surrounding most of the grains. The small grains in these

areas exhibit a relatively larger growth in comparison with the large
grains in the denser areas, as shown in Figs. 28a and 28b. These observa-
tions are verified by the Thomson-Freundlich relationship.

The liquids discussed so far did not have sufficient amounts of
sesquioxides added to saturate them; the driving force for the reactions
was then to attain uniform chemical potentials in the systems which were
insufficient to form a separate spinel phase. However, the high iron
oxide-containing liquids (45% or 55% Fe,03 additions to CMS), at 1550°C
were saturated with spinel and had an excess of spinel. These liquids
when in contact with MgO, reacted to saturate the MgO with spinel and to
form spinel layers at the interfaces because of the fast chemical inter-
diffusivities of Fe ions in MgO. This growth of the grains due to satura-
tion led to the closing off of the available open channels. The reaction
layers were not subsequently dissolved because of the excess iron oxide
in the liquid. The reaction zone can be seen in Figs. 33a and 33b which
show the s-1 interface of the 45% Fez03 liquid permeation specimens after
5 minutes and 2 hours annealing at 1550°C, respectively. The light
colored dendrites are spinel which precipitated during cooling of the
specimens. The microcracks apparently are produced by differential
stresses that developed during cooling. Figures 34 and 35 show the
interior areas of these two specimens. No ligquid phase appears in either

one of them, and the microstructures are similar to those of the MgO



Figure 33a.
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Figure 33b.
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compacts shown in Figs. 16 and 22. This observation further indicates
that the discussed microstructural changes in the compacts occurred only

in the presence of liquids that permeated the MgO specimens.
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© VI. CONCLUSIONS

A. Permeation Studies -

'Permeation,rate of,ajVisccus liquid into.e ﬁnonoéeneous" compact
with fine capillaries'dependsmainly on the driving-force'for‘wetting,

whlch in turn depends greatly on the chemlcal changes that may occur at

’-the 1nterfaces.f leferences in hydraullc head effects for upward versus

downward permeatlon were found to be. 1n31gn1flcant for small samples.

(l) If no chemlcal reactlons occur at the 1nterfaces, the permeatlon

prate depends only on the dr1v1ng force for wettlng due to a lower Y <1 -
“than st and_ls usually the slowest'lnrcomparlson with condlthns where

a reaction may occur.

(2) If a s-1 interface reaction_is Significant'at the three-phase

junCticnfof an adwancing liquid as a resnlt of slow diffusion of the

.wﬂprcducf*species_into the bulk'aheadnof the advancing_liqnid and slow

”fdepletlon of reactants, the contrlbutlon of the free energy of the reac—

tlon to wettlng 1s 31gn1f1cant and the permeatlon rate usually is fast.

7(3) In cases where either fast diffusion of the product species into

‘the sclid'or:depleticn of reactants_occurs,"the s-1 interface reaction
- contribution to wetting is less significant and the permeation rate is

reduced.v

- Fast bulk reactions of the liquid and the_solidfandithe presence of

/excess sesquioxide in the liquid usually result in the rapid buildup of a
'fproduCﬁ laYer atlfhe s-1 interface. These product layers can block the
“‘open cepillary channels of the‘soiid and_prevent:liquid permeation into

the interior.
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" The average permeation distance of a visoonSVquuld"into a compact
with fine capillaries increases parabolically with time during the -

_initial’stages.v'A'negative deviation from this-relationship usually

_results at later stages when the back-pressure developed by compress1on ,

of entrapped gases becomes 81gn1f1cant. If the dr1v1ng force,for wettlng

is large and the permeatlon rate 1s fast the llquld may bypass gases
_ entrapped in smaller channels by mov1ng along in the larger channels
- resultlng 1n a d1spers1on of pockets of: gas 1nstead of a segregatlon in
the eenter ofﬁthe specrmen;’parabollc rates are_thus malntaaned for

.greater penetration distances.

3;»3..”Microstructure Effeotsv
vdThe microstrncturetofla'relatively'densensolid compact‘is signifl—
cantly affected by a permeatlng llquld The degree of materlal redis-
Atrlbutlon 1n the SOlld by a solut10n—prec1p1tat1on prooess 1s dependent

»on the degree of react1v1ty of the llquld w1th the SOlld

(l) If a s1gn1f1cant s-l 1nterface reactlon ‘is present contrlbutlng

7 to the reductlon of the s—l 1nterfac1al energy, the dlhedral angle 1s

' usually zero and the llqu1d penetrates along the graan boundarles.

Materlal 1s removed from hlgh chemical potentlal reglons to low chemlcal‘

' -potent1al reglons._ As a result, pores’ at the graln boundarles are‘

‘_ ellmlnated llquld fllms ocecur along the boundarles, and growth of the .

_vgra;ns is observed;
'(2)AIf_the\s§l interfaeerreaction is less significant or sbsent,
the_dihedral angle in the more dense regions is larger and the liquid

penetrates primarily along triple lines.  Pores along grain boundaries.

-‘that are not penetrated by the liquid thus are not eliminated. In less
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3 -deﬁse pggigné,.q¢ntéi§ihé°more pores and pfobably mqfe'étrgctprgl defects,
however,'ﬁhe_liquid>§engtratesvth¢wgfain boundariés byna'éolutiéﬁ- - |
'brecifitgtion prbc¢g§,0  | | o |
| 'Fast1diffusioﬁlof pfodu¢t_speéieé ét‘the sfl'in£erfa§esyinto'the

,Bulk, andvr?eSeﬁceﬁéfi;xqégs 3203 in fhe,liquidifesﬁ;t$ in_thévfofﬁéﬁioh
6f‘pf§§uétxiéyé;;:aﬁf%h§5évin£éfféces ahd‘the Closiﬁgﬂéf opénvcﬁannéls;_
1_\'1,0‘ éignif"icé.nt,liguid'vpverﬁea;biovn ‘in%,o.-’r‘,he compa,ét thén_ oécurs'. -Ihtémal
-stréssééiaévéldp'Aﬁ c6§iiﬁg'aue>tQ ﬁiématcheévof fhermal-éxpénsioh and’

- are fréquenﬁly iarge,enqugh to create microcracks.




-T2-

APPENDIX I

The Motion of a Viscous Fluid in a Straight Circular Tube

Assuming the fluid flow is laminar, a configuration as shown in
Fig. 36 can be used for illustration. A circular tube With‘radius a
contains an incompréssible and viscous fiuid inside. There is a force
exérted on an arbitrary cross section of a cylindrical mass of the flﬁid
of radius r due to the pressure difference, P; - P; between two arbit-
rary points with distance 1 apart from each other in the fluid.llon the
other hand, there is also an opposing force due to the friction on the

curved surface.

The exerting force (P,-P, )mr?

2TrlT

The opposing force
Where T is the shearing stress produced by the layer slipping over each

other. Equating the two forces, we obtain

(P1-P2)

\ —‘f=——j~*'<§> (63)
sten @ | | (61)

_Where n is viscosity of the fluid and u is any velocity of the inter-
mediate layers slipping past each other. Substituting Eq. (64) into
Eq. (63), we have

. '?(Pl—.'Pz)

W=

o

ar. ' (65)
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: Integratlng Eq. (65) and determlnlng the constant of 1ntegratlon 50 that_

the. veloc1ty is zero at the wall (r = a), We ‘have

(Pz-Pl)

= — g ;g) | S (e)

mhe dlscharge rate of the fluld or quantlty of fluld pa551ng per unit

tlme can now be evaluated as

Y o (eeem)
) Q / 2mrdr(uw) = g:‘ " 21 ! - .‘ ‘, o -~ (67)

o

ThlS equatlon, statlng that the dlscharge rate is proportlonal to-
the pressure fall per unlt length and to the fourth power of the radlus
of the ‘tube, was flrst discovered by Poiseuille and is called'the

: PoiéeuiilevLaw.



APPENDIX II

1. The Chemical Analysis.Of MgO- Powder

 “Bakér gnd Adamson RgagentVNo.'l9lTv'v'

 Substance = . . o WLg

o

vAssay‘(MéO) (éfter ignitidn) . .9950..
,;InSoiub;é]ih diiutéch;' | I 0.020
o Soluble in water - _.- L _ "O.hQ
ﬁogsfoﬁ.iéniiién o .  - e ;260
| {_lAmmégiﬁm'hydfpxidg precipitate_. - d.dzo{.,
_chlariae}(cl) s © 0.010
Vﬁitrite'(Nda) R " N o.bos'
Sulfate and sulfite (as SO4) ~0.005
uBariﬁﬁ (B§) . '37[ _  7" - o.obs»"
'dalciﬁﬁ_(éé) _‘ ' ‘»Z  ._ o 0.05
Heé&yJﬁétgls (as Pb) ‘.::. ) o  :0,b03
.'”Iroh (Fg) .vv _ o ’ '.v-j N Q;Oloi.
i-Mangéﬁese (Mnj N - ~ 0.0005
’?:Potassium (K),f,,,_ o ».. ©0.005 -
o SOdlum (Na) o :: . _ L 050
'.styéniﬁm_(sr) : ‘.: v::ff' v:. j_"':'d;dost

Silica (Si02) S - 0.0h0
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2. The.Chemigal Analysis of CaCO3 Powder

Baker and Adamson Reagent No. 1506
| Substancei |
Aésay (cacos)
Insoluble iﬁ dilutevHCi
NHqOH,precipitéte
Chloride (1)
Oxidiiiné substance (as NOj)
Sﬁlfate (S04)
Aﬁmoniﬁm (NH;)
 Barium (Ba)
' Stfonium (sr)‘ 
Mégﬁesiﬁm-(mg)-
~.’Potaséium (K) |
Sodium (Na)
Heéyy metals (aé Pb)
:»iron (Fe)
_3.-{81@ ‘Powder |
Ottawa Silics Flour
Suﬁsfance
Silica (SiOz)
Alumina (A1,0;)
Iron’éxidé (Feé03)<

Calcium oxide and magnesium oxide
(Ca), MgO) '

W%

99.0
- 0.010
0.010
0.001
0.005
0.010
,0.003
©0.005
0.10
0.02
0.01
0,10
Vo.doi

0.002

Wt.%

- 99.8

0.1
0302

0.1
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4. The Chemical Analysis of Al,0; Powder

Baker Analyzed Reagent No. 0536
Substance
Assay (AléOa)
Loss én ignition
Chloride (C1)
»smfme(sm)
Heavy metals (aé Pb)
"Iron (Fe)

5. Cry03 Powder

. 'Wt.%

99.5
0.3
0.005
0.003
0.0005

0.001

Baker Analyzed Reagent'No. 1616. A chemical analysis was not

performed.

6. The Chemical Analysis of Fe,0; Powder

Baker Analyzed Reagent No. 26éh
Substénce
Assay (Fe,03)
Insoluble in HC1
Phosphate (PO,)
Sulfate (SO,)
Copper (Cu)
Manganese (Mn)

Substances not precipitatediby
NH,OH (as S0,)

" Zinc (Zn)
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FIGURE CAPTIONS

'Avﬁenieeus of radius 'R in a capillary tube of radius 'r'.

SchematicVof flow through a horizontal.tube from one end'with other

:end open to the atmosphere at dlstance 'h' below the llquld level

pSchematlc of downward flow through a vertlcal tube open sat bottom »

end at dlstance 'h' below the llquld level.,

: Schematlc of upward flow through a vertlcal tube open at top end at
.dlstance 'h' below the llquld 1evel.
‘.Schematlc of-flow through a horlzontal tube with other end'closed._r

-Schematic of downward fiow through:a vertical'tube with’bottom‘end -

e;osed[at dlstance 'h' below the llquld level

Schematic of flows from both ends through a horlzontal tube ‘at dlS-'

vtanee.'h‘"below the llquld level.

‘Schematdc of downward and upward flows from top and. bottom ends,'
‘lrespectlvely, through a vertlcal tube.‘ | ‘

.Schematlc of average flcw through a vertlcal tube."

aEqu1llbr1um.of forces acting on the per;phery of a contact angle.

Wetting behavior and contact angle--a graphicalvillustration.

Schematic'ofgthepconditionhof wetting in the~preeenee of'a'chemiCal'.
“ reaction.
vKuiiibrium ofvtensionshacting at the.intersection of a grain‘

boundary and two equivalent solid-liquid interface boundaries.

Section through two equal spherical‘grains in-contact with a flat

' 'eireular grain boundary.

Ekperimental eetup-for permeation-anneal.'
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A representatlve mlcrostructure of MgO compact as, fabrlcated

,'(a) 130x (b) 350x..

'Log-log relatlonshlps of permeatlon dlstance of CMS llquld and

,anneallng t1me at 1550°C

Llnear relatlonshlps of average horlzontal permeatlon dlstance with -

time at 1550°c or_dlﬁferent 5111cate llqulds,-.

Log—log_relatlonshipsiof average horizontal permeationldistance with

ff'time at 1550°C:of different silicate'liquids.

- 20.

21,
22,

23.

Effect of ad301n1ng large and small channels on penetratlon dlstances

" of. llqulds w1th dlfferent penetratlng retes. (a) slow penetrating

‘ lquld '(b) fast penetratlng llqu1d.,

Effect -of R203 and T102 additions to montlcelllte on contact angle

after 3 hours at 1550°

iA representatlve mlcrostructure of Mg0 compact w1th addltlonal

Hanneallng for 2 hours at 1550°C (a) 130X, (b) 3h40X.

_A representatlve mlcrostructure of MgO compact permeated by a

i5111cate llquld contalnlng 15% Cr203 after > mlnutes anneallng at

1550°c. ,(-.a)_ 130%, (b) 350X

2k,

25,

A representative microstructure'of MgO compact-permeated by a

_silicate llquld contalnlng 17 Cr203 after 2 hours annealing at

‘1550°c.' 350x

A representatlve mlcrostructure of_MéO.compact permeated by,aTSili;

cate llquld contalnlng 57 Fe203 after 2_hoursranneaiing at‘1550°g.

- 350x.

26.

A representative microstructure of MgO compact permeated by a sili-

 cate liquid containing 1% A1205 after 2 hours annealing at 1550°C,

350X,
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33a.

33b.

_82;

A representative mi crostructure of.MgO'éompact'permeéted by a sili;v

cate liquid containing 10% Al,0; after 2 hours annealing at 1550°c.

350%.

A.fepfésehtati#eimiCrsstructure of MgO compacf permested'by‘CMS'

'1iquid after 2 hours annealing at 1550°C. (a) 130X, (b) 350X.

Cr203-Mg0-Ca0+5i02 equilibrium phase diagram.

Fe203—FeO—MgO—CaOESiOZ'equilibrium phase diagram.
Alzog-Mgo-Cao-Sio2 equiiibrium phase diagram.

MgO R203 SOlld solutlon regions of MgO-MgRqu systems.

A representatlve sectlon of the s-l 1nterface of the MgO spec1men .

with a liquid Qontalnlng hS% Fe,0; after 5 mlnutesvanneallng at
1550°C. lhOX.
A representatlve section of the s-l 1nterface of the MgO specimen

with a 11qu1d contalnlng h57 Fe203 after 2 hours anneallng at

7;155090.- 140X,

3L,

35..

.

A representatlve mlcrostructure of the interior area of the MgO

'compact of the h57 Fe203 llquld permeation speéimen after 5 minutes

annealing at_1550°c, (a) l3OX, (v) 350%X.
A representative micrbstructurevof the interior area of the MgO

_compacf of the U5% Fe,03 liquid permeation-specimen after 2 hours

' annealing“At 1550°C. (a) 13ox (b) 350x

-Schematlc of viscous flow in a. stralght 01rcular tube.
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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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