-

Submitted to Journal of LBL-159 Rev.

American Ceramic Society Preprint o

PERMEATION OF SILICATES IN
MAGNESIA AND FORSTERITE COMPACTS

Abbaraju P. Raju, Ilhan A, Aksay, and Joseph A, Pask ’

May 1972

AEC Contract No, W-7405-eng-48

For Reference

Not to be taken from this room

‘3

¥

A9y 697-14T



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal 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. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California. : '



-iii- . LBL-159 Rev
- PERMEATION OF SILICATES IN
MAGNESIA AND FORSTERITE COMPACTS
: . v |
Abbaraju P. Raju, Ilhan A. Aksay, and Joseph A. Pask
Inorganig Materials Research Division, Lawrence Berkeley Laboratory
. and Department of Materials Science and Engineering,
- _ ~ College of Engineering; University of California, .
' Berkeley, California 94720
May 1972
ABSTRACT
Ca0(K,0)-Mg0-81i0, iiQuids permeated into mégnesia and forsterite
compacts when continuous or "open" channels were available at the liquid-
solid interface. Solid-solution formation at the liquid-forsterite
interface resulted in the closing off of the open channels. The

sessile drop and permeation experiments provided information that was

used in the interpretation of microstructure development.

- ¥Presently with Bharat Electronics Ltd., Jalahalli P.0O. Bangalore 13,
India. '
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" I. Introduction
The wettlné behav1or of gralns ‘and the nature of solid-liquid inter-
faclal‘reactlons are crltlcal in determlnlng the performance of refrac-
. tory.materials during a slaé attack, With the permeation of a liquid,.
fhe_resistance.tovefosion and ﬁhe.higﬁvtemperature strength of a refrac-
tory arekdependent upén the nature of the llquld distribution.

- The dlstrlbutlon of a liquid in a two—phase body at the firing
temperature is governed by the interfacial energy relationships of the
contained phases,‘as shown schematically in Fig. la. The relationship
of the dihearal aﬁglé, ¢; as measured through the liquid, to the sblid—
solid inteifacial energy (grain boundary energy),.yss, and solid-liquid
interfacial_energy,'ysi,'is represented by

Y

ss = 2 Ygq 08 (#/2) S €

As ¥y "y decreases.ln magnltude, 0] approaches zero and when Y sg is equal
to or “less than (1/2) Ygs? the liquid ' penetrates the grain boundary
with its.eiimiﬁation.

‘Jackson et 21.1’2 successfully demonstrated the importance of thié
phenomenon_initheir‘studies on the influencé of Cr303, Fe203, Al,0; and
TiO2 on the wetting relationships in magnesia (Mgo)fmonticellite
(Ca0+Mg0+510, ) Eo'd_ies. They found that, at 1550°C, the addition of
' Crzog markedly‘increasedvdihedral énglés and prpmoted an appreciable
degree of solidesolid bondihg. In contrast to'CréOs, the addition of

Fe203, A1,0; and TiOé decreased the dihedral angle.and the degree of
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sblid~sdlid bonding; The effects of'Cr203.were‘not so marked at 1725°C.
Séssile drop experiments,; also shown SChématically in Figs—1by pro-- ---- -
vide some information on thevysn by application'of'Young's equation

.Ysﬁ Y =,Y£v cos 8 N . | (2)

where yg% is the solid-vapor and Yoy is the 1iquidfvapor interfacial
energy; éhd'e is the céhtact angle meésured_through tﬁe liqﬁid phaée.
Uhder'chémiéal equilibrium or steady Statevconditions at the’inﬁerface,
_an acute angle indicates that,thé solid is wet.By_the liquid, or
Yoy > Yog ” Yoo and'(st f YSQ) <‘Y2v' If a reaCtién écéurs between the
liquid'and'solid, thén the contribution of the freé energy of reaction
to the dri#ing force for wetting (st - Ysﬁ) may‘exceed Yy, 8nd spread-
“ing of'the liquid will o'ccur.:3 The contact angle,:then,:is measured aé
0° but is actually indeterminaté. |

‘:Permeafioh of a.liquiq phase intq a pérousicompacf is expected'to
bévdepehdent upon'fhé interfacial éneréies ahd‘any réactions. Thus,
cbnté@t‘and.dihedral angle measurements may provide some understanding
~of the mechanism of slag permeation into porOus.refractories..AAlso,
when a liquid phase is part of a refractory compdsition, similar types
of measuréﬁents may be helpful'in the understanding of the microstructure -
formation. | | |

The objectiQe of this Study ﬁas to Qorrelgté the’interfaéial

- energies and reactions with the mechanism of liQuid perﬁeaﬁion into
magnesia or forsterite (MgZSiOq) cémpacts. vInvérder to gain additionai

- information on the microstructure development of basic refractories,
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CaO—MgOeSiOZ liquids, which are common in these refractories, were used.
II. vEXperimental'Procedures
’Magnesia and forsterite substrates of varying porosities were pre-

pared for liquid permeation'studies. Magnesia compacts with 69, 90 and

- 98% theoretical density were made by cold pressing and sintering at

1550°C for 15 h. The MgO powders used were (1) reagent grade powder

" of sub-micron particle size for the higher density compacts, and (2)

‘coarse powder of h0—53p particle size obtained by grinding single

arystaia 6f.MSQ+ for the p,, = 69% campact. A féw.experiments were per-
formed u51ng cold pressed compacts without presintering with pth 50%.
Forsterlte compacts of 82 and 9L4% theoretical den51ty were prepared by
cold-pressing forsterite pdeér§ and sintering at '1650°C for 15 h. A
forsterite compact of 69% theoretical density was also prepared by
adding'10%~napthalene to the prefired body.. The substrates were disks
of approximately 1/2 in; diameter and l/SIin._thickness polished on one
aidé;xﬂ?ré5sed disks of the unmeltéd composition of a liquid prepared |

S _ : %%
from reagent grade powders of CaCOs#, MgCOs¢, CrzOs#, Fezoa#, and 5i02

of approximately the same size as the substrate,fwére placed on the

polished surface of the substrate. After heating for 3 h at 1550° or
1650°C and cooling to room temperature, the specimens were mounted in

resin and cut perpendicular to the interface. The cut sections were

Allied Chemical Corp., Morristown, N.J.: 99% MgO after ignition.
Muscleshoals Electrochemical Company, Tuscumbia, Alabama
Merck Co., South San Francisco, California

Mallinckrodt Chem. Works., St. Louis, Mo.
‘¥Ottawa Silica Co., Ottawa, I11.

*
-'.
§
# J. T. Baker Chem. Co., Phillipsburg, N.J.
#
#*
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polished and examined in reflected light to determine the permeetien of .

liquid into the compact. The results obtained'WereUin;agreemehf;uithhﬁhﬂig

those of a few experiments repeated with disks of the-premelted‘batehes,

"“Compaets for microstructure studies were prepared using unreacted s

powdere te form MgO"er Mg2Si0, with 15 to 45% liquid by weight. After
nmixing, the powders-ﬁere pressed into_disks and eihtered in aif in a
gas-fired furnace at 1550° or l65090'for'50 h, depending on the liqﬁid
composition. | H ‘ o |
Sessiie drop experiments were'pefformed using hagneeia single
cerystals, ﬁaénesia=compacts of 90% theoretical densify, forsterite single
crystais;* and forsterite compacts of'pfh = 9L%. .The single'crystal
substrates were formed by cleaving, or cutting aﬁdfpolishing along (001)
planes. Tﬁe.batches‘for the liquid phase were ﬁixed in isopropyl alcohol»
and melted for 2 h at 1600°C in platinum crucibies. A piece of about
1/2 gnm wee_then placed on a substrate, and the eseembly wasvheeted in a
' gas—fired'furnece at 1550° or 1650°C for.3 h and:quenched below tﬁe
solidification temperature of the dreb within a minute.' Coﬁtact angle
‘measurements were made at room teﬁperature using a telescope equipped
with a filer—micrometer eyepiece. 'Angles vere measufed directly using

a gradﬁated_protractor connected to the eyepieee;.'

¥F.R. Charvaﬁ, Crystal Products Dept., Union Carbide Corp., San Diego,
_ Calif. 92112 , ' A B ‘

.
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ITI. Results and Discussion

1. MgOQLiquid Systemé

Diéksv66rfesponding to monticellite (CMS) composition melféd and
perméated’sintered Mg0 cémpacts of 69 and 90% theofétical density but’
hot‘dne.of p;h = 98%, when heated at 1550°C for 3 h. The microstructure
of theﬂcbmﬁact with pth ='9Q% is shown in Fig. 2a; its appearance after
perméation; in Fig. 2b. Figure 2a shows regions-df higher porosity but
no graih'boundary separationé. After permeation,.a thin film of liquid
is'clearly seen along many of the grain boundaries, and rounding of
corners‘hés oqcufred iﬁdicating that redistribution of material was

achieved by a’solutionéprecipitation process. The grain boundaries that

have not been penetrated by the liquid form dihedral angles with the
liquid showing an average of about 25°. The boundaries forming dihedral

' anglés must have lower values for 7y due to a favorable crystallographic
' _ ' . ss .

' b L
orientation of the grains. In the absence of open channels or
capillaries, as in the 98% dense compact, no liquid permeation occurs.

Permeation}experiments'using unsintered MgO compacts of pth = 50%

were also made with CMS, CMS + 1% Fe,03, and CMS + 1% Cr;0; liquids. In

every éésé the liquids pérmeaféd the compacts reédily resulting in
rounded grains exhibiting limited_growtﬁ as seeﬁ_in the lower part of
Fig; 3, ﬁhichbis a vertical cross-section of theyspécimen perﬁeafed b&v
the“Cr203-é§htaininé-liquid; In this éase the gfains ciéée £§ the'
interface*(in fhe upper.part:of the photograph) are more angular and
greenish.‘ These effects were minimiZéd‘as the MgO grains depleted the

Cr203 from the liquid permeatingvtowafd the center of the specimen (the
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lower part of the photograph). Thus, a solid solution of Cr,0; in MgO

- leads-to strong crystallographic—anisotropy of‘the surfaee energies;__awh;

Spe01men contalnlng 15% CMS liquid by weight, approx1mately 177 by
volume were prepared by heatlng a compacted mlxture at 1550°¢C for 50 h
.Although the amount of llquld was greater than 1n-the permeated compact
shown ih Fig. 2b, which hasvabout 3-4% 1iquid by volume , the nature of.
the distribution of the liqmidband the average.dihedral angles were
_similart They were also similar to the observations reported.by
Jackson et al.l’2"
--Seseile drop experiments at 1550°C of CMS on single cryStal and
polycrystalline MgO_showed a‘contact angle of 47° and no reactions. An
acute contact angle imdicates Wetting'of’the,Solid which provides the
driving force for theicapillary'permeation ofathe'compacts by the liguid.

2{’ Forster1te—L1 uid Systems

_Permeation studies‘ﬁere made using forsterite.compacts and liqmidé:'
(1)‘(cao 28% , Mg0O 30, 5i0; &2); (2)(Mg0 36%, slo2 6h), and. (3) (Kzo 20%,
Mg0O 28, Sibz 52). quulds (1) ana (2) are in equlllbrlum with forsterlte

at 15560 and 1565?C, respectively, according to the CaO-MgO-SiOz phase
.diagram.sl'Simiiarly, liquid (3) is in equilibriumvwithvforsterite at
1565°C.6 No permeatlon of these llqulds occurred in the compacts of

Pk 82% (Flg ha) and 94%, with correspondlng open porogltles of 15

‘and 5‘5% However, permeatlon dld occur in. the compact of pth 69% w1th_[

_28 8% open por081ty (Fig. hb) -Sessile drop experlments.of‘thesetliquids A

“on single crystal and most dense forsterite-compact shoﬁed'spreading
which imdicates the occurrence of a.reaction3vand.thus chemical non- -

equilibrium between the substrate and the liquid.
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- Since the phase diagram5

éhows limited solid:solution between CMS
(Ca0 36%, MgO 26, Si0, 38) and forsterite, it would be expected that a

sdlid solution of Ca0 and/or 510z would also occur in forsterite when in

contact with liquids (1) and (2). This deduction is in agreement with

' Pluséhkéll and Engell'sTfindicatiQn_of Si02 solubility in forsterite

(34.4 mol% SiC, at 1400°C) by electrical conductivity measurements.
Alsd; an electron beam micrdprébe examination of the specimens with
liquid (3) indicated some solubility of K,0 in foféterite. These solid
solution reaétions would then explain thé‘léckiof permeation of the
liquids into.forsterite cdmpacts Of even lS%bopen porosity. Channels
at the sQlid~liquid interféée ére closed off as thé forsterite grains

grow at the interface‘dtring solid-solution formation. Any liquid that

'perméatés into the compaét before the channels are cidsed off disappears

-as it réacté with forsterite to form a solid solﬁtion.

The microstructure of a compact containing 45% of liquid (1) by
weight after sintering at 1550°C for 50 h is shown in Fig. 5a. Figure

5b shows the microstructure of & specimen containing 25% of liquid (3)

: after'SO h at 1650°C. The degree of grain bonding and the anisotropic

nature of the grains are more pronounced in the former. The micro-

structure of the compacts with liquid (2) was similar'ﬁo-that:with

‘liquid (3). Furthermore ,thévnature of the liquid distribution is

similar to that in the compécts'pefmeated by the same liquidsb(Fig. hb). g
V. .Conclusions |
Permeation of silicates into magnesia and forsterite compacts

occurred when the solid was wet by the liquid and when a continuous or
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"obén" pore structﬁre was present. When the sglid was unéaturated with
respect to -at least one of the components Of,thg;liQuid phase,vthef_ﬂ,m
solid-soiution reaction atbthe interface resulted ih the ciosing dff of
the opeh éhéﬁnels even at réiatively high porosifies.

.Thevpermeation experiments provide.uéefui information in prédicting
the microsfructure.of’é compact containing'a ligﬁid.with a similar com-
position: The nature of fhe distribution of a gi?en liduid distribution
is simiiarlin a. porous éompact permeated by a iiquid'in compariéon with
a éompéct‘Of equivalent errall composition made from a mixture of batch
materials. o
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Figure Captions

Equilibrium of forces (a) between a grain boundary and two.-——..

equivalent sdlid—liquid interphase boundaries, and (b) on

~the periphéryvof»a sesSile drop of an écute contact angle,

;B is the resultant balancing force equal and of opposite

direction to ng.3'

(a) Sintered MgO compact of Pep = 90%, and (b) the micro-

structure of the same compact afterfpermeation of CMS liquid

 at 1550°C for 3 h.

Figure 3.

Figure k.

Figure 5.

Pin

Permeation of CMS + 1% Crzogvliquid'into.a MgO compact of

= 50% at 1550°C for 3 h. |

(a) The interface between 1iquid (1)'(Cao 8% , MgO 30, SiO
42) and a forsterite compact of Py, = 82%, at 1550°C for 3 h,
and (b) the mlcrostructure of a forsterite compact of pth

69/ after permeatlon of llquld (1) at 1550°c for 3 h.

The forsterlte compact containing_(a)_hs% of liquid (1) after

50 h at 1550°C, anq (v) 25% of 1iquid'(3) (K20 20%, MgO 28,

8i0, 52), after 50 L at 1550°C

et
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