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FACTORS CONTROLLING WETTING OF MAGNESIUM OXIDE
BY SILICATE LIQUIDS

Ilhan Arif Aksay
. : e .
Inorganic Materials Research Divisioh, Lawrence Radiation Laboratory,
and Department of Materials Science and Engineering,
College of Engineering, University of California,
Berkeley, California
ABSTRACT
March 1969
The effect of Al,03, Cr;0;, Fey03, and TiO, additions on the solid-
liguid interfacial energy of the magnesium oxideamonticellite (Ca0+MgO -

Si02) system has been studied. The thermodynamic equilibrium of the

magnesium oxide-monticellite system is disturbed with R203 and TiO,

. additions to the liquid. At the liquid—solid interface, reactions occur
in order to achieve an equilibrium composition. The degree of wetting

" is directly proportional to the magnitude of (-) AG of this interface

reaction. Therefore, the reported contabt'ahgles are the steady state
angles of a transient reaction stage.
- The contact’ahgle of the monticellite liquid on the (lOO) face of

MgO single crystal was in the range of 43-51° at 1550°C. With additions

 of Al,03; and Fe,03, the angle decreased to a value of 35° and 15°, re-

.spectively. Spreéding was obtained with Cr,03 and TiO; additions.
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" liquid is indicated by the "dihedral angles,"
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I. INTRODUCTION
The need fqr improved refractories.is felt in various industries
where opergting temperatures are constantly increésing. At-the present,
especially in the steel making industry, the Choice of refractories is
very limited. The refractory lining of a furnééé has ﬁo be resistant to
chemical attacks by slags.' It also has to be rigia enqugh to hold the

furnace structure together without slumping. Magnesite and chrome-

. magnesite refractories have been known, through experience, to meet these

requirements. During the last decade, an extensive research has been

directed to this area in order to understand and consequently to improve

the propérties of an already promising systen.

The high temperature strength of a material in the presence'of a

_iiquid phase is determined by the distribution of this liquid phase be-

.tween the solid particl_es.l’2 This liquid can either wet the solid

particles and form a film around them or stay in isclated pockets when
the liquid does not wet the solid. In a compact the distribution of the
3 shown schematically in

Fig. 1(b). At equilibrium, the balance between the solid-liquid inter- .

facial tensions and the grain boundary'fension is determined by

s¥s 2 Yy COS(?/Z) o )
. yhere‘syé = solid-solid interfacial of'grain boundary energy,
sYl = solid-liquid interfacial énergy, and
o = dihedral»ahgle between solid-liquid, measured through the

liquid.
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Fig. la. Equilibrium of forces actlng on the perlphery
" of an acute contact angle.
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Fig. 1b. Equilibrium between a grain
' boundary and two equivalent

solid~liquid 1nterphase boundaries.
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Contact angle measurenments with sessile drop experiments also pro-
vide useful information on the solid-liquid interfacial energy relative
ﬁb the solid and liquid surface energies. Under equilibrium conditions,

the contact angle, shown in Fig. 1(a), is determined by Young's equation

- = C 2
(sYg Yo gYg Cos 8 (2)
. where sYg = solid-gas surface energy, and
8 = contact'angle; measured through the liquid phase.

An acute contact angle indicates that the driving force for forming

an interface is the lowering of the solid surface energy by the liquid.

R

This force, equal to (sYg - Yl)’ manifests -itself as a horizontal force

S

acting on the periphery of the drop. A 1ow'contact angle is usually a

good indication that the liquid will wet the solid grains in a compact.

_Thé'final equilibrium distribution of the phases, however, is still de-

termined by the dihedral angle. -

The chrome ore used in the production of chrome-magnesite refrac-
tories is primarily a solid solution of MgFe20s, MgCr204 and MgAlaO,

spineis. Chrome grains along with periclase grains constitute the solid

phases of these refractories in the presence of a calcium, magnesium

"silicate liguid. The composition of this liquid is best represented by

its Ca0/Si0z ratio. In a periclase-monticellite (CaO°Mg0+Si0z) model

‘system, the effect of Cr203, Fez03, AizOg, and TiO; additives on the

. dihedral angle between the periclase grains has recently been determined.

The results obtained from this model system have been quite helpful in
understanding the role of spinels introduced into a chrome-magnesite

system with chrome ore.

b5
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The.goal'of this study.ig to detéQﬁiné“the effect-of Cr§O3, Fe03,
Alea, and T102 on the SOlld—llOuld 1nterfac1al energy of the same perl—
clase—montlcelllte éystem.' Tt is hoped that the results of thls study
will also brlng about a greatgr understandlng of the role of 1nterfaces

in the development of microstructure.



II. LITERATURE SURVEY

A, SuffaCe and Interface Phenonena
'~ The techniques of measuriﬁg surface and interfacial energies at
elevated teméeraturesland the difficulties conneéfed with these technigues
have been disépssed by Kingery and Humenik;6cand Kozakévitch.7 Sessile
drop experiments were génerally,preferred.

Halden and Kingery8 h?ve studied the liquid ifon—Ale3 system with

 sessile drop experiments in vacuun at lSTOOC. The S, 0, N, and C additives

‘to the liquid iron were found to adsord at the surface, and the surface

activity decreased in the order: &> 0> N> C. Carbbn seemed to react with
Al203 at the interface wﬁich resulted in a drop in the interfacial

energy. The liquid nickel—Alzos system has been studied 5y Kurkjianvand
Kingery9 with sessile drop éxpefiments at lhTégC. Sn, In, Cr, and Ti

were used as additives. Among these additives, onrly tin and indium
changed.thé surface teﬁgion due to adsorption at the éurface. Titanium

and chromium concentrated at the interface and lowered the interfacial

. 10 - ' i
_energy. Allen and Kingery have determined surface and interfacial

- energies in various metal-ceramic systems. The metals used were Fe,‘Cu,
.Ni, Co, Sn, Fe-C, Co-C, and Ni-C, and the substrates were Al203, Si3Nu,

' MoSi,, and SiC.

The understanding of chemical reactions at the interface has been
. ) 11 o e
emnphasized by Kingery as a major task for the fabrication of cermet
o 12 . . . .
bodies. Economos and Klngeryl have investigated the interfacial reac-

tions in metal oxide systems at elevated temperatures and classified then

under four groups: (a) formation of a new phase a2t the interface, (b)

corrosion of the oxide by the metal, {c) venetration along the grain
g k] P [ [l
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'.béundaries and diffusion into'‘the bulk, and (d) no physicél alteration at
the interface. Humenik and Kingery13 héve determined surface tensions
and.work of adhesion in ﬁetal—ceramic systems with sessile dr§p¥experi-
ments. They found that the.wetting tenaency and work of adhesion were
incfeaSed whéhéVgr infeffacial‘reactions occurred. . The iﬁcreasé in fhe
wgtting tendencjwand work of adhes;on was attributed to a decreése in'the
interfaéial energy caused by a éhange in ;he composi?ion of the metal at‘
the interface.'_Thé ﬁettability and work of adhesién ﬁére also found ﬁo
increase with’iow surface tension of the metal and high metalfbkide bond
streng%h, Furthermbre, Kingerylh has determinéa the interfacizl and sur-
_ face energies of the Ni-Al,03, Ni-Zr0,, and Fe-A1,0, sysfems. In the
Fe-A1,03 system, with small aaditions of Si to Fe; chemisorption of Si at
the interface was explained on fhe basis of évgreater‘stability of 8i-0 |
boqu as compared to Fe-0 bonds.

‘:Afmstrong; et al.l5 haye performed sessile drop experiments with
v(Ni—Ti)land (Ni-Cr) alloys on Al,03; at 1500°C. In the (Ni-Ti)-Al,0,
system, the interféciél energy‘decfeased approximately 600 érgs/cmz'when
the‘Ti:coht?nt of the alloy was iﬁcrgésed from 0.2 t§‘2.0%. VIh the
T(Ni-Cr)—AlZO3 éystem, this drop in the interfaciai energy was about 750_
ergs/cm2 when the Cr content wasvincreased from 1 to 10%. In;each.case
" the dropfin the interfaéialrenergy was due to the selective adsorption of
- Ti and Cf atoms at the interface where in fhek(Ni—Ti)-Alzo3 system the
" formation of a;ﬁizog, and in the (Ni-Cr)-A1,0; system only the diffusion

16,17

‘of Cr into Al,0, were observed. Armstrong, et al. have also studied
-interface reactions in Si0,-refractory metal (Ta, V, Nb and Mo) systens

at 1650°C and in MgO-Fe alloy systems .at 1550°C. In the SiOz—refractofy



" from 800 ergs/ém; to less than 5 ergs/cm

" due to the diffusion of Fe°' S

- Al203 syétem has been studied by Chéklader, et al.

metal systems, the metals reacted with SiOz to form metal oxides at the
interface. The-chaﬁges in the interfacial energies could not be deter-

mined due to the irregularities in the shapé of the sessile drops.

Similar oxide formaﬁion_reactions were evident in the MgO~Fe alloy systems

in vacuum. The dissociation of Mg0, followed by the oxidation of iron,

resulted in reduction-of the liquid surface tension and the solid-liquid

interfacial energy. Further reduction of the solid-liquid interfacial
energy was observed in air when coumplete oxidation of Fe took place to

form FeO. They pointed out that the system in vacuum was at pseudo-

-equilibrium since the oxidation of Fe was dependent upon other rate con-

trolling steps. However, in air firing, the oxidation was rapid, and the
true equilibrium state was attéined immediately.

KozakévitchT has showh that when = CaO-Ai203-SiOz slag is in contact
with iron containing 0.7% sulfur at 1500°C, thg_interfacial enefgy drops

2 and then increases back to 800

ergs/cmz. He argued that this sudden.drop'of_the interfacial_energy was

2"'units'(or couples) through the interface

since the lowering of the interfacial energy due to a pure adsorption

. process could probably not account for such a draétic effect.

The effect of interface reactions on interfacial energy in the Cu-

18 pt 1230°C, with Cuo

‘additions to Cu, a decrease in the contact angle resulted due to CuAlO:

i“formation at the interface. In air, complete wetting was obtained.

. .
On metal-glass bonding, Pask and Fulrathl’ proposed a theory which

B3
b

states that chemical bonding at the interface ccecurs when there is a

" balance of bond energies across the transition zone between metal and

r
.y
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glass which occurs when the phases at the interface are saturated with
the metal oxide. This concept was later discuééedey_Paskgo in.mqre
detail. Pask and Borbﬁzl further pursued this theqry on glass;metal bond~
'iné. They conclﬁded that if the thermodynamic equilibrium does not exist
at the interfacé, ﬁhen a driviné force exists for reactions at the inter-
face‘to achieve:such an equilibfium, the success of which is erendent
upon the kineticé of the reactions. Thié analysis provides an explana-

17

tion for the pseudoequilibrium conditions discussed by Armstrong, et al.

B. Distribution of a Liquid Relative to Solids
The principles g&verning the spatial distribution of a liquid phase
E in a polyphése system were first established by Smith.-3 - He showed tﬁat
the spatial distribution of the liquia_phase relative to solias dépehds
" only on the equilibrium dihedral angle. When 6<60°, the liquid extends
alonéithe grain edges; when ¢=0° the liquid extends along the grain faces;
when $>50° but <120° the liquid is at the gfain corners, and finally,
~ when ¢>120°, there is no liquid present. The application of these prin-
- ciples in ceramicbsystems has béen illustrated by-Van Vlack22 and Whi"(:e.g3
-In the Siéz-iron oxide systelean Vlack2 has shown that SiOz grains.
'maintain a solid-solid Eontact'at elevated.temperatures and the oxidizing
 'cﬁaracter/of the'atmospheré does not have any néticeable effect on thé
dihedral ‘angle. The microsfructure bf magnesiowustite in the presence
 :of a liquid phase contaiping Mgo, FeO, and Sin has also been stuﬁied by
Van Vlack and'Riégger.zh Contrary fo the SiOzfiron cxide system, the
degfee 6f:solid—solid contact was quite poor in this syétem. However,-iﬂ
~the'presen§e of_a second sblid.pﬁaée, FeAl,0,, FeFe,0,, or Mgfezok, the

degree of contact between the grains improved. These spinel-type phases



formed bridges between‘the magnesiowustite grains, which they inter-
preted as a lower interfacial energy between unlike solid phases than

that between two'identical phases.,

. 2
Riegger, et al. >

have shownvthat in MgO—liquid systems, under the
steel-making variables, a calcium silicate liquid penetrates between the
periclase grains more than calcium ferrite and éalcium alqminoferrite
1iquid§._ They have further suggestéd two factors for this contrast be-
tween the s;licate liquids and the ferrite liquids: (a) a solid4liquid
interfacial energy is low when the composition of the liquid is closer
to that of ;ﬁe sélid, and (b) adjustments at the boundaries in atomistic
scale are more perﬁissible in open atomic packing than in close atomié
packing. The compésition of silicate liguids is closer to that of peri-
claéé than the composition of ferrite liquids since the sclubility of MgO
isvrelatively high in the former liguids. Furthermore, the open frame-
work of silicates would form a relatively low energy interface &ith the
peficlase grains.A The formation of low energy grain boundaries between
unlike grains was again observed in this study in the presence of a second
solid phase.
| Riegger, et?al;, and Van Vlack and Madden26 have alsc studied the
growth of éolid phasesyin the above systems. They éoncluéed that the
presence;of é éecohd solid; phase inhibits grain growth; énd the growth is
proportional?to the square root of firing time.

Buist, et al.,z7 and Stephensoﬁ and White28 have performed.similarx
 grain growth experiments in one solid+liguid and two solids+liéuid syé—

tems. Grain growth was inhibited with the presance of a second solid

phase which was in agreement with the observations of Riegger, et al.,
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tories has been performed by Jackson, et al., and Jackson and Ford.
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and Van Vlack and Madden; However, they found that the grain growth was
proportional to the one third power of the firing time which differed from
the former investigatofs' results. . -

A study of the factors éontrolling bonding in the periclase refrac-
> 1In

a periclaqe-mOnticéllite system Cr203, Fe€203, A1203, and TiO, were used

as additives. VIt-was concluded from these étﬁdiés.that among these
-additives only Cr203 additions increased thé dihedral angle, pfomoted the
vdegreé of airect bohding between the soiids, diminishgd the fifing
.shrinkage, and inhibited grain growth of the periclase grains. Fe203,
.A1203, and TiOz édditipns were found to have a reverse effect on theée

properties. The appearance of a spinel phase was found to promote the

degree of direct bonding since the spinel-periclase interfacial energy
was low, and the spinel precipitates tended to form bridges between.the
periclase grains. Furthermore, as the Ca0/Si0O2 ratio of the liquid was

increased from 0.5 to 2.0 both the dihedral angleuand,the degree of

;solid—solid ﬁbnding_increased.

- C.  Physical Properties in. the Presence of a Liquid Phase

1. At Elevated Temperatures

"The high temperature tensile strength of Chrbme-magnesite refrac-

tories has béen investigated in the temperature range of 1290-1575°C by

- Ford, et'al.l They showed that the tensile strength improved progfes-

sivély as the extent of the direct bonding between the magnesite grains
and between the chrome and magnesite increased. They also mentioned a

termporary gap formation between the'chrbme-ané'the periclase grains which

" could be due to either nigration of the silicate liquid between the grains
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at an intermediéte stage or to the diffusion o% iron oxide and chromic
oxide from the chrome:grain to the periclase.

Baker and Schroth29 have reported that in chrome—magnesitéfand_mag—
neéia refractories the grain bouﬁdary spinel bond.and.the fused grain.
bond which is basically a spinel bond at the MgO solid—solid grain
boundaries are thevﬁOSt effective oﬁes for attaining high temperature
strength.

In silica refractories the existence of & nigh strength at elevated
temperétures has a}so been attributed, by Van Vlack,2 to the f&rmation of
a solid skeleton 5etwqen‘%ilica grains.

Kriek énd Ségal3o,have determined the high temperature strength of
chrome-maggnesite and éagnesitevrefractorieg with torsion technigue in the
:'temperatﬁre range of 1300-1500°C. _The lowgst“strength of the magnesite

‘refractories corresponded to a Ca0/Si02 ratio of 1.0. With a Ca0/SiCs

' ~ratio of 2.0, the maximum strehgth was obtained which was higher than the

£ strength of the direct bonded éhrome—magnesite refractory. Thus, they

concluded that in the achievemént.of high temperature strength the nature
* of the liquid phase is also as important aé the direct Bond formation of
the chrome—ﬁagnesite refractories.

Hayhurst and Laming,3l’32

in heat treatment studies of the chrome-

- magnesite reffa;tories, have shown thaﬁ in the temperature range of 1500~
.lTOO°C the siliéate-liquid generally surrounds the solid‘grains. The
“direct bond which is observe@ at room temperature studieé, therefdre, is
a resulﬁ.of precipitation during slow coocling in production. They ob-

- served that‘upon slow cooling, spinel and forsterite,precipitatéd out

between the periclase grains and formed an interlocked structure. The
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observatioﬁs-of Konopicky33 were also in agreemeﬁt witﬁ these studies.

As indicated by Ford, et al. earlier,-a gap containing a thin film
of silicate was also pbservediby Hayhufstland Laming between a chrome
,‘grain and periclase envelope surrounding it. Recentiy, Brezny and :
Smutny3h have shown thet this gap, ﬁhich hindefs the direct bond forma- -
~tion, is due to the rapid diffusibn of iron cafions from chrome grains
to periclase'érains to achieve an equilibrium structure. They showed
. that by adding Fe,03; into fhe periclase grains, thus reducing the iron
'concentrétipn gradient'between the chrome and the periclase grains, the
" rate of direct bondlformation could be increased. -

S

2, At Low Temperétures

In_cgrmet syétéméé Humenik and Parikh,s? and Parikh and Hﬁmenik36
have shown t?at the preséncé'of a céntinuous ;iquid film Between the
solid grains.ls desirable for échieving improved ﬁechanical properties &t
low temperatures. A continuous.liquid film which is undesirable at high
temperétures was found to improve the hardness and impact resistance of
.. titanium carbide base cermets upon golidification;

D. Sessilé Drop Experimeﬁts iﬁ the'MgQ—Monticeliite Systenm

37

Raju and Pask™ ' have recently initiated a program in order to under-

stand the fundamehtél féctors involved in the distribution.of.silicate
liquids,in ﬁulﬁiphase magnesié and - forsterite (MgZSiOq) systemé. As part
" of this program, fhey determined the contact ahgle of mohticellite on
(lOO)'faées of MgO single crystals at lSSO°C. The éontact angle for the
Mgo—montiéellite system was 45°. They have also investigated the effect

. of Crz03 and Fe03 additions to the liquid on the contact angle. Spread-

ing of the liquid was obéerved with Cr203 additions in excess of 3%.
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The contact ‘angle decreased to a constant value of 15° with Fe,0; addi-
tions in exéess of 3%. It was proposed that in ‘each case a reaciion taking
place at the interfacé'could éontribute to tﬁe lowering of tﬁe contact
angle. The nature of these reactions, however, was not clearly under-

-stood.
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III. EXPERIMENTAL ?ROCEDURE

The experiméntallprocedufe, in shdrt, consisted bf measuring the
contact angles of premél%ed liquids on (100) faces of magnesium oxide
single crys%alsvand then studying the polished éross éections of the
. interface with an optical microscope and an electron micfoprébe analyzer.

'The liguids were prepared With reagent grade MgO,.CaCO3, 5i02 and
‘additive oxide Ale3; Crzoa, Fes03, andvTiQZ powders. The chemical
k anaiyses of these powaers are gi&en in the appendix.' The batches were
dry ﬁixed'and melted in platinum crucibles in air, at temperatufes ap-
proximately 25-75° higher>than the subsequent test temperature.

The magneéium oxidé single crystals were obtained from the Muscle
Shoals ﬁleétrochemical Corporation.* The %pectrograpﬁic anaiysis of an
average sample 1is given in th% appendix. “Subgfrates of approximately
.1/2" x 1/2" and 1/8" thick were cleaved from approximately 1" x 1" x 1"
single cr&stal boules. First, these substrates were polished in boiling
H3PO, acid before the sessile drop experiments. Later this step was
omitted since the same results could be obtained with experiments repeat-
ed on freshly'cleaved substrétes cleaned with etheanol. |

Two types of furnaces were used: (a) a gas/air fired Bickley model
2150 furnace; forlfemperatures higher'thén 1550°C, aﬁd (b) a quench type .
~furnace with MoSiy heating'elements; The Bickley furnace was ménitored
and contr;lled by a Honeywell—Radiamafic‘recorder;controller; The quench
- furnace Waé monitored ahd controlled by a Leeds and Northrup Speedomax-H

recorder—controller. A sketch of the quehch furnace has been given by
33

Blank.

¥P.0. Box 87, Tuscumbia, Alabama
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tThe sessile drop experiments were performed at 1550°C in air. Some
experiments, which will be discussed.in the following sections, were per-
forned ét 1700°C. A sﬁall piéce of premelted liquid was placed on a Mg0
single crystal which was covefed with either a platinum or magnesia
crudiblé to prevent any contamination from' the furnace. The specimens
| were held at the test temperatﬁre for approximately 3 hours. Firings for
~ shorter (1 hour) or longer (up tb 5 hours) periods did not alter the re-
.sulfs. Subsequently, the power was shut off, end the specimens were
cooled in the furnace.

'Coniact angles were measured at room temperature using a telescope
equipped with a_filar—micfbmeter eyepiece. This appératus has been de-
;écribed by Brennan.‘39 The specimens were then cut with a diamond saw
perpendicﬁlar to the interface, polished, aﬁdmkere subjected to metal-
.lographic eiamination. The polishing was done on 1, i/O, 2/0 and 3/0
emery papers followed with a short polishing step with_O.3uIA1203 on a
“ lap. |

, * _

The electron microprobe analyses were dore on the same specimens.
Carbon was vacuum-deposited, and the portions zround fhe intefface were
coated with a slurry of carbon in ethanol in order to improve the sur-
face conductivity. {?he areas‘qf interest were scanned with an electron
beam bf 20KV and a specimen curfent of approximztely 0.03ﬁA,vand the
éxcited Ko x—raéiations were counted with spectrométers. The oscillo-
scope traces of the relative intensities ﬁere then used to analyée the

specimens semi-quantitatively.

¥Analyzer was a Materials Analysis Company model k0O type.
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IV. RESULTS AND DISCUSSION

K

A. Contact Angle Measurements
The results of the sessile dfop experiments which show fhe"effect of
A1203, Cr203, Fey03, and TiOz addifions to monticellite at lSSObC are
showﬁ in Fig. 2. The measurements which are‘indicated with sclid marks

37

are those of Raju and Pask. The contact anglé of the monticellite
liQuid without any édditions on Mg0 was found to be in the range of 43-51°.
A photomicrograph of the cross section of a typical'monticellite-periclasé
interface isvshdwn in Fig. 3. The average hT?‘angle of the monticellite-
periclaée system decreased to a constantvvalue of 35°;with addition of
more than 5% Alp03 to the liquid. The decrease of contact angle was more
pronounced with Fe03 (15°) and Cra03; (0°, spreading) additions. Again,
the angles became constant after aboﬁth%:sz;’addition. Spreading was
observed with 30% TiO2 addition although the sample with 5% TiO2 had a

contact angle of 16°.

Table I. Wetting of MgO by Cr203 Containing Silicate Liquids

Test Time at Contact
i _ . Temp. Temp. (hrs.) Angle
Drop Composition. (°c) :
h% MgCr20s + 96% Ca0+MgO+5i0, 1550 - 3 16-18°
" : : " 1700 h ’ 150
20% Cro03 + k0% MgO + L0% Ca0+Si0; 1700 3 . Spreading

In Table I, the results of the experiments with Cr,0; containing

o

liquid compositions other than the ones shown in Fig. 2 are given. The
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Pag, 5 Photomicrograph of the cross section of a monticellite sessile
drop on magnesium oxide, held 3 hours at 1550°C.
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experiment with 4% MgCr204 addition to the monticellite was performed
‘both at 1550° and 1700°C which showed finite contact angles of 16-18°

' and 15°, respectively. The experiments with 20% Cr,03, however, could

only be performed at 1700°C'since a minute amount of liquid formed below

" this temperature., Spreading was observed in this latter experiment.

In sessile drop experiments the édsorption of additives either at the
solid-liquid interface ér the liquid sufface has an important effecf on
the equilibrium value of the contact angle. The observations of Halden .
and Kingery,8 and KingerylLL on the liquid iron—AlZO3 system when S, 0, N,
or C adsqrbed_at fhe surface and when Si adsorbed at the interface were
good illustrations of "the adsorétion phenomenon;v Similarly, Kurkjian and
Kingery9 illustrated the effect of adsorptidn“onfthe contact';ngle in the
liquid nickel-A1203 system when Sn and In adsorbed at the surface and Cr
and Ti adsorﬁed at the interface. |

On the other hand, if the liquid drop and the solid are not at a

- thermodynamic equilibrium, a redistribution of the componénts between the

liguid and the solid will take place. An equilibrium contact angle will

form only after this thermodynamic equilidrium is achieved. The phenomena

- which would occur during this transient redistribution or the reaction

stage, however, are not clearly understood. - In metal-ceramic systems, the

. wetting tendency increased whenever interfacial reactions occurred, ac-

" cording to Humenik andﬁKingery.l3 ‘They concluded that this increase in

the wetting tendency was due to a decrease in the interfacial energy

caused by a composition change at the interface. The lowering of the

interfacial energy in the metal-ceramic systems studied by Armstrong,

15,1 . . . .
25 7_ana Cnaklader, et al.la was attrituted to the formation of a

mgaom #

i
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stable phasevat the interfsce. Finally, the drastic drop observed by

T

Kozakévitch' in thé interfacial energy of the CaO*Alea'SiOz—iroﬁ systenm
was attributed to the éiffusion of Fe2+’82_ units throﬁgh the interféce.
In the monticellite—periélase systen of this investigation, monti-
cellite itself is at a chemical equilibrium with MgO at 1550°C, by a
slight precipitation éf Mg0O in the liquid, according to the phase diagram

I

dravn by Osborn and Muan.'oa However, with the addition of Al,0,, Cr,0,4,
Fe203, and TiO,, this eguilibrium will be disturbed, and the liquid and
“%=the substrate will resct to attain a thermodynamic equilibrium. An exami-

nation of the equilibrium phase diagrams corresponding to these systems

will lead to the understanding of the nature of these reactions.

B} ?hase Diagrams
In the literature, Sfoicient dataAwerea;éilable to construct the
equilibrium.phase'diagrams of the R203—MgO-CaO~S;62 systems. fhe work
‘i-bf the author was merely to make use of these data in order to draw the
diagrams presentea in the following sections. |

1. The Al,03-Mg0-Ca0+5i0;2 System

. The Alzoa—MgO-CaO~Siozbequilibrium diagram is shown in Fig. 4. The

details of the MgO0-Al;03 joint of this'systemvare>from the work of Roy,

42 43

et al., and df.Alper,‘et al. The details of the Mg0-Ca0.5i02 joint

and ‘the A1,03-Ca0+5i0; edge are from the'diagrams drawn by Osborn and

L
Muan. Oa,LoOb

Oﬁ the Mg0-Ca0+Si02 joint the coﬁéounds'CaO'MgO'SiOz and
} 2CaO-MoO-2SiOz are represeﬁted as CMS end czmsz, reépectiveiy.‘ El-Shahat
'vand Whitehh have recently gorked"on the MgO-AlgOE;CMS joint, and»tﬁeir
results have been fouﬁd to be essehtially in agreement with anxearlier
45

: y ; ;
work by Osborn, et al. This latter work was used to complete the rest
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of the aiagram.

vThe overall comp&sifions of the dropsbused in this study vari;d along
the dash liqe connecfihg A1203 to CMS. An approximate 1550°C isptherm is
shown with long dash lines in‘the spinel and periclase primary fields.
‘When additions of up to 10% Al,03 are made to CMS at 1550°C, the liquid -
is at equilibriumvnot with pure MgO, but with a MgO-AléO3 solid solution.
Thus; when this liquid is in contact with a MgO substfaté, it will react
with the substrate to form an equiliovrium solic solution structure, With
additions in excess of 10% Aléos, the liquid becomes deficient in MgO.
The liquid will then dissolve MgO from the substrate to reach an equiiib—
rium composition along the 1550°C isotherm. - If the Aleg content of the
drop is high ehough to saturate the liquid with respect fo MgO-Alzog
.(spinel), theznature of the interface reactioﬂs becones more compliéated'
sincé the liquid night now aléo react with the substraté to form spinel.
- During cooling,'%he_liquid dro§ probably behaves independently due to
. fairly rapid cooling rates (&50° C/mig.).- After passing through the
v_peritectic point "J", the iést portion of the liquid should freeze at the
eutectic point, at 1390°¢, where oniy the'spinel, monticellite,.and
mélilite phasés would be présenﬁ ﬁnder equilibrium conditions.

- 2. The Cr203-Mg0-Ca0+5i02 System

TheiCr203-MgO—CaO~SiOz equilibrium diagrém is shown in Fig. 5. The
MgO—Cran joiht of this éystem has been determined by Alper, et al.,h6
and Vilde and Rees.hT The Cr203-Ca0+Si0; edge is from the work of
Glassér and Osborn.h8 El—Shahaf and White'shh'work on the MgO?CréO3¥

Ca0-MgO+Si02 joint has provided all the informztion needed for this

. L .
- study. Although Ford and Rees Oc showed that :g0+Cr;03 joins to both
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Fig. 5. Cr203-MgO-Ca0°*Si02 equilibrium phase diagram.
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2Ca0*Mg0+25i02 and Ca0+5i02, the details bf the rest of the diagram still
remain to be determinéd. Again, the behavior of the liguid and the nature
of‘fhe reactions between the iiquié and the substrate are the same as
tﬂpse in the Ale3fMgO—CéO'SiOz syétem. 'The main difference is that héfe
only a small amouﬁt of Qrzds is needed to saturate the liquid with re-
sPéct to Mgo-cfzo3,

3. The Fe,03-Fe0-Mg0-Ca0+5i0; Systen

The Fe203-Mg0-Ca0+51i0; system is somewhat more complicated than the
former omnes since,'with the loss of oxygen, EezOs dissociates in the FeO
direction. In this case, therefore, one aétuallj deals with a qugternary
system. An attempt has been made to draw this system as shéwn‘in Fig. 6
after'anvoriginal quaternary drawing of El-Shahat énd Whi%e.hg The Mg0O-
-Fe203-Fe0 segtion of the diagramvis from a ré;ent work of Wilishee and
' White.h9 The MgFe,04~CMS joint has been investigated by El-Shéhat and
‘{White. Although Bere—:-:zhnoihOd has determined that MgEezoq Joins to both
2CaO°MgO-ESiO§ and CaQ+S5i0z, the detailsﬁof these joints have yet to be
.determined.

In this system, for example, any composition along the dash line
bétween Fez03 and CMS at room temperatﬁre will correspond to some other
- composition ét high temperatures in tﬁe plane outlined by the dash lines
and Eezog-Feo_axis. The liguid at point "a" will be at equilibrium with
a:magneéiowuéfite solid solution as given by the upper border of the‘
MgO-D magnesiowustite solid solution field. It will also be at equilib-
rium with a‘MgFezoq'spinel solid solution aé'given by the line MgFezOq—
. E-Fe30u. Thé liquids cgrresponding to a point on the liquidus passing

through MgO, L, a, and J will be at equilibrium only with a magnesio-
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rwustité solid soiution. The liquidus passing through Fe3O4, L, a, and J
will contain liquids which will be at equilibrium only with a spinel
solid solugion."The'behavior of the.liquid drops‘og MgO and the nature
'of the interface reactions will again be similar to those of.the previous
systems.

4. The MgO-R,03 Solid Solutions

In Fig. 7, the MgO-R203 solid solution portions of the MgO-R,0;
‘binary systems are superimposed for a direct comparison of the solid

solubility limits. The Mg0-Al,03 and MgO-Cr,0; sections are from the

43,46 and the MgO-Fe203 section is from

49

diagrams drawn by Alper, et al.,
'the diagran draw%:by Willshee and White. At elevated temperatures, the
MgO-Fe203 system indicated here is not a binary syétem-but a prqjection
of the MgO-Fe203-FeO ternary*systeﬁ on the MgO-Fe203 axis.- At 1550°C,
the solid solubility limits are 9% and 50% of Crs0s and Fey0s(—Fe0),
respectively, and almosf 0% of AlgOg in MgO. Thus; at this temperature,
when a drop containing Eezoa is placed on a MgO substrate, most of the
iron will diffuse into the MgO. Since the mass of the drop is smaller

: than thaﬁ of the substrate, the drop will never have enough iron to
‘saturate both the liquid and the substrate. At equilibrium the syst:em '
will always be undersaturafed. Howevér, with Aleg and Cr,0; additions,
one coula expect to attain fhe saturation ofifhe whole -system if enough
R203 is added to fhe ligquiad initial;y.

5. The Ti0,-Mg0-Ca0+Si0, System

Sufficient data are not available in the literature to construct a

' : Loe
ternary diagram similar to those given above. According to Berezhnoi,
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with 5%'Ti02 addition to‘CaOfMgO-SiQZ, the ovefall drop composition

would be inside the CaO-TiOg—ECaO'MgO-QSioz—CaO°MgO-S;02—2MgO-SiOz cori~
pq;ition tetrahedron.v Thus, any of these solids can coexist in-equilib-
rium with the liquid portion of the drop. Due to the incongrﬁent nelting .
,of'CaO'MgO°SiOz oné would expect thé Mgb primary field to éxtend into
. thié composition tetrahedron. Then, at femperatures above the peritectic
reacfion teﬁpérature, MgO.can also coexist in equilibrium Vith the liquid.
" The peritectic temperature of the MgO-CMS system is 1502°C (Fig. k).
- This temperature would be lowered below 1502°C when TiO, is added to the
 éystem. Theréfofe; since the 1550°C test tgmperature of this investiga-
tion would pé above the peritectic temperature, any liquid placed on the
MgO substréte wouldleithér be in or éﬁ the boundary of the MgQ primary
field after equilibrium is achieved. If the iiquidvcomposition is out--
- side this primary field initiglly? it will dissolve MgO fron the sub-
strate surface to attain this equilibrium composition. With 30% TiO,
i addition to Ca0+MgQe5i0,, the first ligquid to form would definitely_be‘
outside the Mg0O primary field since the overall drop compositibn is now
.in énother composition tetrahedrén, and the MgO primary field would nbt '
eitend into this tetrahedron. According té Berezhnoi's diagram, this
new compositign tetrahedrqy would be CaO-TiOz—CaO-MgO.28102-2CaO.MgO.‘
’:2Sioz-2méo.Sioz. | |

Ti0, and MgO react to form the compounds 2MgO.Ti0,, Mg0.TiO,, and

Mg0.2Ti0, as shown in the MgO—TiO2 equilibrium phase diagrams Of‘Massazzé
and Sirchia,hof and Coughanour;énd DeProsse.hoé Ko solid solution: of
 Ti0, in MgO is indicated in these diagrams. Alperhl points out that

C e . . L .
-Ti  , which is the stable state in an air atmosphere, is very insoluble
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in MgO even at high temperatures. -Thus, only a neglible amount 6f Ti0,
in the liqu@d may react with the:substrate to férm a solid solution}
FUrthermore, at the liquid—solid interface,,ﬁhere would be no éompound
formation siﬁce the primary fields of the compounds indicated above.afe
Loe

not in the composition tetrahedrons.

C. Optical Microscope and Electron Microprobe Studies-

The optical microscope and electron microprobe studies wére in
agreement with the equilibriunm diagrams.presented iq the previous sectidn.
though all of the samples wére examined, only the typical examples of

~ varlous combinations will be discussed to avoid repetition.

1. A1203-Mg0-Ca0+SiO2 System

In Fig. 8, the interface of the sample with an origingl drop compo-
sition of 1% Al,0; + 99% CMS is shown. At 1550°C, the liquid poftion of -
the drop is in the MgO primary field. Thus, the only interactién between
the liquid and the substrate is ihe formation of MgO-Al,0; solid solution
at the interface. According to the.equilibrium phase»diagram, at room
-‘femperature the drop will contain spinel, monticellite, and melilite but
”nd periclase. However, §iqce the ccoling rates are fast, a non-
eéuilibrium structure ié frozen in. The oscillo§copé trace of the éame
sample is‘;howqain Fig.<9'ﬁhefe the white areas indicate the presence of
:.%he corrésponding elemegt; In the liquid only the Mgd particles contain-
ing a high magnesium concentration and séme aluﬁinum in éolidisélutionl
can be identified distinctly. The MgO which constitutes the solid por-
~tion of the drop was present in the liquid at 1550°C (light color, round
’bparticles, in Fig. 8), whereas tie remaining dendrites formed.dufing cool-

ing. Some segregation is observed in the matrix due to the precipitation
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in MgO even at high temperatures. Thus, only a neglible amount of TiO,
in the liquid may react with the substrate to form a solid soluticn.
Furthermore, at the liquid-solid interface, there would be no compound
formation since the primary fields of the compounds indicated above are
Loe

not in the composition tetrahedrons.

C. Optical Microscope and Electron Microprobe Studies

The optical microscope and electron microprobe studies were in
agreement with the equilibrium diagrams presented in the previous section.
though all of the samples were examined, only the typical examples of

various combinations will be discussed to avoid repetition.

1. A1203-Mg0-Ca0°Si0O2 System

In Fig. 8, the interface of the sample with an origingl drop compo-
sition of 1% Al,0, + 99% CMS is shown. At 1550°C, the liquid portion of
the drop is in the MgO primary field. Thus, the only interaction between
the liquid and the substrate is the formation of 1Mg0-A1,0, solid solution
at the interface. According to the equilibrium phase diagram, at room
temperature the drop will contain spinel, monticeilite, and melilite but
no periclase. However, since the cooling rates are fast, a non-
equilibrium structure is frozen in. The oscilloscope trace of the same
sample is shown in Fig. 9 where the white areas indicate the presence of
the corrésponding element. In the liquid only the MgO particles contain-
ing a high magnesium concentration and some aluminum in solid solution
can be identified distinctly. The MgO which constitutes the solid por-
tion of the drop was present in the liquid at 1550°C (light color, round
particles, in Fig. 8), whereas the remaining dendrites formed during cool-

ing. Some segregation is observed in the matrix due to the precipitation
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Fig. 8 Solid-liquid interface of the sample with an original drop
composition of 1% A1205 + 99% CMS, held 3 hours at 1550°C.
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Fig. 9 Oscilloscope trace of the solid-liquid interface of the sample
with an original drop composition of 1% AILQO5 + 99% CMS, held
3 hours at 1550°C.
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of monticellite and spinel. The voids in the drop appear as the dark
areas in Fig. 8. In the MgO substrate some aluminum could be detected,
although most of it was due to the background. =

2. Cr203-Mg0-Ca0°+5i02 System

The liquid-solid interface of the sample containing an original
liquid composition of 4% MgCr204 + 96% CMS is shown in Fig. 10. The
structure of the drop observed at room temperature is not the equilibrium
structure of spinel, monticellite, and akermenite, but a non-equilibrium
structure of a frozen-in matrix containing MgO solid solution particles,
similar to the previous sample. The liquid of this sample at 1700°C con-
tains only particles of MgO with Cr203 in solid solution. These particles
appear as the light gray, round partiéles. /The oscilloscope trace of
this same sample, shown in Fig. 11, verifies the existence of chromium in
those particles which showed a high magnesium concentration with some
chromium. The matrix shqws a very low chromium concentration. As shown
in Fig. T, the maximum solubility of Cr,0; in Mgobat 1700°C is about 13%.
Thus the liquid will be losing some of its chromium to the substrate. In.
Fig. 11, the diffusion.layer of chromium in the substrate appears to be
about 60u;

3. Fey03-Mg0-Ca0+5i02 System

The experiment with an original drop composition of 56% Fep03 + LL%
CMS illustrates a case in which the premelted liquid is not at equilibrium
with MgO but is at equilibrium with spinel. At 1550°C, the liquid portion
of this drop will correspond to a composition ocn the liguidus surface
passing through Fe3O4, L, a, and J, in Fig. 6. The solid portion of the

drop will be a MgFe;04-Fe30y solid solution. Vhen this drop is in
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Fig., 10 Solid-liquid interface of the sample with an original dro
composition of 4% MgCr,0), + 96% CMS, held 4 hours at 1700 C.
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XBL 6810-6095

Fig. 11 Oscilloscope trace of the solid-liquid interface of the
sample with an original drop composition of L% MgCrEOLL t
96% CMS, held 4 hours at 1700°C.



contact with a MgO substrate, the substrate can react with the liguid at
the interface to form either a spinel or a magnesiowustite solid solution.
At the same time the iiquid will dissolve MgO from the surface to reach
equilibrium with the substrate. As a result, the liquid composition will
shift towards the "LaJ" boundary line. During cooling, the liquid will
follow this boundary line, while both magnesiowustite and spinel will pre-
cipitate out. All the magnesiowustite in the liquia should disappear at
the peritectic point "J" before the liquid moves along the monticellite-
spinel boundary line. However, since the cooling rates are fast, some
magnesiowustite will also be seen at room temperature.

A photomicrograph of the liquid-solid interface of this sample is
shown in Fig. 12. In the liquid drop, the angular white particles are
the MgFe,0y4 solid solution while the round gray ones containing small
spinel particles are the magnesiowustite solid solution. Some spinel
apparently precipitates out during cooling inside the magnesiowustite
particles. The remainiqg portion of the drop is primarily monticellite
(dark gray) and the final portion of the liquid which freezes at the
invariant point. An iron diffusion layer of about L400p is also apparent
in the Fe-Xo trace.

4., Ti02-Mg0-Ca0°+3i02 System

As indicated in the discussion of the Ti0,-}g0-Ca0°*Si02 system, with
additions of TiO2 the liquid dissolves MgO from the substrate to reach
saturation with respect to MgO. Only a very small amount of TiOz in the
liquid may react with the substrate to form a solid solution, while no
compound formation at the interface will take place. With 5% TiO2

~addition any of the solids, Ca0+TiO2, 2Ca0-Mg0+25i02, Ca0+Mg0+SiO2,
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Fig. 12 Solid-liquid interface of the sample with an original drop

composition of 5&b Fe 05 + L% CMS, held 3 hours at 1550°C.
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Fig. 13 Oscilloscope trace of the solid-liquid interface of the sample
with an original drop composition of 56 Fe205 + L% CMS, held
Z hours at 1550°C.
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2Mg0+Si0,, and MgO can be expected to coexist with the liquid. With 30%
TiO, addition, Ca0.Mg0.25i0, replaces Ca0.Mg0.Si0,. In Fig. 14 2 photo-
miprograph of the sample with 5% TiO, containing liquid is shown. A com-
parison of this micrograph with the oscilloscope traces of the elements
given in Fig. 16(a) shows that the white angular particles in the liquid
contain qnly calcium and titenium. Thus, the white particles correspond
to the Ca0+*TiO, phase., The light gray, round particles concentrated

close to the liguid-solid interface indicate only the presence of mag-
nesium, and thus, they will be the MgO phase. The dark gray sections,
which constitute the main portion of the liquid, indicate all the elements
but titanium. These are probably the CaO.}Mg0.SiO, primary phase. Accord-
ing to Berezhnoi'shoe composition tetrahedron, the Cal.Mg0.510, primary
field will be next to the MgO primary field, and the CaO.Mg0.Si0O, phase
will precipitate out during cooling as the liquid moves along the MgO-
Ca0«Mg0+5i0, boundary line. The rest of the liquid, where a fine eutectic
structure is observed, is the portion of the drop which freezes at the
invariant point.

The photomicrograph of the sample of 30% TiOé containing liquid is
shown in Fig. 15. Again, from a comparison of this micrograph with the
oscilloscope traces of the elements given in Fig. 11(b), the white regions
are identified as the Ca0+Ti0, phase. The dark gray regions appear to be
the 2Mg0+.Si0, phase since they contain no calcium and titanium. The rest
could not be identified clearly. In both of these samples some titanium
in the substrate could be detected, although as in the Al,0;-}Mg0-Ca0.8i0,
round effect.

system, most of this would be due to the back

gea
=]
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Fig. 14 Solid liquid interface of the sample with an original grop
composition of 5 Tio, + 9% CMS, held 3 hours at 1550 C.
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held 3 hours at 1550 C.

J

Fig. 15 Solid 1liquid interface of the sample with an original drop
composition of 30% Ti0, + TO0% CMS
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Fig. 16 Oscilloscope traces of the solid liquid interfaces of the samples
with original drop compositions of (a) 5% Tig) + 95 CMS, and
(b) 30% TiO, *+ 70% CMS, held 3 hours at 1550 €.



D. Nature of Interface Reactions and Their Effect on
Contact Angle ' ) '

S5

The interface reactions discussed in the preceding sections can be
classified under three general groups: -
(a) The liquid dissolves MgO from the substrate surface when it is
unsaturated with respect to MgO,
(b) If the liquid is saturated with respect to MgO+R,03, but not with
MgO, the MgO of the substrate reacts with the R203 of the liguid
to form spinel, and
(e) The MgO of the substrate reacts with R203 or Ti0, of the liquid
to form a solid solution. |
A hypothetical R203-Mg0-Ca0°Si0O2 ternary phase diagram, shown in Fig. 1T,
will be used to discuss the nature of these interface reactions. Although
the iron oxide—MgO—CaO’SiOz-system is a quaternary system, the use of
this simplified diagram will not alter the discussion on the interface
reactions. Furthermore, in this R203-Mg0-Ca0°Si02 system, the discussion

of the behavior of a drop composition "LT" on the MgO substrate will be

sufficient to cover all the different cases encountered in this study.

"

the premelted drop of the composition "LT

At a temperature "Tl,"
contains solid particles of MgO*R,0; and a liquid of composition "L."
When this drop is on a pure MgO substrate, the liquid composition will
shift from L to L' by dissolving MgO from the substrate surface. The
liquid composition will next tend to move into the MgO primary field

along the T. isotherm as it loses some of its R203 to the substrate since

1

all of the R203's formed solid solution with MgO. However, if the spinel

particles of the drop can make up for this loss by dissolving in the
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ligquid faster than the substratée can réact wifh the‘R203 of the liquid,
the composition should sﬁay at L'luntil éll of the spinél in the drop is
depleted. The 1iqﬁid éomposition will then shift into the MgO primary
field only after the excess spinel of the drop is depleted.
The overall composition of the drop-substrate system can be repre-

'v sented by a point "O" on the line joining Ly to Mg0. This point will be
closer to the MgO side since ﬂhe'méss of the substrates used was con-
siderably larger than that of the drops. As the overall drop composition
changes froﬁ LT to L' and subséquenfly movesﬂinté the MgO primary field,
~ the overall gﬁbstrate composition moves towards a saturated solid solu-
fion composition represented by pdint D for temperature Tl' .Dgring this
adjustment period, the liquid and the substrate compositions wili bé
joinéd b& the dash line which rotates with point 0 as a fulcrum. This
aajustment will cease when the activity of R203; in the substrate bécomes
equal to that of the Rp03 in the liquid. At equilibrium, the substrate
'apd ihe liquid will then be feprésente@ by equal‘Rzoa activity composi-
fions S aﬁd T, respectively. In this study the eqﬁilibrium for the
whole systéﬁ was never attained since ﬁhe time allowed for the diffusion
_ of R3+ orfsz cations into the MgO substrate was not long enoﬁgh to .

.attaiﬁ the equilibrium structure. In thé'experiment with 56% Fep03 + hh%
.}cMS liquid composition, fqr‘instance, thé diffusion layer consfituted
'i only 20%.of the substrate.

Although the system;as a ﬁhole needs a long time to éttaih an

equilibrium composition, the interface regién itself can reach_a transient
.equilibrium state rapidly. In the L —Méd system, for instance; if the

T

interface reaction is not the rate controlling stex, the substrate at the
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interface. will correspond to'thé saturation composition of D while the
liquid is‘at'LY; Then the interface région can be thought of as an iso-
lated system containing equal amounts of.liquid and substrate p@aées.
The overall composition of this interface region will be represented by
point I.

The liquid L' can coexist igAequilibrium with the MgO solid solution
phase of composition D and with the spinel phase. If the liquid iIs in
the spinél primary field, however, it rezscts with the MgO solid solution
to form more spinél. VIf the MgO solid soiution is unsatﬁrated, this

liquia now reacts with the unsaturated MgO solid sclution to form either

.spinel or saturated Mg0 solid solﬁtion; as.given by the following re-

actions:
R203(in liquid) + Mgo-Rzo;(subst.,unsat.é's)+_r-_igo-Rzo3(sat'.ss) (3)

Rzog(in liquid) + MgO-R,03(subst., unsat.ss)> MgR,04(spinel) (L)

' The magnitude of (-)AG, in both cases, is directly proportional to the
¢ degree of undersaturation of the MgO-R203 solid solution. Thus, one
~'would expect AGs and AGy to be the same. In sessile drop experiments,

‘when the substrate at the interface is an unsaturated solid solution .and

the liquid is in the spinel primary field, both of these reactions can

‘_take place. The growth rate of the products, however, will determine

which one of these two phases will grow at the interface.

Once the liquid reaches L' and begins to move into the Mg0 primary

- field, the liquid and the substrate can react to form only the saturated

 MgO solid solution phase as given‘by reaction (3). The (-)AG of the

reaction now decreases as the liquid composition changes to a lower

R203 contént.
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Under equilibrium'co;ditions, the contact angle in Young's equation
is determined by a balance of ;nterfacial and surface tensions acting on
: thé>periphery of the drop. Undef non-equilibrium conditions, ho&ever,
the use of this equation becomes inapgropriate since the interfacial and
surface tensions will be changing continuously as the whole system ad-

- Justs itself towards a lower free energy ¢onfigurétion. The nature of
_xﬁhe interface reactions now plays a very important role in the behavior
of the liquid.

It ihe liquid is in the spinel primary field, under unsteady state
conditions the AG forfreactions_(B) and'(h)‘will have a high nééative
Qalue immediately after the first portion of £he liquid forms on the sub-
strate. This is due to the initiai high under;atﬁration of the substrate.
As the réaétibn proceeds., tﬁ; degree of underszturation of the substrate,
and consequently, the driving force of the reaction will decrease.

Arbuhd the periphery of the drbp, however, where the liquidvis next to
- an undersaturated MgO—R203 solid éoiution, the liguiad ﬁill édvance fur-

5 ther to react with more Mgo. When the driving force for thisireaction
-_is higﬂ, the liqﬁid can wet the suBstrate eompletely before the steady
gtate Qonditions~are attained. If fhe kinetics are such thaf ihe.sub;
Stratelsurfacé:arouﬁd the peripheryvof the drop can approach the satura-
tion“composition rapidly, the dfiyiﬁg force for the reaction becomes low.
dThe_liquid then stops ét a finite steady state angle when the liquid
surface cannot be stretched any further.

The steps which might play an important rcle in the kinetics of this

“wetting phenomenon are:
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(a) Dissolution of spinel in the, liquid,
. . 3+ 2+ . . R
(v) Diffusion of R or R cations in the liquid,
(c) Interface reaction, o
s 3+ o+ ) . N

(d) Diffusion of R~ or R cations in the substrate, and

(e) Dissolution of MgO in the liquid.

. . 3+ 2+ . . RN . : .
The diffusion of R or R~ cations in the ligquid will not be expected to
be a rate controlling step because the diffusion in the liguid will be
much faster than that in the substrate. If (a) is the rate controlling
step, the R203 content of the liquid around the periphery will be de-
pleted as diffusion into the substrate continues. Once the ligquid reaches
‘L' and subsequently becomes undersaturated with respect to MgR204,
reaction (3) will be the only possible interface reaction. The magnitude
of (-)AG for this,reaction.will now decrease as the liguid approaches a
pure CMS composition. If the interface reaction is the rate controlling
step, the substrate will always be undersaturated while the liquid stays
‘saturated. The magnitude of (-)AG will then be high. The magnitude of

: o iy . o3F 2+ . N

(-)AG will become low again if the diffusion of B~ or R cations in the
- substrate is the rate controlling step since now, the interface region
of the substrate also becomes saturated. Finelly, if the dissolution
.rate of MgQ in the liquid is low, the above argument still applies unless
the ‘diésolution rate of spinel in the lizuid is also slow. Then, as
the liquid becomes depleted of R203, it wili‘move along an almost con-
stant MgO airec£ion instead of following the Tl isothern.

In thevAlzog—MgO—CéO°SiOZ and'Fezos—FeO—MgO—CaO°Si02 systems in
_excess of 3% Rz03, the steady state contzct anzles would be 35° and 15°,

respectively. On the other hand in the Cr03-1ig0-Cad+5i02 and
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TiO;—MéO—éaO'SiOZ systems, the steady state contact angles become very
low as the amount of Cran and TiOs are ihcreased. These angles are in-
dicated as zero in Fié. 2‘since, in each case, the substrate was wetted
.completely. Attempts were later made to’aetermine this very low contact
angle witthrzos additions at 1550°C. The biggest Mz0 substrates avail-
gble were used thlé the size of the drops was decreased considerably.
After 3 hours a contact angle of 7° was obtained for the system with 3%
- Cr203 + 97% CMS liquid composition. With the 5@ Crz0s + 95% CMS liquid,
the angle'was 6° after 6 hours of heating. Thé contact angle could not
be measured when the 15% Cr,03 + 85% CMS liquid wés fired on Mg0O for 3
hours since the drop segregatéd into very smal; segments around the trace
of the original drop. Apparently, as the Cr203 content of the drop was
depletgd, the liquid tried to pull back, and Auring this process it
formed small segments. With the 3% and 5% Cr,03 containing liquids, the
drops must also have spread first and pulled béck as the Cr;03 content
»in the drop décreased. In both cases the original drop traces were
visible. For practical purposes, then, the liguids contéining in excess
of 3% Cr203 can be considered to spread on MgO. Yet this'spreading was

not obtained in the system with 4% MgCr,0, + 967 CMS drop composition
(Table I). |

At this sﬁage, one more step must be addec to the five rate con- _

frolling'steps listed above, namely the soluticn of sza from the MgO-
R2Q3.solid soluﬁién in the liquid. :Thié‘step ;laﬁs an important part if
the amount of Mg0-R;03 sclid solution partgbles in the liquid is high
:'and the solution ratequ R203 at the’(MgO—Rzog)—liQuii intgrfaée is slow.

In the L% MgCrz0s + 96% CMS liquid, the perceniage of MgO-Crz0; solid
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solution‘particles at test temperature is slightly higher than that in
" the 3% szOg + 97% CMS liquid. vAlthngh the formef_system, as a whole,
con%ains mofe than 3% Cr203, the percentage of Cr203 in the liquid portion
is actually'leés than tha@lof the latter systemf This peréentage will
decrease further aftér the ligquid forms if the solution rate of Crz03 at
the (MgO—Cr#Og)T;iquid interface is slow.- Thus, a finite steady étate
contact angle.gorresponding to a liquid composition less than 3% Cr203
is obtained instead of spreadipg.

In the literature, unfortunately, only.limited data are available on
the kinetics of tﬁe possible rate controlling steps oﬁtlined above. The
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- diffusion rate of Fe2+ cations in MgO has been determined by Tagai, et al.
and Blank.38 Tagai, et al., and receﬁtly Gresxovich and Stubicansl have
deﬁerminedithe diffusion rate of Cr‘?+ cations in Mgo.: No data couldibe
foﬁnd on the kinetics of aluminum cation diffuéion in MgO. Furthermore,
the kinetics of the other steps still remain to be.investigatéd.

iAccording to Tagai, et al., at 1600°C Fe2+ and Cr3+ cation diffu-

* em?/sec., respectively.

sivities iA MgO are 3.1 x 1077 and 1.3 x 107%
If the diffusion of cations in MgO is the rate controlling step within

the first second of the diffusion, the activity profiles of Fe203 and

_ CrzOg in MgO will be as shown in Fig. ;8. In order to plot these
actiﬁity-profiles, the concentration profiles of Fe203vand Cr203 in MgO
were first determined using Tagai, et al.'s diffusivify data. Assuming
that the MgO—Feép3 and MgO—Qr203 solid solutions are ideal, the activities
. can be ob%ainedvdirectly from the concentration profiles. A comparison
“of these profiies shows that for a given time the interface region of

the subsirate around the periphery in the Fep0; containing systems would
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Fig. 18. Activity profiles of Fez03 and Cry03 in ¥g0 solid solution,
after 1 sec at 1600°C.
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reach saturafion much faster than it would in the.Cr203 containing sys-
tems. If an effective interface region of 100 Z can 5é assumed,;AG3
an@.AGq at the interface will have 'a higher negative nalue in tne Cf203
containing systems than it will in the,Fesz containing systems. Under
these conditions, then, one would expect thé Cra03 containing,liquidsrto
s?readvmore on a MgO substrate. |
Tne kinstics of aluminum cation diffusion in MgO is yet fo be deter-

~mined. A fast aluminum cation diffusion in MgC could be a concributing
facto; to the relatinely high steady state contact angle observed; The
microscope studies, however, indicated thst the dissolution rate of |
»MgAleq spinel in the liquid could also be an important factor to con-
sider. 1In Fié. 19, the periphery region of a drop with an criginal com-
. position of 30% Al1203 + T0% CMS is shown. Tho.anguiar particles are
'MgAlzoq spinel., It oppears that the periphery region of the liquid is
{almoSt completely depleted of excess spinel after 3 hours at 1550°C.
This phenomenon which was not observed in the . other systems would Dbe due
j to a slow dissolution rate of MgAlen spinel in the liquid. - Thus, at
. sféady state the contact angle corresponds to a finite value since the
‘(;)AG'of the interface reaction around tne periphery region will be low.
_Similarly, in tne T10,-Mg0-Ca0+5i02 systen theaformation of a soiid solu-
tion at the interface would be a contributing factor to‘the lowering of
the contact angle. In this case, since the liquids dissolve MgO from

- the surface, the driving force for this reacﬁion may also contribute to
_vthe decrease in the contact angle. Apparently wiﬁh 5% Ti0, containing
iliquid; this dissolution step was short since the presence of MgQ éar—

ticles in the drop indicates that the liquid was already at eguilibrium
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Fig. 19 Periphery region of the sessile drop with an original composition

of 30% A1,0 + 70% CMS, held 3 hours at 1550°C.
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‘with MgO after 3 hours.

The mééroécopic naturé of the experiments in this study was the pri-
_imary cause for the delay in reaching the final equilibrium states. In a
compact, however, where-the solid particles are usually micron size,vthe
eQuilibrium configuration will be readily achieved. The dihedral angle
measurements of Jackson; et al.,h and Jackson and Ford5 in the periclase-
.méntiéellite system corresponded to this equilibriﬁm configuration. In
their studies, a firing period of one hour was adequate to reach equilib-
rium. Finite dihedral angles were obtainéd between the Mg0 grains. If
shortef‘firing:pe;iods corresponding to the non-equilibrium stage were
used, either thé dihedral angles would ha&e been very low or the MgO
grains wouldﬁhave beeﬁ.completel& surrounded by the liquid. This transient

wetting stage would be due to the reactions at the solid-liquid interface.
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V. CONCLUSIONS

The contact angle of monticellite -(Cao-Mgoos;o'z) liquid on (100)
faces of magnesium ogiae at 1550°C was determined to be in the range of
- 43-51°.  The A1,03, Cr;0;, Fez03, and T;o'z_ additions to the liquid, in
each.case, resultéd ih a'decréaée in the contact angle. OSpreading was
obtained with Crz0s and TiOz additions (Fig. 2).

The equilibriﬁm structure of the monticellite-ﬁagnesium oxide system
-is disturbed with additions of Alzoa, CréOa; F8203; and TiOz. The system
then goes ﬁhrqugh a transient non—eéuilibrium stage. During this stage,
a driving force exists for reactions at the ligquid-substrate interface
to achieve an equilibrium struéture; The_degfee of wetting is directly
f_proportional to‘the'degree of this driving fopce, or;the magnitude'of
~_(+)AG for the reaction, Spfeading is obtaiheé-when_thefmagqitgde of

(=)AG for the reaétion is high.resulting in a wetting driving fbrcebthat
'vexceeds the surface tension of the liquid.
The wetting phenomenon in this transieht stage is affected by the
- kinetics of: (a) dissolution of spinel‘in the liguid, (b) diffusion of
additive cations in the liquid, (c) interface reaction, (d) diffusion of
Hzadditive cations in the substrate, and (e) dissolution of MgO in the
:liquid.

The:goal of this study which.was to determiqe the effect of Crzbg,
fiFe203, Al1203, and TiO, oh the solid—liquid"iﬁterfacial energy of.the
iﬁequilibrium“periclase—ménticellite system’was not aéﬁieve&; The final
b-equilibrium compositions could ﬁot be attained due to the macfoscopic
- nature of the experiments. Therefore, the reported contact angles are

not the eguilibrium contact angles but the .steedy state angles of a
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n,ﬁransient reaction stage. In order to mezsure the equilibrium contact
angles, one‘then has to pefform the sessile drop experiments on substrates‘
that are initially at equilibrium with the liquid. _ -~
Nevertheless; the ‘results of this study are quite valuable since they
provide a greatef understanding of the role of interface reaction kinetics
in sessile drop experimenté. It is felt thaﬁ the kinetics of interface
reactionS-woﬁld play an equally important role in the'microstructure

development of a compact.
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APPENDIX

1. The Chemical Analysis 6f MgQ Powder

" Baker and Adamson Reagent No. 1917

Substance | "Wf; %
Assay (MgO) (after ignitién) 99.0
Insoluble in dilute HC1 0.020
Soluble in water _ 0.40
Loss on ignition 2.0
Armonium hydroxide precipitate 0.020
Chloride (Cl) ~ 0.010
Nitrite (NOj3) ~+0.005
Sulféfe an& sulfite (as S04) 0.005
Barium (Ba) h : o,bos
Célcium (Ca) - 0.05
Heavy metals (as Pb) '0.003
Iron (Fe) . 0,010
Manganese (Mn)_ o ‘ O}OCOS
Potassium (K) . 0.005
Sodium (Na) ' | | 0.50
Stronium‘(Sr). ‘ ' - 0.005

Silica (Si0z) - 0.0k0
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2. The,Cheﬁical'Analysis.of CaCO3 Powder

Baker and Adamson Reagent No. 1506

© Substance . "Wt; % -
Assay (CaCOs)‘ o . - .99.0
Insoluble in dilute HCL 0.010
NH4OH precipitate ' 0.010
Chloride (C1) | ‘ 0.001
Oxidizing_substance (as NOj) 0.005
‘Sulfate (504) | _ £ 0.010
Amménium (NHs) 0.003

Barium (Ba) . ' o . 0.005

Stroniun (Sr) R 0.10
Magnesium (Mg) . . - 0.02
Potassium (X) '_ . - 0.01
Sodium (Na) - 0.10
Heavy_metals (as Pb) ' 0.001
Iron (Fe) o | 0.002

3. Si02 Powder

O%tawa Silica Flour

 Substance o | WL %
Silica (8i02) | . . 99.8
Alunina (A1203) o o0
Iron oxide (Ee203) | - 0.02
Calcium oxide and magnesium oxide 0.1

(Ca0, MgO) :
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The Chemical Analysis of Al,03 Powder

Baker Analyzed Reagent No. 0536

‘7Substance L 4"th:‘Z
Assay (A1203) o ©99.5
Loss on ignition E ‘_ 0.3
Chloride (c1) ' : ogoosl

Sulfate (S04) | 1 6.003

| Heavy metals (as Pb) , © 0.0005

Iron (Fe) v 0.001

Cr203 Powder

Bakér,Analyzed Reagént No. 1616. A chemical analysis was not
performed. : - -

.The Chemical Analysis of Fez03 Powder

Baker Analyzed Reagent No. 202k

"Substance CWE. %
Assay (Fe203) : . 99.5
Insoluble in HC1 . 0.0k
Phosphate (POu) 0.02
Sulfate.(805)‘ - 0.0k
Copper (Cu) | : i 0.003
Manganese (Mn) | | 0.03

Substances not precipitated by
NH4OH (as SOu) ©0.003

Zinc_(Zn) ' . 0.003
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T. The Chemical Analysis of TiQO, Powder

Baker Analyzed Reagent No. 4162

..~ Substance : v "HE;_ﬁ B
Water soluble salts _ - 0.01 |
Arsenic (As) -  0.0001
Iron. (Fe) - | ~ 0.001
Lead (Pb) SR  0.008
- Zine (Zn) | | 0.005

8. The Spectroscopic Analysis of MgO Single Crystals

Substance , Wt. % Oxide
Magnesium (Mg) | | Principle Constituent
Iron (Fe) | | - 0.015

Aluminum (A1) D . 0.007

Chromium (Cr) o 0.002

Titaniwn (Ti) . ‘Not detected

Silicon (sﬁ) o | :v o <0.005

Calcium (cé) 0.01L

Manganese (Mn) o 0.001

Nickel (Ni)_- o Not detected

* The analysis was performed by the American Spectrographic Labora-
tories, Inc., 557 kMinna Street, San Francisco, Californis
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