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This thesis is concerned with the investigation of the diffusion
controlled reaction between MgO and (3 - quartz in the temperature range
1200 - 1450 °C in wet and dry atmospheres. The reactions were studied by
Placing known faces of quartz crystals in direct contact with MgO powder,
heat treating them, and then investigating the cross sections. The product
layer was investigated by both reflected light and thin section metallography,
electron - microprobe and X- ray diffraction., Using Wagner's and
Schmalzried's ideas on solid state reactions, a theoretical model for the
diffusion controlled formation of silicates was developed., With this model,
a mechanism for the diffusion controlled formation of forsterite from MgO

and (3 - quartz was advanced.
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CHAPTER 1

INTRODUCTION

High temperature solid state reactions in ceramic systems are
extremely important in many fields of technology, yet for the most part,
little is known about the mechanisms of such reactions. The system MgO-
SiO2 for example is of prime importance in the field of refractories.

(1,2,3) in this system were primarily interested in deter-

Early workers
mining which binary compounds form on reaction, and how these compounds
affect the properties o f refractory materials containing MgO and 8102.

(4,5,6,7) in this

Initial efforts to obtain high temperature kinetic data
system were carried out on mixed powders of MgO and Si02. Although this
method gives data with a minimum expenditure of time and effort, it
yields only empirical results, since reaction rates depend greatly on the
size and shape of the reactant particles. In order to obtain meaningful
data, it is necessary to carry out the reaction under well defined
geomeéric and thermodynamic conditions. The kinetic data so obtained can

be interpreted using the available theories of solid-state reactions so

yielding a higher degree of understanding of the reaction mechanism.



CHAPTER 11

LITERATURE REVIEW

IT.I The System MgO-SiOz_

The system Mg0-SiO

2
(2)

and by Greig ‘. By heating mixtures of Mg0 and SiO2 in large electric arc

was initially studied by Bowen and Andersen

furnaces, they determined that only two binary compounds form in this

system; forsterite, Mg2510 and enstatite, MgSiOB. Forsterite was found to

L
melt congruently at 1890 °C, whereas enstatite decomposed at 1557 °C to form
& liquid and forsterite. The above workers believed clino - enstatite to
be the stable high temperature form of enstatite, but subsequent work by

1l
‘Foster( 5) and Atlas(16)

has shown that proto -~ enstatite is the stable high
temperature form, and that clino - enstatite is a metastable polymorph.

The phase diagram of the MgO—SiO2 system given in Figure iI-l is the one
given by Greig, with the modifications of Foster and Atlas,

(8)

Schaudt and Roy have shown that there is a small degree of
s80lid solubility in this system. Samples of forsterite with an Mg0 excess,
and samples of Mg0 with forsterite were rapidly quenched from the annealing
temperatures. At 1860 °C ( the eutectic temperature of Mg0 - MgZSioh) the
solubility of MgO in forsterite is approximately 0.5 mole %5 and 11.0 mole %
of forsterite can be dissolved in the MgO phase, Extrapolation of their .
results to lower temperatures predict that there is litile solid solubility

of MgO in the forsterite phase below 1600 °C. The solid solubility limits

for the silica rich side of forsterite, and of enstatite have not been
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determined.

I1.2 Silica (8510,)

Silica can exist in three stable polymorphs between room temperature
and the melting point, 1760 °C, af standard pressure. These are quartz
(stable up to 870 °C), tridymite (stable between 870 °C to 1470 °C), and
cristobalite (stable from 1470 °C to the melting point). The structures of
these polymorphs are shown in Figures II-2a to II-2d. In addition to these
stable forms, silica can exist in a number of metastable forms. These are
the amorchous state, silica W, a light chain structure of SiOZ, and three
high pressure forms, coesite, keatite, and stishovite.

The structure of all crystalline forms of silica, and of silicates
as well, is based on the SiOZ- tetrahedron. These tetrahedra may be regular
or distorted and the oxygen at the apex may be shared by two tetrahedra.

The structure of/@- quartz is a three dimensional network formed of silica
tetrahedra arranged along a hexagonal screw axis parallel to the C axis in
a double helical fashion. Successive tetrahedra on the hexagonal chains are
translated through C/3 as they undergo 1/6 rotation(ll). Denser o - quartz
forms through a displacive collapse of the silica tetrahedra,

The difference in thermal expansion between X ¢ B quertz is quite
marked., O - quartz has a thermal expansion coefficient of 150 X 10-7 /°C
while /8- quariz has a slightly negative expansion coefficient of -5 X 10-7/°C
in its stability range (12). |
£ - quartz will form a series of solid solutions with compounds

such as MgAlzou and LiAlOz. These  "stuffed quariz" structures form by






Figure II-2b The structure of /[ - quarts projected on (0001)

L
plane, after Wychoff( 5).



(47)

Figure II-2c The structure of £ - tridymite, after W.L. Bragg .



Pigure II-2d The structure of [ - cristodalite.



+ + + + .
substitution of Al3 for Si4 , accompanied by either Mg2 or Li in the
interstitual vacancy sites along the hexagonal screw axis., There is no
indication however, that /3'- quartz will form a solid solution with MgO

(12)

alone
Frischat(IB’lu) has noted that there is a difference in the

diffusion rates of radiocactive 2 Na$ in quartz parallel to the C axis and
perpendicular to the C axis. He found that Na+ diffusion parallel to the

C axis can be described by the equation D = 0.68 exp(-20,000/RT) cmz/sec in
the temperature range 300 °C to 570 °C, while diffusion perpendicular to the

C axis was three to four orders o§ magnitude lower. Frischat also measured
the diffusion of 45Ca2+ in quartz. The rate of Ca2+ diffusion‘parallel to the

C axis can be described by D = 1. X 105

exp(68,000/RT) cu’/sec whereas the
diffusion perpendicular to the C axis was too low to be measufed. His
.results are shown in Figure II-3. This anisotropy of ionic diffusion in
quartz may cause differences in reaction rates én the basal snd prism planes
of quartz when involved in a reaction with a diffusing ionic species. If a
rate determining step, or a nucleation step invoclves the diffusion of ionic
species into quartz, anisotropy of reaction rates on different planes of quartz
may also be expected., Burte and Nicholson(zs’jl) have suggested that this
effect may be the cause of the anisotropy of the reaction between/g - quartz
and Ca0, It was found that the rate of formation of CaZSiOM was signifigantly
greater on the basal plane (i.e. reaction parallel to the C axis) than on the
prism plane (i.e. reaction perpendicular to the C axis) of & - quarts.
Eeating quartz in the temperature range 870 °C = 1470 °C does not
(9)

induce direct conversion to tridymite, but instead S~ cristobalite forms ’

which slowly converts to tridymite in the presence of an alkali mineralizer.
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The rate of conversion of'lg-rquartz to cristobalite has been studied in the

(10)

temperature range 1270 °C to 1450 °C and it was found that the reaction

is not simple first order, and that the rate of transformation depends on the
particle size of quartz. Figure II-4 shows the dependence on particle size
of the quartz - cristobalite transformation at 1320 °C and 1370 °C, The
transformation is not a rapid one, for example, heating (-100 +125) mesh
quartz particles at 1370 °C showed 93% to remain after 24 hours. The product
phase is found to nucleate on surfaces, defects, and inclusions within the
quartz, thus, large grain defect free quartz will have even a slower rate
of transformation(lo). It has also been noted that lMgO, Ca0, Tioz, and Fe203
mineralize the transformation of quartz to cristobalite.

In addition to the polymorphic changes in silica, high - low
inversions also occur., These inversions involve changes in the Si-0-5i
bond angles and do not require the Si-0-Si bonds to break. These high - low

inversions occur in all three stable forms of silica, the most important one

being the * -4 quartz transition,

I11.3 Magnesium Oxide (Mg0)

Magnesium oxide is an ionic compound with the oxygen anions packed
in a face centered cubic array and the magnesium cations filling all the
availible octahedral sites (NaCl structure). The melting point of Mg0 is

(40)

given as 2800 °C . Only one polymorphic form of Mg0 is known.

11.4 Foraterite - Mg2§394_

The mineral forsterite belongs to the olivine group. It is made
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of isolated SiOuu- tetrahedra with magnesium cations balancing the charge.
The oxygens are arranged to form an orthorombic structure, with one - eighth
of the tetrahedral sites filled with silicon cations, and one half of the
octahedral sites filled with magnesium cations. At standard pressure, the

orthorombic structure is the only stable form of forsterite at all temperatures

(52)

to its melting point. Two high pressure forms of forsterite also exist

These are & - Mg,5i0y, which has a slightly distorted spinel structure, and
(52)

J - MgZSiOQ, with a perfect spinel (cubic) structure. Suito has found

that at 1000 °C the olivine forsterite will transform to the &3- MgéSiO“ at
approximately 130 kilo bar pressure, and a further transition to a’- MgZSiOh
takes place at 220 kilo bar pressure, Similar olivine to spinel transformations

are known to occur in other orthosilicates such as Ni_Si0O , Co

S5i0
> i hy? and

2

Fe28104.

I11.4 Instatite - Mgﬁioj_

The mineral enstatite is a chain silicate of the pyroxene group.
It consists of repeat units of (81206)n-2n with magnesium cations to balance
the charge. There are three known polymorphs of enstatite, however the
reiationship between these phases is not clear, Enstatite, with an
orthorhombic crystal structure, is the stable low temperature form. Proto -
enstatite, also with an orthorhombic structure, is a high temperature form
stable above 1260 °C according to Foster(ls) or 985 °C according to Atlas(l6).
Monoclinic clino - enstatite is a metastable form formed by rapid cooling

of proto - enstatite below 700 °C(15’16). Clino - enstatite can exist

(15)

indefinitely at room temperature without reverting to enstatite + Structures



Figure II-5

14

Olivine structure parallel to (100) plene. Si

atoms which are at the centers of the tetrahedr=a,
are not shown. Small open circles O Mg atoms
at x = 0; small solid circles @ Mg atoms at

I
x = 4. After Bragg and Brown( 8) .
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of the three polymorphs of enstatite are shown in Figure II-6,

11,6 The Defect Structure of Forsterite

In any system where the reactants must diffuse through a product
leyer, the defect structure of the product layer will have a profound
influence on the rate of reaction, therefore a knowledge of the defect

structure is important in understanding the reaction.

17
According to Borchardt & Schmalaried s 1t is possible to make -
the following assumptions in deriving the defect structure of forsterite.
a) Oxyzens in interstial sites are not possible due to the packinmg

density of the oxygen lattice.

b) The occurence of cations on anion sites, and vice versa is not
possible on the grounds of electrostatic repulsions.
By combining the effective hegative and effective positive point defects, it
is then possible to form eighteen defect structures, as shown in Table I1I-1,
Defect structures involving silicon ions in octahedral sites and magnesium
ions in tetrahedral sites are further disccunted for energetic reasons.
Further, it is very unlikely that silicon ion vacancies exist because it
would require the silicon to be removed from the oxygen lattice. The defects
which therefore predominate, according to this scheme, are the Frenkel
defect, (Mg;;o) - (Vé;,o), at stiochimetric compositions and the defect

e®ea ]
»

' e '
types, (Sii,T) a %(ng,O) and (VO) = (V# ’0), which predominate when there is

2

According to the CGibbs phase rule, forsterite, being a ternary

‘8
a 8lisht excess of SiOz. Conductivity nmeasurements on MgZSiOQ with and without
1
excess Si0_, have confirmed that these are the predominate defect species(ls’ 9X

ionic solid, will require four independant thermodynamic variables to be



Figure II-6

(c) Protoenstatite
OMg o0Si +0

The structure of a) clino - enstatite, b) enstatite,
and ¢) proto - enstatite projected on the (010)
plane. The unit cells of each structure are

) &
outlined, After Morimoto( 9).



Table II-1

The Ionized Point Defects in Forsterite

and the Probable Defect Types.

(17)

From Borchardt and Schmalzried .

19



1 it i
Mgsir Vsir Vmg,0

Sii,o

=
Sifiao ﬁ?ﬁg
7&3

Mgir

SiiT +

Mgio | +

Vo +

<
M

vacancy

i,O = interstitial site with octahedral coordination

i,T = interstitial site with tetrahedral coordination

Y = oxygen

Si,T. = regular silicon site with tetrahedral coordination
Mg,0 =  regular magnesium site with octahedral coordination
+ = SiOZkexcess

x = stiochiometric compound

The diagonal lines indicate point defects which are not considered to

exist.
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fixed in order to completely define its thermodynamic state. The choice of
pressure and temperature are obvious, and oxygen partial pressure can be
readily controlled., The fourth variable requires more attention in choosing
for it must be a measure of the stiochiometry of the forsterite. This is
perhaps most readily achieved by fixing the activity of SiO2 in the system.
The variation of the defect structure of the forsterite with a

(20) 8102
can be analyzed by the method of Schmalzried . By combining the mass and

site balance equations, of the form, 8102 + Mg 2= Si, + 2Mg0, and other
similar equations with the integrated form of the Gibbs - Duhem relationship
aI%gOaSiOZ = expAG°/RT (A G° = free energy of the reaction

?Mgo + 519223:3M328104 ), it ig possible to obtain a general equation for

the variation of the log defect concentration with log aS‘O .
2

i) = 1

d 1og(1) nid log aSiOZ ( )

vhere 1 = a defect
ni = characteristic nurber for each defect type.
Graphical representation of these equations, for each defect type, can be made
with & Krbger-Vink diagram. The KrbBger-Vink diagram for forsterite is shown in
Figure II-7. In these diagrams, it is assumed that one disorder type

predcminates in a particular range of log aSiO + Changing log as hay cause

io
2 ‘ 2
other disorder types to predominate, but it is always assumed that in each

regicn there is always only one major type of disorder. These diagrams have been

drawn without regard for the possible formation of new phases, A new phase will

form when log aSiOZ 8102

of Mg0O at MgSiO3 - ngS:’LOI+ boundary) in which case forsterite will coexist with

- o 3 o -
= 0 or when log a A GI/RT - log %10 (a° = activity

5102 or MgSiO3 respectively., A detailed description on how Kr¥ger-Vink

calculated these diagrams is given in Appendix I,

The characteristic defect coefficient, n;, can be related to




19

KROGER- VINK DIAGRAM FOR Mg,SiO,
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Figure II1-7 Krbger - Vink diagram for ngsiou.
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measureable properties such as self - diffusion, ionic conductivity, and

20
parabolic rate constants. Schmalzried( ) has shown for example that the
ratio in self - diffusion coefficients of a silicate in equilibrium with an

oxide, AO, and a silicate in equilibrium with SiO2 mey be written in the form

D.(asjo = 1)

where i = any ion or vacancy
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11.7 Review of Previous Work on the Reaction Between MgO~SiOz_

II.7-1 Reaction Kinetics in the System Mg0-SiO

2-_
was initially studied by Jander

2 (5).

4
and Wuhrer( ) in the temperature range 1100°C - 1300°C and by Degueldre ~“in

The reaction between Mg0 and SiO

the temperature range 700°C - 1200°C, Both investigators used fine mixed

) éowders of Mg0 and 5i0, and the formation of the product was determined by

2
guantitative X-ray diffraction. Degueldre found that enstatite is the major
product formed below 800°C, whereas at 1200°C the major product was forsterite
with only trace amounts of enstatite. He also showed that a partial pressure
of water vapour dramatically increases the rate of formation of forsterite.

Brindley & Hayami(é) studied the formation of forsterite using
carefully sized powders of }MgO and SiO2 in the temperature range 1100 - 1400 °C.
The development of forsterite was again followed by quantitative X-ray
diffraction. The results were analysised using the Ginstling - Brcunshtein
equation(21’22). In this model it is assumed that the reaction is diffusion
controlled, The fraction of material reacted,X , is related to the reaction
time by the equation,

D) = (1-2/3%0) - (1007 = (kD)1 (3)

where K is the reacticn constant and R is the particle radius. Plots of D(X)
verus t were used to give a straight line from which K was found. By using
akreduced time scale, data for all temperatures can be plotted on a single
curve and compared with a theoretical equation. This is done by selecting
a particular time, t0.6’ for each temperature where o¢ = 60%. Then from
‘equation 3;

D(0.6) = 0.0571 = (xs'./_g""')*oo.6 ()

Combining equations 3 and 4 gives,
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D(X) = 0.0571(1:/1;0’6) (s)

Figures 11-8 and 1I-9 show plots of O versus the reduced time scale t/to ¢

for the results of Brindley & Hayami. The reasonable agreement with
equation 5 shows that the reaction is diffusion controlled. The activation
energy was found to range from 70 - 80 kcal/mole, depending on the initial
size of the reactent powders. They were also able to show by marker
experiments that Mg0O diffused into silica to form HgéSiO .

4
(7)

Hayami and Ogura followed up this work by examining the rate of
formation of forsterite from MgSiO3 and Mg0, They also re-examined the

formation of forsterite from MgO and Si0O_ in the temperature range 1100 °C

2
to 1350 °C, Again sized powders were utilized in conjunction with
quantitative X-ray diffraction. Their results were also analysised using
the Ginstling - Brounshtein equation. This study showed that the rate of
formation of forsterite from enstatite - Mg0 compacts was approximately ten
times greater than the rate from SiO2 - Mg0 compacts at all temperatures
studied, The acfivation energies for the reaction M38103 + MgO ——;DMgZSiOQ
were found to be between 106 and 110 kcal/mole. For the reaction

2Mg0 + Si0,— Mg,S10,

kcal/mole depending on whether the reaction was followed by the formation

s the activation energy was found to be 92 to 110

of forsterite or the disappearence of cristobalite. Marker experiments
carried out on enstatite - Mg0 couples showed that Mg2+ and 02" were the
diffusing species. On the basis of these experiments, Hayami and Ogura

concluded, " the rate controlling process for the lg0 - 3102 reaction arises

from the diffusion of Mg through the thin enstatite layer which forms between

the main reaction product (forsterite) and the 510, component. "

(23)

More recent work by Daemgen claims that clino-enstatite is

the main reaction product in Mgl - SiO2 couples studied in the temperature
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Figure I11-8 Formation of forsterite expressed as a percentage,

¢x., of the maximum amount which can be formed by
31t leand5: 1MgO- SiO2 mixtures, as a function

of t/t for various reaction temperatures.
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Formation of forsterite by 1l MgO particles in

a matrix of micron sized quartz powder, (a) based
on direct measurement of forsterite formed, (b)
indirect measurement based on diminution of amount
of Mg0. Heavy line, mean experimental curve; light
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line, theoretical curve. From Brindley and Hayami
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range 1400 ° - 1500 ° C, Couples made of single crystal MgO surrounded by
SiO2 powder were reacted at temperature for periods up to 788 hours, and it
was found that only minor amounts of forsterite formed compared with the amount
of enstatite formed. Efforts to establish which kinetic law the system
followed were unsuccessful, however it was shown that changing the oxygen
p;rtial pressure from 1 to 1012 atm caused no noticable change in reaction
rate, indicating that a mechanism involving the gas phase transport of oxygen
is unlikely, The work by Daemgen appears to conflict with previous studies
which found forsterite to be the major product with only trace amonnts of
enstatite. No explanation is advanced for this discrepancy.

The acceleration of the formation of forsterite in the presence of

(&)

8 partial pressure of water vapor was noted by Jander and Wuhrer

(s) (24)

Degueldre “°. Osborn

and by
also noted that very fine ground quartz and g0
yield forsterite at 500° - 700° C under a water pressure of 22,5 - 8i kg/cm2
in only 2 - 3 hours. Under these conditions the synthesis of forsterite in
a dry system is practically impossible.

The enhancing effect of water in the formation of ortho-silicates
has been noted in other systems. In the Ca0 - SiO2 system, for example, Burte
and Nicholaon(25) noticed that the rate of formation of CaSioh from Ca0 and

[3-quartz was significantly higher in wet than in dry atmospheres.

_11.7-2 Thermodynamic Data for the System MgO - SiO,

Free energy of formation values for the magnesium silicates are

not consistent within the literature. For the reaction Mg0 + MgSiOB-—? HgQSiQw

reported values range betweenAG® = -7.3 kcal/mole at 1400 °C(26) to

AG® € 4.5 keal/mole at 1400 °C(27) and AG® = -k.3 keal/mole at 1550 °c(28),

(29)

Rog et al determined the free energies of formation of enstatite
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and forsterite from MgO end 8102 between 1100° and 1400° C, The
electromotive forces of the reactions

MgO + MgSiO3 _> MgZSiOu (1)
and

Mg,Si0, + S10, —> 2MgSiO (11)

2 3
were investigated using the solid state galvanic cells

Pt/Oz(poz), MgO, Mg,Si0, //Mg,5i0, + MgF,// Hg,5i0, , MgSio,, 02(p02)/Pt

for reaction I, and

Pt/Oz(poz), Mg, 510, MgSi0y //MgSi0, + MgF,// MgSi0y, Si0,, Oz(poz)/Pt

for reaction II., Because of the low melting point of Mng (1266 °C), it
was necessary to use Mg,5i0, as a skeleton to support MgF, in the first
cell, and MgSiO3 as a skeleton support in the second cell., The 4G° values
for reactions I and II were calculated according to the equation i
AG® = -z+EF (6)
where z = valence of transport ion (Mg2+, 7 = 2)
E = EMF of cell
F = Faraday's constant
EMF measurements made on heéting and cooling cycles did not show any
differences. Their findings can be summarized thus:
For reaction I
AG° = -4,800(% 100) - 1.6(* 0.1)T cal/mole (7
For reaction II
| AG°pp = -4,360(% 30) + 2.14(% 0.02)T cal/mole (8)

The free energies of formation of enstatite and forsterite are found by
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combining AG°; and AG°yy, i.e. for the reactions

Mg0 + 510, ——>> MgS10, | (111)
AG°r7r =4G°1 +AG°rp = =9,160(% 100) + 0.54(% 0.1)T cal/mole (9)
g0 + 510, —> Mg,8i0, (1v)

AG°py = 2AG°p +AG°11 = -13,960(% 100) - 1,06(* 0.1)T cal/mole (10)

According to the data of Rog et al, the free energy of formation of enstatite
and forsterite from Mg0 and Si0, at 1400 °C would be -8.26 * 0.26 kcal/mole

and -15.73 ¥ 0.26 kcal/mole respectively,

I1.8 Review of Solid State Reaction Kinetics

In the Mgl - 8102 system, there are four possible reactions namely}

MgSi0y + Mg0 —> Mg,510, ‘ (1)
~ X _.—--——-; r
Mg, 510, + 510, 2 Mg3103 (11)
MgO + Si0, —> MgSi0, (111)
2MgO + 510, ———> Mg,Si0 (Iv)

Forsterite may form in a one step reaction as in IV, or in two discrete
reactions as described in I and III, Reactions II and III describe the
possible reactione for the formation of enstatite.

The above reactions may be studied by placing two reactant oxides
along a planar interface., As the reaction proceeds, a layer of product oxide
will grow between the two starting oxides., According to Wagner(Bo) the
growth of the product will be parabolic if the following conditions hold:

1) the reaction layer is dense, and does not contain nonegquilibrium

defects such as dislocations and grain boundaries.
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2) interface reactions are fast in conparison with the transport
of the reactants across the product layer.

3) diffusing species are coupled only by requirements of local
equilibrium and electroneutrality, and otherwise move independently.

4) thermodynamic equilibrium exists at phase boundaries.

If these conditions are met, the product layer growth will be

inversely proportional to its thickness.

dx = k.

at x (12)
wvhere x = product layer thickness
kp = parabolic rate constant
t = time
On integration, the well known parabolic rate law will be derived
x° = 2t - xf (12)
where xg = constant of integration
Marker experiments can aid in the determination of the mechanism
in a diffusion controlled reaction. For reaction IV, there are eight possible
mechanisms as listed in Table II-2, These mechanisms are divided into three
groups according to the rate controlling diffusing species.
Mechanisms I and IV represent inverse cation diffusion through
the silicate layer. The reaction proceeds by,

a) dissociation of MgO into Mg2+ and O

and 202- .

2=, and of $i0, into s1*

2+ -
b) countercurrent diffusion of Mg~ and Si'' leaving the 0%~ behind
in the starting oxides.

b+ -
¢) reaction of Si , 2Mg0, and 202 to form HgZSiOQ at the

Mgl - Mg,S10, interface, and the reaction of 2Mg”* with 510, and 20°” to



: MgO Mgp SiOg Si0,
Diffusivities 7 Reaction at the MgO -MgoSiOq o tronsport |REaction at the SiOx-Mg,SiOg
interface _ interface
- 2+
.44+ - . ] 2+ . - . 144
| Dus>Ds> D, | 4 |5 4Mg0=Mg,SiQ, +2Mg ‘_Si4+% 2Mgi‘br25s02-Mg2 Sig, +Si
4+ 205"
“ DO »DS?> DMQ l 2MgO+Si = Mgz SiOg l:-s“”‘ Si02=354*+202"
!
+
i /" | SI” +4e+Q, (g)+2MgO=  [¢Si T ! as
i Sio_ =Si" +4e-
Mg, Si0, -4 e = i 4e” +0,19)
e —— — e §
08 T—— )
+ o
IV [Dys®D,>Dg; | | | Mgo =Mg®* + 0° 1 Mg2t Mo”0 H 112510, =1/2Mg, Si0,
. [
2- »
420
+_ 2- + -
V Dy »D,»D, | | |evsossi®hedzmg,siop |, gan 1 sio, =si*"+20°
p
: 4+ . + .
VI* Dy, ®D,»D, | 2 [s*"+amg0=Mg, sig, +emd’ ¢ st lemdHesio, =My, sig +st
' <
i 2...
, oF——N
— + S
VIl D, »D,>Dg; |I/2] Mgo =m® + & g Mg 07+ 1/2810,7 1/2Mgy Si0,
vill " U2 Lot Mg M& +2e+1/20 (g) +1/2Si0 =
MgO=Mg™ +2e 1~l/202(g) 5e- /2Mg, Si0g
Table II-2 The possible reaction mechanisms for the solid state reaction

g0 + 810

2

—> Mgzsiou. The lines with the solid circles

indicate the original interface, and the arrows show the

direction of ion transport.

62
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form HgQSiOh at the 5i0, - HgZSiOh interface.
In order to maintain electroneutrality across the product layer, 2Mgz+ ions
must diffuse for every one Siu+ ion. This results in one Mg231o“ unit forming
at the Mgl - ”825104 interface for every Mg,3i0, formed at the SiO2 - MgZSiO#
interface, causing the original reactant oxide interface to be located
in the exact middle of the producf phase,

Mechanisms II and V are due to diffusion of Si“+ and 0%~ through
the product layer. The sequence of this reaction will be,

8) dissolution of Si0, into Si'* and 207
b) diffusion of si'** and 202" through the product layer.
b+

and 20° with 2Mg0 to form Mg,510, at the

¢) reaction of Si M

Mgl - Mgzsioh interface.
In this case the 8102 - MgZSiO4 interface will correspond to the originsl
reactant oxide interface.

Meghanisms IV and VII are similar to II and V, but in this case
the product forms due to diffﬁsion of Mg2+ and 02-. The sequence in this
mechanism

a) dissociation of MgO into Hg?+ and 02-.

b) transport of 2 Hg?+ and 2 0%" across the product layer.

¢) the reaction of 2 Mg?+ and 2 0% with $i0, to form MgéSiO“.
The original reactant oxide interface will now be the Mgl - MgZSiOQ interface.

Mechanisms III and VIII involve the transport of oxygen through
the gas phase, and of electrons through the product layer. This mechanism
was put forward because it allows an alternate means of oxygen transport
other than oxygen anion diffusion, which in many ceramic systems is extremely

slow., This mechanism can only operate when there is a sufficient oxygen

partial pressure, and when there is no restriction to transport in the gas
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phase. The product leyer must also be an electronic conductor. Markhasev(jl)
has suggested that a gas phase transport of oxygen mechanism may occur in the
Mgl - SiO2 and other ceremic systems. The sequence of this mechanism is as
follows,

a) dissociation of Mg0 into Hg2+ and 02-.

b) reaction of 02- to form 02 gas and two electrons.

¢) simultaneous transport of 02 through the gas phase and Mg2+ and
electrons through the product layer.,

2+ -
d) the reaction of 2 Mg~ , 0,, and ke with 510, to form Mg,S10,.

2

wagner(Bo) and Schmalzried(32’33) have attempted to derive a
theoretieal relationship between the parabolic rate constant, the mechanism,
diffusion coefficients, and the free energy of formation of a silicate. The
theory was originally derived for the solid state formation of spinels,
_however the theory may readily be applied to silicate formation., The
following derivation is adapted from one given by Armigo in a review article
on spinel formation(Bu).

The derivation for the case DH8‘>> Do >> Dg; will be considered.
The derivations for the other mechanismes are similar., If the magnesium
cation is the fastest diffusing species then the oxygen anion will be the
rate controlling diffusing species, and silicon will diffuse so slowly as to

taske no part in the reaction., The flux in equivalents of the irdividual

ions is given by

D ¢ z )
. 17174 i
RT dx

where Di = self diffusion coefficient of 1

cy = equivalent concentration of i
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z, - sbsolute charge of i

‘@D; = electrochemical potential gradient per equivalent of i

dx across the reaction leyer.

For the mecranism DMg2+:a> Dog_:$> DSi“*

g = o = 3 (14)
Note: For the sake of clarity the valence numbers of the ions
from here on shall be omitted.,

Applying the electroneutrality condition

- —

o | UPhg g * (Pocoo)| 4 [ %, %) (i

( Dy g zMg) + (Dg ¢; 30 ) RT | ax dx

Since Dy > Dy

L RT dx dx ,

The quantities in the brackets represent average values of the diffusion
coefficient and equivalent concentraticn,
The sum of the elecfrochemical potentials of the individual ions

may be written as the chemical potential of the starting oxides.

i.e., ‘Z;Ig() :-%g +2% (17)
“s10, ~Higy + % (18)

Substituting g;;g 4o q;;go into equation 16 we get
+ e .

dx dx dx

;. D, < Zo (m) (19)

RT dx
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where jﬁhgo will be the chemical potential gradient per
dx equivalent of MgO,
The equivalent flux,ﬁ', across the reaction layer of cross section

area, q, per unit time is found by integration of equation 19.

2o Z%ﬁoan=Xo
. Dy cn 2
- dx = q|~0 ®0 20 (20)
n = Ja q.___R.T__.__] d,kMgO
o ﬁmao at X=o
C - Do °o 0 ™ (21)
h=3 gO ~H g0 21

The growth rate of the silicate layer may be given by
dx .
1 ~ M (22)
where V = volume of silicate formed per equivalent transported

across the product layer,

By combining equations 21 and 22 we have
D ¢ =z o~ ~r
dx =Y |20 "0 ol -4 (23)
it x [ BT J Hg0 7 Mgl

Comparing the expression with the differentiated form of the parabolic rate

law

fx -

dt x (11)

it is evident that the parabolic constent, k s i8 equal to

D,.c.2 ~
k= [o 0 Olc“rﬁgo MgO) (24)

Now V x Cy = 1 and Zg = -2. Because two equivalents of MgZSiOu are formed

when one equivalent of MgO diffuses through the product layer

A0 =AM = e Mg,Si0y, ~(25)
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Expression 24 may then be reduced to

kp - -ﬁo%%"_ (26)

where 2(-1 for this mechanism,
Similar relationships can be derived for the other mechanisms. The values
of ¥ for the othe mechanisms are given in Table II - 2,

Expression 26 may be developed further., To evaluate the average
component diffusion coeficient, D |

(20)

expression

1 Schmalzried has given the following

af(ho
RT , Di'd log aHgO

3, - G my0 (27)

’“’Hgo a7

From equation 2 we know that;

“

D, = D° exp n,PMg0 A Mg0 (28)

i i i
, : RT o

Substitution of 28 into 27 yields
51 - - Di BT 1l - exp niAG0 (29)
n, AG® 2RT
YT

By using this value for'Bi in the equation for kp, we get

k =-8052 (1-exp n;4 6° ) (30)
P n, 2RT

D; is the self diffusion coefficient of component i in ngSiou
which is in equilibrium with MgO, The kp can, at least in principal, be
calculated by knowing the free energy of formation, mechanism, major disorder

type, and the self diffusion coefficients. Experimental investigation along
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(34)

this line has been carried out in a number of spinel systems y but as of

yet such knowledge is not availible for the silicate systems.
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CHAPTER III

EXPERIMENTAL WORK

III.13 Introduction

In this investigation the reaction between Mg0 and 5i0, was studied
by embedding a single crystal of quartz in a compact of high purity Mg0
powder. The thickness of the product layer formed after a period of heating
was measured as a funetion of time. This results in one dimensional growth

data on known crystallographic planes of the quartz crystal., Although this

method is less convenient than indirect measurements carried out on mixed
powders, it eliminates the uncertainties inherent in the mixed powder

methods associated with unknown shape factors and particle size distributions.

III.2 Sample Preparation

I11.2-) Startiﬁg Materials

The high purity magnesium oxide was abtained by heating high
purity electrolytically precipitated Mg(OH); at 1350°C for 24 hours. The
purpose of the heating was to dehydrolyse the magnesium hydroxide, and to
increase the particle size of the Mg0 in order to prevent excessive shrinkage
due to sintering of the Mgl - 8102 reaction pellet. The calcined MgO was
ground to a uniform powder.

Analysis for Ca0 and F6203 in MgO showed;

* Supplied by Northern Pigment, Toronto Ontario
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Lot Cal ppm wt, 2320 prm wt.
EL-Mg(OH) -10 37 2k
EL-Mg0-6 61 43

The silica was used in the form of hydrothermally grown artifical
quartz., The quartz was cut using an Isomet slow speed diamond wheel to

expose the basal (0001) and the prism (1100) planes. The dimensions of the

cut quartz crystal were 3 mm parallel to the C-axis, 2 mm parallel to the
@ -axis, by 1.5 mm, The cut crystals were washed in concentrated sulfuric
acid for 24 hours, and then in distilled water to remove the mounting resin

used in the cutting of the quartz,

IY1,.2-2 Preparation of Reaction Samples

The reaction couples were prepared by pressing approximately 2 gm
of MgO with & centrally located quartz crystal in a 12 mm diameter steel
die. The procedure was a follows;

1) lightly press (1000 1b) approximately 0.75 gm MgO in
the die.

2) centrally place the quartz crystal in the die, with the
basal and prism planes perpindicular to the btottom of the die.

3) carefully add an additional 1.25 gm MgO to cover the
quartz crystal and press to 6000 1b,

The procedure results in a Mgl - 3102 reaction couple which is
strong enough to withstand handling and the severe heating rates required

by the experiment,

- I111,2-3  Apparatus

Runs at 1200, 1250, and 1300 °C were performed in a Kanthal

horizontal tube furnace. The furnace was equipped with a 20 inch heating
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element and an on-off controller capable of controlling to 3 °C over a period

of three days. The reactions were carried out in an impervious mullite tube,

30 inches long with 13" ID. One end of the mullite tube was sealed with an

air tight, water cooled brass fitting, through which a thermocouple was
fitted, and through which dry or wet nitrogen entered the tube. The other
end of the mullite tube was fitted with another air-tight, water cooled brass
fitting, which allowed the nitrogen to flow out of the furnace, and which
could readily be opened and closed to allow access to the hot zone. At 1200°C,
the hot zone of the Kanthal furnace was found to be 24" long.

A horizontal SiC tube furnace was used for the runs at 1350 and
1400 °C. The heating element consisted of a solid tube of SiC, 20 inches
long, 23" OD and 12 » ID. ‘This furnace was equipped with a proportional
imput controller, capable of controlling * 2°C at 1400°C over a period of
twelve hours. A mullite working tube with brass end fittings similar to those
used on the Kanthal furnace was used on this furnace., At 1400°C, the hot

zone was determined to be 14 inches in length.

The temperature was measured using a Pt-Pt 10% Rh thermocouple and

g Rybicon Model 2710 A potentiometer.
Experiments were carried out in dry and wet nitrogen atmospheres,

at 1 atmosphere pressure. The nitrogen was Canadian Liquid Air "L" grade.
This nitrogen contained 20 ppm oxygen and 80 ppm argon impurities. For
experiments in dry atmospheres, the nitrogen was also dried using a type LA
FMolecular Sieve. Wet nitrogen was generated by passing the nitrogen throuvgh
a series of 4 flasks containing distilled water held in a constant temperature

bath. The partial pressure of water was controlled by adjusting the temperature

of the bath., Care was taken to heat all tubes carrying wet nitrogen above

100 °C to prevent condensation of the water vapor. The nitrogen flow was
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gpproximately 6 l/hr. for dry nitrogen and 30 l/hr. for wet nitrogen.

ITI.2-4 Experimental Procedure

Experiments were carried out in dry nitrogen atmospheres at 1203°,
1245°, 1292°, 1349°, and 1415° C. Runs using wet nitrogen were carried out
at 1200°C using water partial pressures of 45, 135, and 250 mm Hg.

E@ch run consisted of up to nine samples placed in an alumina boat.
The boat was pushed into the hot zone in such a manner that the rate of
heating of the pellets was slow up to 700°C, to allow for thect-[?transition
in guartz, and rapid from 700°C to the predetermined reaction temperature.

At regular intervals the entire alumina boat was rapidly withdrawn from the
furnace and one reaction sample removed., The boat containing the remainder
of the reaction pellets was then re-introduced into the hot zone. The reacted
sample was then air-sooled to room temperature. This procedure resulted in
samples which contained no significant cracks. The sample heating time from
700°C to the reaction temperature was under 3 minutes. This heating lag was
not considered to be significant.

Reected samples were vacuum impregnated with Struers Epofix Epoxyf
resin, The epoxy resin was warmed to 50°C before impregnation to increase
fluidity, so ensuring complete impregnation. Once the epoxy had hardened

the reaction components were firmly set in their original configuration,

allowing the pellets to be sectioned and polished without any damage to the
reaction interface.

The hardened epoxy mounted specimens were first roughly polished
on a silicon carbide belt grinder to expose the quartz erystal. The quarts
crystal was exposed in such a manner that both the basal and prism planes of

* Struers Scientifie Instruments, Copenhagen Denmark



Lo

the quartz were perpendicular to the ground face. The samples were then
successively polished on 2, 1, 0, 2/0, 3/0, and h/O emery papers, 6 and 1
micron dismond paste, with kerosene as the lubricant, and 0.3 micron alumina
powder using distilled water as the lubricant. The samples were then suitable
for examination by an optical microscope and by the electron probe. Thin

section samples were also prepared using the Struers Discoplan TS followed

by polishing on diamond and alumina powders,

II1.2-5 Optical Examination

The optical examination was carried out on a Reichert Universal
Camera Microscope at approximately 1000X magnification. The thickness of the
product layer was determined using a Bausch & Lombe " Filar Micrometer Eye-
piece" calibrated using a stage micrometer. Up to one hundred thickness

measurements per specimen were made on both the basal and prism planes of

the quartz.

III.2-6 Electron Microprobe Measurements

Examination of the regions adjacent to the reaction interface to
determine the eomposition of the product layer was carried out using the
Cameca MS-64 electron microprobe. To eliminate the need for atomic number,
absorption and fluorescence eorrections, standards of forsterite and enstatite
as well as single crystal Mg0O, sintered Mg0, and single crystal quartz vere
used. The preparation of forsterite and enstatite are described in Appendix II.
Step counts were taken across the interface of an MgO-quartz couple reacted
at 1340°C for 24 hours. The acceleration voltage was set at 16KV with a

125 nano-ampere current. The RAP crystal was used for MgKy radiation, and
the mica crystal for the SiKx radiation. The scan was taken across the

quartz-product-Mg0 interface in such a manner that the direction of the
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spectrometers was parallel to the interface. Twenty second step counts were
taken at 0.5 A& intervals, The estimated beam diameter was 34¢ and the

product layer was about 84a thick.

I11.2-7 X-ray Diffraction

X-ray diffraction experiments were conducted for two reasons
1) to determine which products had formed.
2) to determine to what extent quartz had transformed to
some other form of silica.
The difficulties of obtaining sufficient amounts of product for
X-ray analysis when dealing with the product layers of 5-10 & are apparent.
An in-situ method was therefore attempted. This method entailed the careful
breaking out of the reacted quartz crystal from the MgO matrix and then
carefully mounting it in a Debye-Scherrer camera so that the incident
X-ray beam struck the quartz crystal at an angle of 60° to the (1120) axis.

The sample was positioned so that the beam passed through the edge of the

specimen, OSee Figure III-1, The patterns so obtained were the single crystal
spot pattern of the quartz superimposed on the Debye-Scherrer pattern of the
products.
Two sets of samples were examined by this method,
1) saﬁples heated at 1340 °C for 24 hours, similar to
those examined on the electron probe.
2) samples hested at 1450 °C for 24 hours.
A 11.5 cm diameter Debye-Scherrer camera was used, with Ni filtered CquL

radiation,
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Figure III-1 The position of the reacted quartz pellet in the Debye -

Scherrer Camera,

Zn
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CHAPTER 1V

RESULTS AND DISCUSSION

IV.1 Morphology and Composition of Reaction Product

The morphology and kinetics of tﬁe reaction between [3 - quarts
and Mg0 was studied between 1200 °C and 1400 °C, Figure IV - 1 shows the
reaction interface on the prism plane of quartz after heating at 1250 °C
for 48 hours. The smooth condition of the quartz indicates that its
transformation to a more stable polymorph of silica has not occufed. A

distinct reaction product layer of uniform thickness is evident between the
quartz and MgO, The reaction couple formed at higher temperatures is shown
in Figure IV - 2, This couple was heated at 1340 °C for 24 hours and shows
that the single crystal quartz‘has started to fragment. This condition is
the initial step in its transformation, however no second phase of silica
was detectable visually or by X - rays. The epoxy - filled voids are formed
due to the sintering and consequent shrinkage of the Mg0 around the quartz
crystal, Figures IV - 3a and IV - 3b show the same section at a higherA
magnification, These figures show the reaction layers on the basal and
prism planes of quartz respectively., Close examination of the reaction
layer indicates no observable differences between their thicknessor morpho%ogy.
The product layer is more irregular at this temperature than that formed at
1250 °C, The crack between the product layer and the MgQ results from the
shrinkage of the guartz on passing through the £ - X transition., The

original quartz - MgO interface can be seen and it is evident :at the Mg0 -



Mg0

Mg,Sioy

Quartz
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Figure IV-1 The quartz - Mg0 reaction interface after

heating at 1250 °C for 48 hours.
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Figure IV-2

A quartz - MgO reaction couple heated at 1340

for 24 hours.
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Figure IV-3a

<——Mg0

é———— crack (void)
& ¥g,S5i0,

—— quartz

—t [Orm

The reaction interface on the prism plane of

quartz after heating at 1340 °C for 24 hours.
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Figure IV-3b

— j0um

The reacticn interface on the basal plane of

quartz after heating at 1340 °C for 24 hours.
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Si0, product layer forms on the quartz side of this interface. This is in

2
(5)

agreement with the findings of Degueldre and the marker experiments of

(6)

Brindley and Hayami °. These results are consistent with a mechanism of
ng+ and 02- diffusion through the product lsyer, i.e. mechanisms IV, VII, or
VIII as listed in Table II - 2, A thin section micrograph of a reaction couple
heated at 1340 °C for 24 hours is shown in Figure IV - 4. The cclour in the
product layer shows that it is crystalline, however no clear extinction angle
could be found under crossed nicecls. This suggests that the product is in
the forz of very fine crystallites of random orientation(39). The highly
strained state of quartz, due to heating above its stability range for
extended periods of time is evident in micrograph.

Only one product is detected in both the transmitted and reflected
light micrographs. The vacuum impregnated reaction couples were etched using
NaOH, HCl, and HF vapour in an attempt to determine if the product layer
contained more than one ccmpound. Hydrochlorié acid was used as an etchant
because it is known that forsterite, MgQSioq, will dissolve in HCl, while

enstatite, MgSiOB, and silica, Si0_, are insoluble. The acid - base reaction

29
between HC1l and MgO caused rapid dissolution of the MgO phase, making it
impossible to interprete the resulte. Similar problems where found using HF
vapeur as the etchent, Etching with NaCH did not alter the reaction interface.
Ko conclusive evidence as to whether the product layer consisted of both
forsterite and enstatite, or only one of these crmpounds could be obtained by
etching techniques.

Tre composition of the product layer was determined by electron
microprobe snalysis. Point counts of the product layer were compared with

enstatite and forsterite standards. An interface scan of the couple reacted

at 1340 °C for 24 hours is shown in Figure IV - 5, The scan begins on the



Figure IV-4

Thin section micrograph of Mg0 - quartsz
reaction interface on basal plane of quartsz
taken under crossed nicols, The specimen

wes heated at 1340 °C for 24 hours.
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Figure IV-5

Point counts from an electron probe scan
across the Mg0 - quartz interface. The
reaction couple was heated at 1340 °C
for 24 hours. The scan originated on
the quartz and crossed the product

layer and then into the crack., The
average point counts taken from the

standard MgZSiou are shown for comparison.
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quartz, crosses the product layer and ends in the crack between the product
layer and lig0, Comparison of the electren probe counts of the product layer
with the counts of the forsterite and enstatite standards indicate that the
product layer is predominately forsterite. Because of the poor electron
stopping power of the reactant and product phases, the resolution was low,
rendering it impossible to determine whether or not enstatite also exists in
thé product layer.

Attempts to obtain collaborating X-ray evidence were unsuccessful,
Debye-Scherrer patterns of samples reacted at 1340°C for 24 lhours showed the
sinigle crystal spot pattern for quartz, pluédthe powder pattern for MgO and
other definite lines not corresponding to those of forsterite or any of thre
known polymorphs of enstatite or silica reported in the ASTM powder pettern
file, X-ray patterns on three different samples heated =t 1340°C for 24 hours
gave similar results. In order to obtain X-ray data from a thicker product
layer, a Debye -~ Scherrer pattern was taken of a sample heated at 1450°C for
24 hours. The lires produced in this pattern identified cristobalite, clino =~
enstatite, and forsterite, plus vnidentifiable lines similar to those found

Ayin the previous experiments., Althouth no quantitative work was deone to
deterwine the ratio of clino~enstatite to forsterite, the intensity of the
clino-enstatite lines were the stronger, lending support to Daengen 's findings
that clino-enstatite is the major product formed in the *emperature range
1450°C - 1:200°C. Tre Debye-Scherrer patterns produced from the samples
reacted at 1340°C and 1450°C are shown in Figures IV-£a and IV-6b, The
corresponding spacings, along with those of clinn-enstatite, forsterite,
cristobalite, and lMg0 are given in Table IV-1, The d-spacings and intensity

ratics of protoenstatite is given in Appendix III, The lack of a definite
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forsterite or an enstatite pattern in the reaction samples heated at 1340°C
does not constitute a proof that these compounds do not exist in the samples,
Both forsterite and enstatite may exist in the product layer, however the
thickness of the product layer or the size and orientation of the product
grains may be such that a clear X - ray pattern will not form. One may

only speculate as to the origins of the undefinable lines found in those

Debye - Scherrer patterns. Three explenations are possihle, i.e.
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Figure IV-6a The Debye - Scherrer Pattern taken of the quarts pellet

after reacting with MgC at 1340 °C for 24 hours.

Figure IV-6b The Debye - Scherrer Pattern taken of the quartz pellet

after reacting with MgO at 1450 °C for 24 hours.

4]
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Table IV-1 Debye - Scherrer X-ray patterns obtained from couples
reacted at 1340 °C and 1450 °C for 24 hours. The
ASTM powder pattern cards for Clino - enstatite,

Forsterite, Cristobalite, and MgO are also given,
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1) & meta - stable phase of silica has formed as AS- quartz

transforms to cristobalite.

2) the pattern of quartz or cristobalite has ghifted to a

significant degree due to the diffusion of magnesium and oxygen ions

into the silica.

3) the product layer contains a meta - stable polymorph of

forsterite.

: (52)

Two other phases of forsterite have been described by Suito .
Although the are high pressure forms, they may grow by an epitaxial mechanism

from the {3- quartz, It has not been possible to obtain X - ray patterns of

these high pressure polymorphs for comparison with the observed patterns.

IV.2 Kinetic Data

Plots of product layer thickness2 vers, time on both the basal (0001)
and the prisﬁ (ldTO) planes of 0 - quartz for the reaction in wet and dry
nitrogen are shown in Figures IV - 7 to IV - 12, No significant difference
was found in the reaction rate on the basal and prism planes of quartz. The

results follow the parabolic rate law,
=+ xf = 2kpt ' (12)

where xf = constant.
The values of 2kP and xf, determined by linear regressicn analysis, at various-
temperatures and water vapor pressures are given in Table IV - 2,

The kinetic data for the reaction between & - quartz and MgO in
wet atmospheres of.45, 135, and 250 mm Hg water partial pressure was also

plotted parabolically. The results showed that water vapor had a marked
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Figure IV-72 The growth of M323104 at 1203 °C on both

the basal and prism planes of quartaz.
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Figure IV-8 The growth of Mg2810u on both the basal

and prism planes of quartz at 1245 °C,
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Figure IV-9 The growth of Mgzsiou on both the basal and prism planes of quartz

at 1292 °C,
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Table IV-2

Parabolic Date for the Reaction Between Mg0 - SiO2

T in °C 2k (4 u?/hr) (rn?)
1203 112 661
1245 .16k 2.68
1292 .827 8.23
1349 2.33 7.34
1415 5.10 11.9
1200, 45 mm H_0 .220 1.25

2
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influence leading to an increase of the reaction rate. Increasing the partial
pressure of the water vapor increased the reaction rate, and at the same
time greater deviations from the parabolic rate law were observed., The
influence of the water vapor is shown in Figure IV - 12,

The validity of the parabolic rate law for a system can be verified
by plotting the data on a log-log plot. For an ideal growth law, the

equation of procduct growth will be,

= bkt + Comstant (31)
where n = 1 for the linear rate law
n = 2 for the parabolic rate law
ns= ...... 8nd so on
Making the assumption that the Constant dkinkpt, an assumption which is
valid after a relative short reaction period, it is possible to take the
- logarithms of both sides of the equation,
log x = K o+ llog t (32)
n
The data for the wet and dry runs are given in Figures IV - 13 and IV - 14,
These results indicate some deviation from the ideal parabolic law where
1 = 0.5. The initial non - parabolic period, which can be noticed in the
groduct layer thickness2 vers, time graphs (Figures IV - 7 through IV - 12),
or less - than - ideal contact between the reactants, could cause 1 to be
less than 4. If the rate - determining step is the reaction at thz 510, -
product interface and not tﬁe diffusion of the reactants through the product

layer, the rate of growth of the product would follow the linear law(35),

‘X + x, = kt, resulting in the value of 1 to be closer to one. The observed
n
results at least indicate that the reaction is not controlled by the rate
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Figure IV-13 The plot of log product layer thickness vers log time for

the growth of Mg,Si0, at 1203, 1245, 1292, 1349, and 1415 °C,
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Slopes of the Log - Log - Plots for the Reaction

Table IV-3

Between AR~ quartz - MgO

T in °C P-H2o(mm Hg) %
1203 0 .60
1245 0 .38
1292 0 .38
1349 0 .32
1415 0 33
1200 bs I
1200 135 .36
1200 250 3

65
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" of reaction at the product reactant interface.
The traditional relationship between the rate constant and the

activation energy is in the form of,

k = k, exp(-A E/RT) (33)
In solid state reactions, the dependence of k on T is more complex. From
equation 26, it can be seen that gp itself is a function ofﬂ%‘ , while G° is

a linear function of T andlﬁi has an exponential dependence of’-%’ in the form
0st36)

T, = B2 exp(-AE/ET) (34)
The activation energy of the reaction will be determined by the equation
k RT
p
S AG

The plot of log (ka) versus-j%— is shown in Figure IV-15. The value of

= D* exp(AE/RT)

AE, as determined by linear regression, is 101 kcal/mole. This ccmpares
with the activation energy, as defined by equation 33, obtained by Briﬁdley
and Hayami of 78 kcal/mcle and by Hayami and Ogura of 92 - 110 kcal/mole for

the reaction 2Mg0 + SiO2 —_— Mg2SiOu. The activation energy for the

3———e— MgZSiou is given as 106 kcal/mole by Hayami and

Ogura. The similarity of the activation energies of the formation of forsterite

reaction Mz + Mg3iO
from enstatite and magnesium oxide, and the formation of forsterite from
silica and magnesium oxide indicates that the rate controlling step involves

a similar mechanism,

IV.3 The Resction Mechanism

From the location of the reaction layers, the reaction mechanism

i 2+ - )
must be one of Mg and 02 transport across the product layer. As listed
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in Table II-2, the possible mechanisms are;

2-
h " > I) = t te t i e 0
1) Hg> 0 s‘ i ] y 1 9 he ra con I'Oll 1n8 st p is

diffusion through the product layer.

+
2) DO> DM8> DSi’ Y = %, the rate controlling step is Mgz

diffusion through the product layer.

3) gas phase transport of oxygen and Mg2+ and e diffusion

through the product layer.

The gas phase mechanism is unlikely for two reasons, i.e. the
mechanism requires that no barriers to gas transport exist across the

product layer, and also that some oxygen gas exists in the atmosphere

(23)

surrounding the reaction. Experiments by Daemgen showed that varying the

oxygen partial pressure surrounding the reaction samples from 1 to 10-12 atm,
did not change the reaction rate. The gas phase mechanism also requires
forsterite to be an electronic conductor, wﬁich is not likely at temperatures
below 1500 °C, Hence, the growth of forsteritg must be by a mechanism of
ionic diffusion.

In order to distinguish whether the mechanism is Mg2+ or 02- diffusion

2+
controlled, relevant diffusion data is recuired. The diffusion of Mg in

MgZSiOu in equilibrium with MgO and with MgSiO3 was studied by P1uschke11(l9’37).

11

At 1300 °C, D. for MgZSiOu in equilibrium with MgO was approximately 10~ cmz/sec,

Mg
while DMg in equilibrium with I-IgSiO3 was approximately 10-9cm2/sec. There

are no reported values for oxygen diffusion in MgZSiO . 002310 appears to

[ b
be the only silicate for which oxygen diffusion has been measured. Tracer
‘ .
' -14
diffusion on Co,Si0, at 1220 °C at B, = 300 torr gave D, as 10 1 2500l 37).
2

This value serves only as a reference to give and order of magnitude value for
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Figure IV-15 Activation energy plots for reactions in
the Mg0 - 8102 system.
A) rate constant for reaction HgSi0y + MgO—» Mg,5i0,

from Haysmi and Ogura.

B) best straight line own data for reaction

2Mgh + 5i0,—> Mg,510, .

C) rate constant for reaction 2Mg0 + 5i0,=PMg, 5i0,

 determined by Brindley and Hayami.

1
D) best fit straight line of log (kp‘l‘) versus —

of own data for reaction 2Mg0 + 81’.02-—> MgZSiOu.
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Do in Mgzsiou. The diffusion coefficient of the rate determining diffusing

species is given by

k- -¥5, %_ (26)

Values of'fi have been calculated from measured kp and thermodynamic data

assuming ¥ = 1, for the case of oxyzen diffusion being the rate controlling

step, and ¥ = 4 for the case of magnesium being the rate controlling diffusing
species. Table IV-4 shows these calculated values. Comparing the values of
31 in the column under X =1, ( or under ¥ = % ), it can be seen that the
average diffusion coefficient of the rate controling species is muck less than
the measured value of DMg in forsterite, and approximately the same order as
DO in 0028104. This evicdence tends to support oxygen diffusion as the rate
controlling step of the reacticnm, i.e. DMB)7 D, 77 Dg, -

2+
It has been shown therefore that the product layer grows by Mg

and 02- diffusion through the forsterite layer and the subsequent reaction at

the ,é?‘- quartz - product interface. It has however not proved possible to

eliminate the possible existence of enstatite in the product layer. Enstatite

(23)

6
was found as a reaction product by Daemgen and by Brindley and Hayami ’

who studied the reaction between Mg0 and SiO2 under different conditions. The

rate of growth on the ( 1300 ) and the ( 0001 ) planes of /3<- quartz has been

shown to be identical, indicating that the product coﬁposition and orientation

are similar on both planes. This latter fact is interesting when compared to

(51)

the results of the /3 - quartz - Ca0 reaction. In this system, Burte found

the rate of growth of CaZSiOu to be much greater on the ( 0001 ) plane of
quartz, as compared to the rate on the (. 1100 ) plane., Figure IV-16 shows the
increased rate of growth of 0523104 on the basal planes in both wet and dry

atmospheres as found by Burte. The existence of this anisotropic effect in



Table IV-4

Diffusion Coefficients of Rate Controlling Species

14

T in °C kp cm2/s X 1013 AG® kcal/mole .ﬁi cm2/s X 101“ =1 31 cmz/s X 10 Y= %
1203 1.56 -15.5 2,96 5.92

1245 2,24 -15.6 4.3 8.68

1292 11.5 -15.6 22.8 Ls,6

1349 32.4 =15.7 €6.7 133.

1415 57.0 -15.8 121. 242,

0l
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the ﬁ- quartz - Ca0 system, and the lack of it in the ﬁ - quartz - Mg0
system is interesting. In order to attempt to understand what causes these
two systems to differ, one should first discuss the three possible causes of

this anisotropy, and their relevence to these two systems. A possible cause
of anisotropy of the reaction rates is epitaxial growth of the product layer.
Epitaxial growth means that the crystallographic crientation of the product
phase is related to the orientation of the Z?-qpartz plane from whence it
grew. This might cause an increase in the reacticn rate on one of the planes
in two ways. If there is any anisotropy of the diffusion coefficients of the
divalent cations in the product layer, the rate of fastest growth will be in
the direction of the largest diffusion coefficient. Secondly, if the product
crystallizes in a regular array of plate or needle like crystals, g&ain
boundary diffusion will accelerate the growth rate in the direction of the
plates or needles. This idea is clarified in the following sketch, where the
relationship between product layer thickness and orientation of the product

layer is shown. To determine whether or not the lattice parameters of /8 -

e KH o

SL‘ 02_

o,
quartz and either®f, - CaZSiob or MgZSiOQ match in some manner to allow
epitaxial growth would be a very difficult exercise. However, in thegg'- quartz -

- MgO system, experimental evidence has shown that the product layer was the
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same on both planes of qusrtz and it appeared to be in the form of randomly
oriented fine crystallites which is not indicative of epitaxial growth. Burte
did not discuss the orientation of the product layer in the lﬂ?- quartz - Ca0
system,

If a nucleation step, or a rate controlling step involves the diffusion
of divalent cations and anions into the quartz structure, an anisotropic effect

(13,14,50)

might be observed. Frischat has noted that ionic species diffuse

along the C - axis of quartz more rapidly than along the a - axis. The o
solubility of Mg0 in /9-qpartz was found to be negligable, and the rate
controlling step has definixely been shown not to be a reaction controlled
one, therefore this scheme is not operative in the (3- quartz - MgO system.
In the £ - quartz - CaO system, Burte found the solubility of Ca0 in & - quartz
to be appreciable and he believed the product layer formed by the diffusion
of Caz+ and 02- into 8- quartz, the building of Ca2+ and 02- concentrations
to some critical level, and finally the nucleation of the CaZSiO“ prcduct. The
Ca2+ anion is known to diffuse more rapidly parallel to the C - axis than
& - axis of quartz(SO). Burte suggested that this may be the cause of the
anisotropy of the Ca S:LOI+ growth, |

A third possible cause for the anisotropy in thefg-qpartz - Ca0
system is the formation of different products, or products with different
crystal structure on the basal or prism planes of quartz. In thefﬁ - quartz -
Mg0 system, the major product was forsterite on both planes. The presence of
enstatite could not be confirmed on either plane of quartz. In the /f- quartz -
Ca0 system, the major product was Cazsiou, which occurs in two high temperature
polymorphs, the oL and oC’form. Burte believed that K- Cazsiou formed on

the basal planes and ug - Ca SiOu formed on the prism plane of quartz.
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2+ ’
Differences in the diffusivities of Ca and 0  1in the % and &« polymorphs

*
of CaZSiO“ could lead to anisotropy of the product growth.
Because of the suspected fine grain size of the product layer, the

role of grain boundary diffusion cannot be discounted as the method of reactant
transport across the product layer. In the PbO - 3102 system, Hardel and

Strocka(38) found that the rate of PbZSiOQ growth is dependent on the size of

the PbZSiO“ crystallites, indicating that diffusion occurs along grain boundries

and also dislocation pipes. A similar effect was observed by Borchardt and

(17)

Schmalzried s who showed that the grain boundary diffusion affected the rate

of COZSiQu growth, The acceleration of the reaction rate, due to grain boundary
diffusion will be most pronounced in very thin silicate layers., This
mechanism may cause the initial non-parabolic period of growth observed in
the present work. As the reaction time increases, many of these prefered
raths will become progressively eliminated by a combination of annealing
and grain growth, In thicker product layers therefore, volume diffusion
should become increasingly predominant, resulting in the reaction following
parabolic kinetics. This coupled with the electrical potential driving
force, could result in the existence of a critical product layer thickness
beyond which parabolic kinetics are followed.

The main anion defect in forsterite as shown in Table II-1 is Vé;
and in intrinsic forsterite, oxygen diffusion, and thus the rate of product
growth, will depend on the concentration of this defect. Figure II-7 shows

the dependence of lzva' on the activity of Si0 The activity of SiO2 in

2.
the product, forsterite, may be changed by reacting HgO - Hg5103 couples instead
of Mgl - 8102 couples. This in effect reduces the silica activity in the

forsterite product layer because forsterite in equilibrium with MgO and HgSiO3

will have a lower silica activity than forsterite in equilibrium with Mg0 and

*
Anisotropy is further discussed in Appendix IV,
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8102.
Figure IV-17 shows the comparison between'56 in MgZSiOQ sandwiched
 between MgO and SiOz, and.ﬁb in Mg25i0 sandwiched between MgSiO, and MgO.

* 22)

The latter value was calculated from the data of Hayami and Ogura using

equation 17 with k’- 4 and AG® = -7.3 kcal/mole. Although caution must be
exercised in comparing the two results, as they were obtained in different

experiments, the dependence of'ﬁb on the activity of silica is clearly shown.

A8 mentioned before, the average a_.
8102

is formed from Mg0 - MgSiO3 couples as compared with Mg0 - SiO2 couples. The

effect of decreasing the average 85:0 is an increased 56 as shown in
2

Figure IV-17 by lines C and D. Increasing the 8540 in ngsiou has the
2

opprosite effect on DMS; There is a 100 fold incresse in D  in forsterite in
equilibrium with MgSiO3 compared with DMS in forsterite in equilibrium with
MgO. It may be noted that there is no change in the activation energies of

in HgZSiOM is decreased when forsterite

D and D, as the a changes. This is evidence that on the atomic scale,

0 Mg 510, _

the mechanism of 02- or M32+ diffusion does not change with varying 8550, * but
the number of sites availible for " jumps" is effected. The high activat?on
energy of 35, calculated from experimentally determined kp'e, compared with
DMg’ which was measured by independent experiments should be noted, This
confirms that the rate controlling diffusing species is not magnesium.

Little is known on how water vapor influences the defect structure
of forsterite. In the forsterite structure, each silicon atom alfeady has four
oxygen atoms bonded exclusively to itself., To incorperate water into this
structure, silicon may have to transfer from four to fivg coordination. The
scheme of such an incorporation is shown in Figure IV-18a, The penta -

coordinated silicon structure is in effect a method of stabilizing an oxygen

intersitial in the forsterite structure. Such stability would involve the
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+ -
Pigure IV-17 The diffusivities of Mg; and 02 in Mg-ZSiO4

under various conditions,

A) Diffusivity of Mg®' in MgSi0, in equilibrium

with MgSiO,,

B) Diffusivity of Mg2+ in Ngzsiou in equilibrium
with Mg0

C) Diffusivity of 0% in Mg $10, calculated

from the data of Hayami and Ogura.

D) Diffusivity of 0% in Mg 510, calculated

from own data.
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3

dsp” hybrid state and may be valid because of the low energy d orbitals

availible for bonding. Compounds in which silicon is penta - coordinate have
been reported(nz) . By the scheme shown in Figure IV-18a oxygen ( or OH )
has been formed in the interstitaal sites. If electron bonding is readily
broken by thermal energy, oxygen diffusion will accordingly be enhenced, The
increased parabolic rate constant wnder wet conditions actually shows that the
diffusivities of oxygen is increased in accordance with these consideratioms,
In pure silica,water is thought to cause the breaking of the Si - 0 - Si bonds
as shown in Figure IV-18b. The occurence of hydroxyl groups in the network
(43)

has been confirmed by infra - red spectroscopy .



Figure IV-18a A possible mechanism for the incorporation of

interstitial water in the olivine structure.
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Figure IV-18b The mechanism of ingorporation of interstitial

water in pure silica.
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CHAPTER V

SUGGESTIORS FOR FUTURE WORK

In order to complete the study of the Mgl - Si0, system, the reactions

2

MgO + M38103 ﬂgﬁSlO“
and

4 2

Mg,510, + 5i0,— 2Mg310,

should be studied using the method of this study. Both reactions are
energetically favourable., The first reaction has already been studied in mixed
powders by Hayami and Ogura(7), but the second reaction has not yet been
investigated from the point of obtaining kinetic data, Initial work on this

topic would require some thought as to the possible reaction mechanisms, and

what the corresponding values of 3 are, similar to that shown in Table II-2,

One may study the first reaction by obtaining & single crystal of enstatite
and embedding it in a MgO powder matrix. One may also use a single crystal
MgO surrounded by a MgSiO3 compact, but this is not recommended because the
H32+ and 02- will diffuse down the grain boundries of MgSiOB, giving
erroneous results. The second reaction can be studied by surrounding a
single crystal of silica in MgZSioh powder. Tridymite or Cristobalite are
the best polymorphs of silica to use because of the possible instability
of B - qﬁartz at reaction temperatures,

A few preliminary experiments have been carried out on these reactions

by constructing couples of single crystal Mg0 surrounded by MgSiO3

and of
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ﬁ?- quartz surrounded by MgzsiO“. These couples reacted at 1350 °C for 24
hours. In both cases, however, no reaction product formed. The reason for
this is not evident; but it may be due to some nucleation barriers of the

product layer,
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CHAPTER VI
CONCLUSIONS

Trke following conclusions can be made from tre work here presented.

1) The major reactiocn product for the reaction tetween ,@ - quartz

and MgO in the temperature range 1200 - 1400 °C is MgZSiOu.

2) The rate of formation of MgzsiOu closely follows parsbolic

reaction kinetics,

~

2+ 2~
3) The reaction proceeds by Mg and O diffusion through the

product layer with 02" diffusion as the rate controlling step.

4) There is no difference between the reaction rates on the basal

and prism planes of quartz.

5) MgZSiOu was found to te the major product formed in the
temperature range 1200 - 1400 *C. The presence of MgSiO3 ie thermodynamically
feasible, and minor amounts of this silicate were found by the utilized
X - ray techniques,

6) Water vapor enhances the rate of Mgzsiou formation equally on
the basal and prism planes of quartz, A mechanism is advanced in which this
increase is associated with the presence of interstitual oxygen and hydroxol
icn,

7) At 1450 °C, both MgSiO3 and Mg,5i0, form ae products.

In closing a comparison can be made with the mechanisms of fcrmatibn

of the other silicates, In almost all cases, the formation occurs by the
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diffusion of the divalent cation and oxygen across the silicate layer, with
4+
Si  diffusion playing no role in the reaction., Examples of this scheme

include MgZSiO ’ CaZSiob’ Pb,_Si0, , Zn,S1i0, , end Sr_Si0,. In only one silicate,

R A N 2k
COZSiOh has it been reported that silicon diffusion takes part in the
reaction(37’hl). It may therefore be concluded that, in general, the stability

of the Siot+ tetrahedra renders it difficult for silicon, and to a lesser
extent oxygen, to diffuse. The divalent cations are ionically bonded, and
have an sbundance of interstial sites availible for diffusion, therefore these
cations can diffuse rapidly in the silicate systems. The evidence availible

supports the concept that, in most silicate systems, the rate controlling

step is not the diffusion of the divalent cation.
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APPENDIX I

"
KROGER - VINK DIAGRAH FOR FORSTERITE
Under constant temperature, pressure and poz, the defect structure

of forsterite will depend on the activity of SiO The dependence of various

2.

defect concentrations with the activity of Si0O, can be shown on a KrBger -

2
Vink diagram.

4l
Using the general equation of Schmalzried and Wagner( )in the form
of

O log(i) = nié log aSiOZ (1.1)

it is possible to show how defect concentrations vary with log A few

8 102.
examples will be calculated to describe this procedure.
. i e L N s
In the intrinsic region, where E'Igi’o] = [ng, 0] is the major

defect pair, one may write the mass and site balance equation as

Mgy + Vy —>lgy, | (1.2)

The corresponding equilibrium constant will be

. , (@)
& (Hgij (vugj .

and log K, = - log (Mg;) - log (vmg) (I.4)
Differentiation with respect to J log a0, Tesults in B
' 2

0= - p log Mg, . Jlog VM (1.5)

1o . log a

and since [Hgi,o] = [ng,OI



a iog V“ 0 = 31.08' M81¢0 - 0 (1.6)
O, 3 O,
0 108 8550, & 108 3540,

- -0
nng,O nﬂgi.o

This trivial case shows that the concentration of V and Mg,
f&é;’() 1.,()

is independent of aSiOZ‘

At increased activities of 9i0_, the major defect pair will be

2,
»
4+ [V 0] Using the mass and site balance equation,
»"

“ves

,..Q '

?Mgug + 810, — 51, + ZVHS + 2Mg0 (1.7)

with the corresponding equilibrium equation,

) Gl s
| ®si0,

it is possible to calculate characteristic numbers n, for i = Sii and i = V_,

i Mg

Using the integrated form of the Gibbs - Duhem equation,

2
* = @ AG°/RT
*mgo ~ ®si0, * ©*P /
and taking the log of both sides of equation 1.8

+2logV, - 2log &

/
log k Mg 510,

I " log Si

i

followed by differentation with respect to log o yields

aSi 2
J log Si 2 JlogV
0= i + Mg _ 2

a log asioz z'log aSiOz

Remembering that [?i;] -4 [kﬁg] , one gets

’1351_1. = 4) 1‘3‘; ESi'i, @ ;2}/:” tl]l(i t"r - <9 .l(JE; ‘T}lgz = :2/63
9 log 8550, Hg
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A pimilar set of calculations can be made at even higher activities
of 510,. [Y('}’J - [Vid.g,O} will be the predominate defect pair. Using
the mass bslance equation,

Mg0+7m+vo—-—+ﬂgug+00
one can show that

, _JIOgVO ’i,aﬂdnv ’&log\lﬂg,o_%
0 9 1log aSiOZ Mg,0 @ 1log 85.0

2

It is now possible to find the characteristic numbers of the
defects Simg, Sii, Vo, Mgi throughout the range of silica activities in

terms of ny . For example, using the mass balance equation,

Hg
Si.O2 + 2Mgi R — Si1 + 2Mg0

one will obtain,

i} 310@:51i -2-om

nSj'i. o log a'SiOZ Mg

The other defect characteristic numbers can be calculated in a

like manner. These are found fo be,

élogSngz 2 -n

s R S T Vg

. 102
6103 Vo ‘é“'nv

nvo P log 9‘5102 . Hg

- é 10g Mgi - -
ey o log 8510, ¥g

With these equations, the KrBger - Vink diagram shown in Figure II-?7

vas cal_éulated .
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APPENDIX II

PREPARATION OF FORSTERITE AND ENSTATITE
Forsterite was made by mixing stiochiometric amounts of MgO

(1ot EL - MgO - 6) and silicic acid, 325103 * nH 0, (Fischer Certified Reagent)
in the form of a water suspension. The suspension was thoroughly mixed and
then dried at 110 °C until all the mechanically held water had been driven
off. The mixed powder was then slowly heated up to 600 °C and held for
24 hours to drive off any remaining chenically bonded water., The resulting
povwder was pressed into a large compact and heated at 1350 °C for 96 hours,
The sintered compact was then broken and ground into a fine powder. X - ray
diffraction analysis gave excellent agreement with the reported forsterite
pattern(SB).

The synthsis of enstatite involved a similar procedure..

Stiochiometric amounts of MgO and silicic acid were mixed in a water
suspension, dried, and heated at 1350 °C for 96 hours. The diffraction
pattern obtained from the product showed the presence of cristobalite, and
forsterite as well as clino - enstatite. The product was then reground,
thoroughly mixed, pressed into a compact and heated at 1350 °C for a further
96 hours. The regrinding procedure was.repeated one more time, with a final
heating at 1350 °C for 192 hours. The X - ray pattern of the product was in

good agreement with the reported pattern of clino - enstatite(sb).
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APFENDIX ITI

DIFFRACTION PATTERN OF PROTOENSTATITE
The powder X-ray diffraction pattern of prctoenstatite is given
80 that it may be compared with the observed X-ray patterns of the reacted

samples given in Table IV-1,

ASTM Card Number 11-273 Protoenstatite

d A° I/1° da° I/1°
3.24 20 1.98 20
3.17 100 1.97 20
2,91 40 1.72 13
2.73 20 1.64 20
2.55 30 1.50 15
2,31 20 1.46 15




APPENDIX IV

FURTHER THOUGHTS ON THE LACK OF ANISOTROPY OF THE REACTICN AND ON THE

EXISTENCE OF AN ENSTATITE LAYER BETWEEN THE QUARTZ AND FORSTERITE FHASES

-

4,1 Can Enstatite Prevent Anisotropic Product Layer Growth ?

If the product layer contains twc phases, enstatite as well as forsterite,

the anisotropic growth effect may be reduced or eliminated. A thin layer of
enstatite may exist between the major product, forsterite, and the quartz‘
phase. The enstatite layer will be much thinner than the forsterite layer

and this enstatite layer will remein at a constant relative thickness to the
forsterite once local equilibrium conditions have begn established at the

phase boundries, This enstatite layer will be instrumental in preventing
anisotropic growth of the total product layer by causing disorientation in the
original configuration of the SiOLh lattice in the pro&uct layer, so that the
forsterite orientation will bear little or no resemblence to the orientation of
the quartz from whence it grew. This will prevent anisotropic growth because
the reactant ions, Mg+2 and 0"2 will diffuse through the forsterite at an

equal rate in any direction. In the Cal - ﬁ3 - quartz system, where anisotropy
is observed, there is no corresponding meta - silicate layer between the

guartz and CaZSiOu,

A,2 Must Fnstatite Exist In The Product lLayer ?

The Mg0 -’SiOzAphase diagram shows the binary compounds forsterite and
enstatite to be stable at the temperatures used in this investigation,

therefore barring any "non - equilibrium" effect both enstatite and forsterite
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must exist in the product layer. The most probable non - equilibrium effect
will be & nucleation barrier preventing the establishment of the enstatite
phase, RNucleation barriers to stable phases are found in silicates whose

structures involve long chains of SiO, repeat units, A common example of

2
this is liquid Si0, failing to crystallize even on slow cocling. The long

2
pyroxene chain siructure of enstatite will similarly make nucleation of
enstatite difficult. Therefore, if the nucleation of enstatite is too
difficult it will not exist in the product layer.

The experimental evidence on the existence of enstatite in the product
layer is incornclusive. Only one phase is evident in the product layer by
metallographic examinaticn, and this phase has been shown to be forsterite
by the electron probe. An enstatite product was also not found in reaction
couplés made of ngSiou and 8102 after the couples had been heated at 1350 °C
for 24 hours. The X - ray diffraction evidence however shows that enstatite

may exist. This contradicting evidence makes foruming a conclusion as to

whether or not enstatite exists impossible.
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