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ABSTRACT

Thermogravimetric and TEM studies have been carried out in order

to better understand the reaction mechanisms of decomposition of

Mg(OH) and'MgCO3 in vacuum.

2
The TEM studies revealed that the decompositions produce no
intermediate phases but yield highly porous pseudomorphic MgQ of
normal structure which preserves definite orientation relationships to
the parent solids. The decdmposition of MgCO3 yields Mg0 with two
variants in a major orientation relationship; (0001) MgCO3 /] (111)
Mg0, [1120] MgCO3 /! [211] MgO while the decomposition of Mg(OH)2
has only a single orientation relationship; (0001) Mg(OH)2 /1 (111)
Mg0, [1120] Mg(OH), // [101] Mgo.
The observed major orientation relationships suggest that oxygen

octahedra in the reactant solids are the coherent nuclei for the .

growth of Mg0 particles. The Mg0 is produced as cubes of 2 and 3 nm



in average size from the decomposition of Mg(OH)2 and MgCO3,
respectively.

As the decomposition proceeds, Mg0 particles aggregate to reduce
the high surface energy arising from the very small particles and
minute (~10 to 50 nm cross section) cracks result.

The tnermogravimetric study of single crystal Mg(OH)2
demonstrates that the decomposition occurs from all the surfaces, but
with flux densities from the (0001) habit plane which are about
one-tenth of those from the surface normal to the habit plane at
605 K. An SEM observation shows the decomposition rates for MgCO3
to be the same in each direction normal to rhombohedral cleavage
surfaces. Apparent equilibrium f]uxés afe measured from an oben

7

crucible in vacuum which are only ~107° times the true equilibrium

fluxes and --10'3

times the apparent equilibrium fluxes measured in
effusion cells. The low apparent equilibrium pressures probab]y'

result from an equilibrium of Mg(OH),, Mg0, and H20 adsorbed on

29
the Mg0.

The decomposition rates of MgCO, single crystal are

3
characteristic of an irreversible process, probably either a
desorption step or a surface step, depending on the temperature of the
decompositioh. The decomposition of MgCO3 powder in Knudsen cells

at 630-800 K shows behavior characteristic of a transition regime

between an irreversible and a reversible process.

7(/__ML-‘7

Alan W. Searcy, Chgirman of Committee
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I. GENERAL INTRODUCTION

Reactions in which a solid reactant yields a new solid plus a gas
product, that is, reactions which can be described by the general
expression

AB(s) = A(s) + B(9g)
are usually called decomposition reactions [1-3].

Most of the oxides useful in the cement, steel manufacturing,
glass, and refractory industries, etc. are produced by the
decqmposition, or so~called calcination, of hydroxides or carbonates
L4,5]. Alkaline earth oxides are not commonly found in nature as are
the hydroxides and carbonates. Furthermore, synthetic processes for
obtaining oxides, such as precipitation methods or sol-gel procésses,
often produce hydroxides, or carbonates, etc. which must be decomposed
to the oxides for ceramic processing in a later stage [5,6]. The
industrial importance of decomposition reactions stimulated the
earlier investigations [7], but later scientific questions about
decompoSition reaction kinetics and properties of the product solids
became an important motivation for study [1-3,8-10]. Neverthless,
there has been insufficient understanding about the decomposition
reactions. ‘ |

Essential steps in this kinda of reactions are tﬁe evolution of gas
phase from the solid AB and then the structural change of solid from
AB(s) to A(s). Kinetic studies have dealt with the first step to get

reaction rates and reaction mechanisms which are deduced from kinetic
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models. Structural studies have dealt with the second step to
understand reaction mechanisms from atomistic and structural points of
view. It is found in the literature [1,3,8] that offen decompositfon
mechanisms are deduced either from kinetic work only or structural
work only. HoweVer, complete understanding of decomposition mechanism
requires a combination of both kinetic and structural studies.

Decomposition of Mg(OH), has been one of most frequently studied

2
reactions [11], but the decomposition mechanism is still obscure

- L12,18]. Giauque and Archibald [13] measured the equilibrium water
,(s) = Mg0(s) + Hy0(g), by a
static method using a manometer. Their measured water vapor pressures

vapor pressure of the reaction Mg(OH)

agreed relatively well with the equilibrium decomposition pressures
measur ed thermochemica]ly. Later, Kay and Gregory [14] measured by
the Knudsen effusion method an anomalous apparent equilibrium water
decomposition pressure, which is about four orders of magnitude |
smaller than the equilibrium decomposition pressure measured
manometrically for the same reaction. The Knudsen effusion method has
been an effective method for measuring the true equilibrium pressures
of other systems [15,16]. This discrepancy between the equilibrium
pressures measured by a static method and the anomalous equilibrium
pressures measured by the Knudsen effusion method has never been
explained {17,18].

Such an anomalous equilibrium pressure could result because the
product sb]id, Mg0, has a higher energy content than that of normal

Mg0. Such an Mg0 of higher energy would equilibrate with Mg(OH)2
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* and H20 of lower vapor pressure than does norma]lMgo, as illustrated

in Fig. 1. Reis {17]'reported the Knudsen cell decomposition of
Mg(OH)2 at 573 K. His experiment reproduced Kay and Gregory's

anomalous equi]ibrium pressures even though the Mg(OH), used was

2
different in particle size and origin. Kay and Gregory used a pﬁre
natural brucite and Reis used the Mg(OH)2 formed by a precipitation
method. Reis also measured by solution ca]orimetry the energy content
of Mg0 produced from the decomposition of Mg(OH)2 in vacuum. He did
not find any significant excess energy content which could explain the
anomalous equilibrium.

Beruto et al. {[18] also measured by so]ution-ca1orimetry the heat

content of Mg0 prepared from the-decomposition of Mg(OH) bgt they

25
were careful to desorb the adsorbed water on the surface of Mg0.
Their measured heat content of Mg0, which was as much as 73 kJ/mole
higher than that of normal MgO, is high enough to account for the
anomalous equilibrium described above. They argued that Reis might
not be able to find the high energy content of Mg0 due to adsorbed
water on the surface of Mg0 since Beruto et al. could get the high
energy content of MgO only after desorption of wafer for a long time
at 873 K. However, Beruto et al.'s experimental result may not be
relevant to Mg0 produced in Kay and Grégory‘s Knudsen cell experiment
because the MgQ produced in the Knudsen cell at low temperatures
(450 to 600 K) surely has a high degree of water adsorption [19-23].
A possibility that could not be ruled out is that the initial

solid product of Mg(OH), decomposition is a metastable phase, which

2
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had escaped detection berhaps because it transforms irreversibly to
normal Mg0 continuously as reaction proceeds. Transmission electron
microscopy (TEM) is well suited to test whether such a metastable
phase or phases is responsible for the anomalous equilibrium in the
decomposition of Mg(OH)Z.

Decomposition of MgCO also yields Mg0 as the solid product of

3
decomposition. Unlike Mg(OH)2 decomposition, MgCO3 decomposition
has been rarely studied from the kinetic point of view [3]. No
" Knudsen cell study has been made to check-whether an anomalous
equilibrium behavior like that observed in the decomposition of
Mg(OH), similarly affects the decomposition of MgCO,.
Another inferesting observation from the decomposition of
hyaroxides ;nd carbonates is the explosive b]ow;out of powder samples
when heated in vacuum at a constant temperature. It was shown for
CaCO3 that phenomenon cannot be due to a pressure gradient |
established in the powder bed because the flux density'was_independent
of sample amoﬁnt and sample packing density, and because the explosive
blow-out occu;red in irregular fashion and was not correlated with the
degree of decomposition [24]. It‘was suggested that sudden exothermic
heat generated locally by the transition from some sort of metastable
phase to a stable phase triggers fast decomposition and thus produces
enough gas pressure to blow powder sample out of the crucib]e-[ZS].
This explanation of explosive blow-out may be related to the

exothermic peaks which have been observed in differential thermal

analysis (DTA) studies of decomposition of some hydroxides and
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carbonates by Rao et al. [26]. Rao et al. attributed these exothermic

peaks to annihilation of defects of product solids.

For the better understanding of these questions which arise in

decomposition reattions; this study has used Mg(OH)2 3

which decompose to produce the same product solid, Mg0 but different

and MgCO

gases, HZO and COé. Studyinngg(OH)2 and MgCO3 decompositions
will help us to understand the effects of different reactant solids
and product gases on decomposition reactions. Emphasis has been put
on discoverinnghere the anomalous thermodynamic behavior in the
decomposition of Mg(OH)2 originétes and what causes the exothermic
process which explosively ejects powder samples during the
decomposition of hydroxides and carbonates.

To this end, kinetic studies by thermogravimetry and structural
studies by transmission electron microscopy in addition to X-ray,
surface area, and scanning electron microscope (SEM) measurements have

been carried out.
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IT. KINETIC STUDIES

1. Introduction .
After Giauque and Archibald [13] carefully measured the water
vapor pressure of the decomposition reaction
by a static method, numerous kinetic studies yielded quite

Mg(OH)

inconsistent activation energies for the reaction. Values ranged from
about 80 kJ/mole to 400 kJ/mole {32]. In addition to Kay and
Gregory's Knudsen cell study [14], the kinetics of decomposition of
Mg(OH)2 has been studied by a large number of workers mainly by
means of differential thermal analysis (DTA) [27] and thermogravimetry
(16) [28-32]. |

In a recent review article, Sharp |[32] concluded, however, that
many of the methods developed for the kinetic analysis of DTA traces
of solid state reactions yield unreasonable values for the activation
energy and order of reaction. He concluded that DTA measurements in
air or.N2 yield higher activation energies than does isothermal
thermogravimetry in vacuum, probably because of the build-up of the
water vapor pressure in the vicinity of the sample, and he reported
the activation energy for the dehydration of pure Mg(OH)2 in vacuum
is ~84 kJ/mole which is close to the standard enthalpy of the v
reaction. However, Gordon and Kingery's kinetic study [31] by

thermogravimetric technique of the dehydration of Mg(OH)2 in vacuum

yieldea an activation energy of ~126 kJ/mole which is consistent with
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the activation energy, ~130.5 kJ/mole obtained in the Kay and
Gregory's Knudsen cell study.

From curve fitting of kinetic models, Mg(OH)2 decomposition has
been reported to start at the edges normal to the basal plane and to
proceed along the basal plane in the form of a contracting disk [29].
Although this scheme “is plausible fn terms of the structure of

Mg(OH),, it has not been clearly proven [31].

2,
In this study, an open cell has been used for thermogravimetric
measurements to check the activation energy of the reaction for

Mg(OH), powder samples. Single crystals of Mg(OH)2 have also been

2
decomposed in order to determine where the reaction starts and to
determine how the reaction interfaces move. |

There has been no previous Knudsen cell study of decomposition of
MgCO3. From conventiona]_kinetic studies of thé decomposition,
activation energies of ~149+£14 kJ/mole and ~136 kJ/mole were reported
by Britton et al. [33] and Li [34], respectively. These activation
energies, much higher than that of}the standard equilibrium reaction,
~113 kJ/mole, could indicate that the decomposition of MgCO3 has a
metastable equilibrium as found in the decompositibn of Mg(OH)Z.
Therefore, singlé crystal and Knudsen cell decomposition measurements

have been made of MgCQO, to test whether the decomposition has a

3
similar behavior to that observed in the Knudsen cell studies of
Mg(OH)2 decomposition,

The overall kinetic study may delineate the effects of product gas

and reactant structure on the decomposition of the magnesium compounds

to the magnesium oxide.
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2. Background
2.1. Thermodynamics and Kinetics of Decomposition Reactions
Decomposition reactions can occur when the Gibbs free energy
change of the reactions is negative [38]. The Gibbs free energy

change for the decomposition reactions is given by

6 - a0 + AT a0 |OA) 08(@) ]
GnB(s) j

where aG’ denotes the standard Gibbs free energy change and each is
the activity indicated by its subscript. If the activity of solids is
considered to be unity and the gas is an fdea] gas with the standard

state defined as unit pressure, the standard Gjbbs free energy change

is a6° = - RT2nP Then, if the product pressure -urrounding a

q
‘reactant solid is lower than the equilibrium pressure, the reactant
solid will be decomposed at the-interfaces where a pressure gradient
gives the driving force, AG = RTzn(P/Peq), for the decomposition.
Therefore, the standard Gibbs free energy change, aG°, is the starting
information for a kinetic study of decomposition reactions.

The standard Gibbs free energy changes for Mg(OH), and MgCO

2 3
decompositions in the experimental temperature range are given below
in terms of the standard enthalpy and entropy changes-of the reactions
which are obtained from thermodynamic tables [35-37].

Mg(OH),

MgCO3

0 AG® 78800 - 1467 (J/mole)

113000 - 1757 (J/mole)

MgO0 + H

2
Mg0 + CO, A6°
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Although the Gibbs free energy change predicts the possibility of
a reaction, the reaction rate can only be determined experimentally by
a kinetic study.

The usual practice in kinetic studies of decomposition reactions
is to get the reaction rate constants (k) from the best fit amohg
kinétic models, such as those listed in Table 1, to a reaction rate
curve such as the fraction reacted (a«) versus time (t) curve and to
obtain the activation enérgy of the reaction from the slope of log k
versus l/T plot [1-3,8]. Most solid state reactions give a linear
plot of log k versus 1/T where k = A exp(-E/RT), A is the so-called
pre-exbonentia] factor, and E is called the activation energy of the
reaction. Any deviation from linearity of an Arrhenius plot can be
related to a;change of rate limiting step, since the enthalpy and
entropy change of reactions are usually nearly independent of
temperature if there is no phase change other than those for the
feaction L40].

The empirical Arrhenius equation was given some theoretical
signifiﬁance by van't Hoff.who expressed the influence of temperature
on the equilibrium constaﬁt (Ke) as a consequence of detailed
balancing of reaction rates at equilibrium

Ke = k/k, = exp (- a6°/RT) (1)
where k1 is the forward reaction rate constant and k2 the backward
reaction rate constant [39]. This equation provides a justification
for comparison of the kinetically obtainea activation energy with the

standard enthalpy change of the reactions, but problems arise in its
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application to real decomposition reactions because net decomposition
cannot occur at equilibrium; equation (1) is only known to be exact at
equilibrium. ,

The conventional curve fitting to kinetic models of Table 1 has
been proven to be a notoriously poor way to decide the rate limiting
step if the conditions of decomposition are not accurately defined and
controlled so that the measured apparent activation enthalpy can be
assigned to a rate ]imiting step [25,31,32]. | |

Langmuir [41] argued that the flux of evaporating mb]ecu]es should
remain unchanged from the equi]jbrium flux if evaporation occurs into
vacuum. He predicted the max imum possib1é flux by the equation
-1/2 |

J = Peq(ZnMRT)

nax. P = exp (-aG /RT)

_ eq
where J, the flux density, has tnhe units of number of moles per unit
area per unit time and M is the molar weight of the gas.

Knudsen [42] shéwed, however, that pressures calculated from
weight losses may sometimes be orders of magnitude lower than
pressures measured under proved equilibrium conditions. He introduced
a factor, o« into the Langmuir equation So that it becomes;

J = aPéq(anRT)‘I/Z
Then a, the decomposition cofficient, is defined as the ratio of
experimentally observed flux from the crystal surface to the
thermodynamic equilibrium flux [9,10].
Searcy [43] and Searcy ana Beruto [44] expressed a in terms of

fundamental thermodynamic parameters for the overall reaction and of

fundamental kinetic parameters for elementary reaction steps. They
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also applied transition state theory to explain reactions giving a
less than unity. In transition state theory for reaction kinetics,
the activated complex is the aggregate of atoms at the saddle point
free energy position of the réte determining step of the reaction, and
it 1s assumed that reactions occur‘by means of such an activated
~complex equilibrated with reactants. For a decomposition coefficient
of unity, the saddle point enthalpy and entropy differ from the
enthalpy and entropy of reaétant solid in such a way that the
activated complex is the gas phase and product solid, which are the
thermodynamic equilibrium reaction products. For a decomposition
coéfficient of less than unity, the saddle point enthalpy and entropy
of the rate determining step are no longer those for the thermodynamic
equilibfium reaction products but for other activated complexes of
higher thermal free energy state.

Searcy and Beruto [9,10] derived a general theory for determining
the rate limiting steps for the decomposition reactions. They wrote
equations for the molecular fluxes of each essential reaction step
such as a chemical step, a diffusion step in the reactant soiid, a
surface or desorption step of the product gas molecule, and a gas
phése diffusion step. They also evaluated the influence of the
thermodynamic stability of the solid product. Their results are
expressed in ;erms of derived fluxes which can be compared with the

fluxes measured in single crystal decomposition experiments.
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It should be pointed out that previous studies on decomposition
reactions often concluded that a reaction is reversible if the
measured activation energy is equal to or close to the standard )
enthalpy change of the reaction without prescribing data from which
the activation entropy change of the reaction can be calculated. This
conclusion based on the enthalpy change may not be correct because
chemical reversibility can only be established by demonstrating thaf
both the activation enthalpy and activation entropy changes of the
reaction are eqya] to the corresponding changes of the equilibrium
reaction [43].

To measure both the apparent enthalpy and entropy changes, the
sample surface afea must be defined in order to evaluate the flux from
weight loss measurements. These fluxes can be converted to the
pressures by the Hertz-Knudsen-Langmuir equation (HKL equation),

J = P(27MRT) /2
Thus preséures measured as a function of temperature provide a log P
versus 1/T plot in which the slope and intercept give the apparent
activation enthalpy and entropy changes of the reaction. To this end
vthe decomposition of a single crystal with known surface area (a
Léngmuir experiment) and studies with powders in cells pierced by
small orifices (Knudsen effusion experiments) are best used for

kinetic study of decomposition reactions.
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2.2./Langmuir and Knudsen Effusion Methods

The rate of escape of a gas per unit area of sample surface or of
orifice cross sectional area (flux density,'J) is fe]ated to the
pressure by the HKL equation derived from gas kinetic theory. If the
reaction rate is measured in vacuum with a single crystal of known

surface area, the vapor pressure from the measured flux density is

“called the Langmuir kinetic vapor pressure (PL) which is correlated

with the equilibrium préésure (Peq) through a (the vaporization
coefficient in a congruent véporization reaction or the decomposition
coefficient for decomposition reactions).
| PL = aPeq
Here o« is not less than zero, aﬁd takes a maximum value of unity if
there is no excess thermal free energy barrier to the reaction. The
significance of the Langmuir coefficient as a measure of activation
enthalpy and entropy was already introduced in the previous section.
An equilibrium vapor pressure can be obtained for a reaction
haVing a decomposition coefficient less than unity by measuring the
vapor flux that escapes from Knudsen cells of different orifice areas
and using the Whitman-Motzfeldt extrapolation [45,46]. The

Whitman-Motzfeldt equation assumes a steady state gas flow and is

given below [52]:
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If the Knudsen cell is ideal, i.e., wA = 0.5, the above equation

becomes
11 (1+”BB>
PK Peq aA
where PK = measured vapor pressure ffom the flux escaping through
the orifice of Knudsen cell
Peq = equilibrium vapor-p}essure
e = decomposition coefficient
A = effective sample surface area
B = cross sectional area of orifice
W, = Clausing correction factor [47] of cell
wB = C(Clausing correction factor of orifice

From weight loss measurements, P, is given by the equation

K

(2«MRT)1/2 . ____Mw“;“

B

b 1/2

K (27MRT)

K
where (aW/at) is the weight 1ossbper unit time and M the molar weight
of effusing gas.

Using the Whitman-Motzfeldt extrapolation, a plot of 1/PK Versus
NBB will give an intercept which is the inverse of an equilibrium
pressure at a given temperature. If there is no change of rate

limiting step with the change of orifice area, the Whitman-Motzfeldt

extrapolation should be linear to zero orifice area [48].
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The Knudsen cell pressure measured as a function of temperatures
can be plotted on-a log P versus 1/T plot to yield the apparent
enthalpy and entropy change from the slope and intercept, respectively

by the equation

AH 1 AS
109 P = - 5=53R <T> * 7303R

If the equilibrium pressure is obtained from.the linear extrapolation
to zero orifice, the corresponding apparent enthalpy and entropy
changes will be those for én equilibrium reaction. The other
assumptions and implications of Knudsen ce11‘experiments are well

described in the literature [49-52].

3. Experimental Procedures
3.1. Starting Materials

Three kinds of Mg(OH), and two kinds of MgCO3 were used for

2
this study. Their impurities are listed in Table 2.
~The precipitated Mg(0H), (hereafter referred to as G&A

Mg(OH),) was synthesized in this laboratory according to the method

5)
agescribed by Giauque and Archibald [13]. Details of the synthesis
were described in the literature [13,17]. An SEM micrograph of G&A
Mg(OH)2 showed well defined hexagonal crystals (Fig. 2A). This G&A

Mg(OH)2 powder was used for open cell studies of decomposition of

Mg(OH)Z.
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Brucite A, which is natural brucite obtained from Wood's mine,
Texas, Pennsylvania, had a clean and transparent single crystalline
form and was used for single crysté] decomposition experiments. This
brucite was used for Mg(OH)2 decomposition by many other
investigators [14,82,83] so that for combarison of different
experimental results the effects of starting materials can be excluded.

An MgCO3 sample (Magnesite A) obtained from the Béymag Plant,
Calgary, Alberta, Canada, was a polycrystalline material which
consisted of grains of 2 to 3 mm size. Magnesite A was crushed and
gfound. Uniform particles ofIZO to 30 um were obtained by use of an
ultrasonic fine sieve. The powdered Magnesite A shown in Fig. 2B was
used for Knudsen cell experiments. Magnesite B, which was obtained
from Djebel Hadifa, Algeria, was provided as a large piece of single

crystal and was used for single crystal experiments.

3.2. Thermogravimetric Experiments

The open cell study of Mg(OH), decomposition and all single

2
crystal experiments were carried out with a thermogravimetric
apparatus (hereafter referred to as Apparatus A) shown in Fig. 3.

A cylindrical alumina sample cell of 0.98 cm inner diameter, 2.4 cm
“inner height, and 1.0 mm thickness was fitted in a p]atfnum basket
which was suspended from a 1.0 mm diameter quartz rod into the tube
furnace of Apparatus A. The rod was connected to a Cahn 1000

microbalance, which measured the continuous weight change to a

sensitivity of 1.0 mg full scale during the decomposition. Apparatus
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A incorporated a vibration isolation system and valves to control the
pressure in the system'during the thermogravimetric feactions. A
detailed description of the back pressure control system was given by
Knutsen L53]5

A tube furnace wound with Kanthal wire was used to heat the
samplie hung in the a]uhina tube. The temperature Was measured with a
chromel. alumel thérmoc0up1e which was p]acéd.near the sample cell and
connected to a digital readout device. The sample was hung in a 15 cm
long uniform temperature zone to minimize the temperature gradient
Setween thermbcoup]e and sample. Sample weight changes were measured
continuously on a strip chart recorder with 1 mg, 10 mg, or 100 mg
full scale. A silicone oil diffusion pump maintained the pressure of
the system below 5x107° torr (6.67x10"3 Pa) initially and at

-3 to 10-4 torr (0.133 to 0.0133 Pa) during the decomposition

10
reactions. The'tehperature was ‘increased to a desired decomposition
temperature at a rate of about»20°C/minute. This speed of temperature
increase limited the.decompositions to less than 2% béfore the desired
temperature was reached. When a desired fraction of decompositioh was
achieved, the furnace poWer was turned off to cool the sample.

When the temperature was near room temperature, the vacuum system
was closed and nitrogen gas was introduced to fill the apparatus to
atmospheric pressure. The product solid Mg0 reacts with atmospheric

moisture and C0,; therefore the Sample was removed, and either

2;
transferred as rapidly as possible to the appropriate apparatus for

other experiments such as surface area measurements, XRD, and SEM-
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observation, or was stored in a small sealed bottle in a desiccator
dried by anhydrous CaSO4.

Another thermogravimetric apparatus (hereafter referred to as
Apparatus B) shown in Fig. 4 was used for the Knudsen cell study of
decomposition of MgCO3. Apparatus B provided a better vacuum to

5 5

5x1077 torr (6.67x107° Pa) initially and less than 107> torr

(l.33x10'3 Pa) during tnhe decomposition. The better vacuum is the
only reason that Apparatus B is used for the Knuasen cell study. For
the decomposition experiment, other functions of Apparatus B are
similar to those of Apparatus A.

The Knudsen cells used in this study were made of alumina with

the different orifice dimensions shown in Fig. 5.

3.3. Temperature Calibration

The rates of chemical reactions increase exponentially with
temperature. Cater [52] noted that the single most Tikely reason that
discrepancies are found in effusion data between laboratories or
between experiments is inaccurately measured temperatures or lack of
temperature homogeneity within the cells.

In this study, the thermocouple was located as close to the sample
as possible, the separation was 102 mm. The temperature difference
between thermocouple and sample was calibrated by means of Knudsen
cell experiments with a material for which the vapor pressure is well
known and is of similar magnitude to the vapor pressure of the

material to be studied in the range of experimental temperatures.
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For the temperature calibration of Apparatus A, zinc metal powder
of reagent grade was decomposed in Knudsen cells of orifice diameters
0.50 mm and 0.24 mm. -The measured vapor pressures and calculated

vequi]ibrium pressures are shown in the plot of log P versus 1/T in
Fig. 6. The range of ca]fbrated temperatures was 615 K to 860 K. The
measured pressures indicate the equilibrium pressures since they are
independent of orifice areas. At temperatures lower than 690 K, the
measured pressures are lower by a factor of 0.97 (~7°C lower in
temperature scale) than-the equilibrium ones, and at the temperatures
higher than 750 K, the measured pressures are consistent with the
eqpilibrium ones. Therefore the heasured fluxes from Mg(OH)2
decompoéition were converted to pressures with the calibrated
‘temperatures shown in the plot of Fig. 7 under the assumption that the
extrapolation is effective down to 470 K. The measured vapor

pressures from MgCO, decomposition were considered to be those

3
measured at the corrected thermocouplie temperatures.

“The temperature calibration of Apbaratus B was done with 1ithium
iodide powder (Johnson Matthey Chemicals Limited, Royston,
Hertfordshire, England), which has impurities of less than 8 parts per
million by weight, in Knudsen cells of orifice diameters of 0.42 and
1.00 mm. Lithium jodide sublimes as monomer and dimer. Total Lil
fluxes measured from the Knudsen cell were converted to monomeric,
Lil(g) pressures which were compared with the total monomeric

pressures calculated from the equilibrium thermodynamic data by the

equation [54]:
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where the subscripts of m and d denote monomer and dimer, respectively
and Keq is the equilibrium constant for the reaction of dimer
formation from two monomers . The calculated eqUi]ibrium pressures in
Fig. 8 are the values of Pm(1+/5 Kequ) which are compared with

the measured vapor préssures as monomeric pressures.

‘At temperatures lower than 770 K, the measured preésures were
independent of orifice areas implying that the measured pressures.are
the equilibrium pressures. Above 770 K the pressures are more or less
higher3 depending on orifice areas, than the linearly extrajolated
pressures from lower temperatures. It is known that hydrodynamic flow
gives the kind of deviation to higher gas pressures observed and that
hydrodynamic flow prevails for mean free paths significantly shorter
than effusion orifice dimensions [50]. At 770 K the Knﬁdsen number
the ratio of gas mean free path to orifice diameter, is calculated to
be about 10 when it is assumed that the gas molecule collision cross
section is ~0.5 nm. Thus the enhanced vapor pressures are believed to
be due to the transition of gas flow from Knudsen flow to hydrodynamic
flow at temperatures above 770 K. The linearly extrapolated
equilibrium pressures measured between 710 and 770 K can serve the
purpose for temperature calibration above 770 K because it is known

that the enthalpy and entropy changes of the reactions do not depend

on the temperature within the range of extrapolation [35]. The
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calibrated temperatures shown in the plot of Fig. 9 were used for the
calibration of CO2 pressures from the decomposition of MgCO3 in

the Knudsen cells.

4. Results and Discussion

4.1. Decomposition of Mg(OH)2

It has been suggested that decomposition of Mg(OH)2 occurs only
at the edge area normal to the basal (cleavage) plane [29]. In order
to test this suggested reaction scheme, single crystals of Mg(OH)Z,
Brucité A, having various ratios of edge area to cross sectional area
were decompoéed in vacuum at 605 K. A typical weight loss curve of
the single crystal decomposition is shown in Fig. 10. The initia]
flux densities in directions parallel to the basal plane Jl’ and

normal to it J, were ca]cuﬁated from the known edge and cross

2
sectional areas by means of the equation
Wiotal = A1d1 * Apd;
where wtota] is the weight loss per unit time. Two single crystal

experiments provide the ratio of the fTux densities, Jl/J2 (Tab]e

3). The initial rate of weight loss (W , which was measured

tota])
from the steady state weight loss during 3 to 10% decomposition, is
not directly proportional to the edge area but is dependent on the
both edge-area and the area of the basal planes. At 605 K about 10%

of the total flux escapes in the normal direction of the basal planes.
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The observed fluxes canndt be directly assigned to these two sets
of directions because of the cracking of the Mg(OH)2 after a small
amount of décomposition. fhis phenomenon is discussed later.
However, it can be concluded that decomposition starts from all the
surfaces because the cracking cannot occur without decomposition at
the area of cracking.

Another thing to note from the single crystal experiments is that
at the very beginning the rate of decomposition is slower than it is

has

after one to one and one-half hours (see Fig. 10). Thus Mg(OH)2

a so-called S-curve of weight 1oss versus time plot. The rate
increases as cracks develop in the Mg(OH)2 [61]. Endothermic
decomposition reactions usually do not have such an incubation period
if isothermal conditions have been established before decomposition
‘begins |55]. This slow initial rate was also clearly observed with the
decomposition of G&A Mg(OH)2 at Tow iemperatUres. Perhaps the

higher surface area of G&A Mg(OH), for a given weight of Mg(OH)

2
makes the relatively low initial rate easier to observe.

2

After the initial slow decomposition, both Mg(OH)2 single
crystals and powders decomposed at a steady state to about 40%
decomposition. Then the rate slowed and essentially stopped after the
weight loss was ~90% (Figs. 10 & 11) so that ~ld% of the initial water
is retained. The sample lost more weight when heated above ~900 K,
and complete decomposition was achieved at ~1200 K. The water
retained after low temperature decomposition has been reported from an

infrared absorption study to be adsorbed as hydroxyl ions on the MgO
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surface [22]. The fact that XRD measurements and TEM observations did
not find any trace of Mg(OH)2 or any phase other than Mg0 supports
the conclusion from the infrared study.

The effect of quantity of sample on the rate of decomposition of

"G&A Mg(OH)2 was studied in an open cylindrical alumina crucible.

Changes of sample amount (and thus powder bed depth) did not greatly
change the initial steady state flux as shown in Fig. 12. The fact
that the flux was nearly independent of the sample amount implies that

some sort of equilibrium is approached in the powder beds. The

7

measured fluxes were ~10°° times the maximum possible fluxes for the

3 times the anomalous equilibrium

decomposition reaction and ~10~
fluxes measured by Kay and Gregbry.

Searcy et al. [25] found a similar behavior in an open cell study
of calcite powder decomposition. Their measured fluxes, ~3x10'4
times the equilibrium fluxes, were independent of sample amount,

powder bed depth, and sample packing densities. But they did not find

this metastable equilibrium behavior with calcite powder of particle

size greater than 100 uym. For large particles of CaC03, initial-

rates of weight loss were directly proportional to the total sample
surface area, not the crucible cross sectional area. The powdef
sample of G&A Mg(OH)2 has an average particle size of 400 um, which
is inuch greater than the critical particle size for the observed
metastable equilibrium in the calcite powder decomposition. But the

initial particle size of G&A Mg(OH),-would not be the size when

2
weight losses are measured because the cracking of partly decomposed «
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Mg(OH)2 continuously provides Mg(OH)2 particles of ~2 um cross
section [84,117].
For further characterization of the metastable equilibrium in a

powder bed of G&A Mg(OH),, samples of a constant initial weight,

29
195+]1 mg were decomposed at various temperatures to obtain a plot of
log P versus 1/T. Effective flux densities (jb) from the powder bed
were calculated from weight loss measurements by means of the equation.
jb = AW/MAAtL |

where AW is the weight loss for the time period, at, M the molar
weight of effusing gas, and A the cross sectional area (= 0.754 cmz)
of the alumina cruciblie. Corresponaing effective pressures'calculated
by use of the HKL equation were plotted as log P versus 1/T (Fig.
13). From the data, apparent enthalpy and entropy changes of ~126%5
kdJ/mole and 11129 J/mole were calculated.

The apparent equilibrium in the powder beds was characterized by
a greater enthalpy change than that of the standard equilibrium
réaction. This fact §uggests two possible explanations. One is that
the reactant solid and water vapor are in equilibrium with a
metastable solid phase of higher energy than normal Mg0. But this
high resolution TEM study showed only topotactically grown normal Mg0
to be formed. Furthermore, if the equilibrium involved a metastable

solid the equilibrium pressures approached in the open cell and in an

effusion cell with a small orifice should bevthe same. But the



~25-

4

equilibria approached in an open cell was only ~10~3 times that
approached in the effusion cells.

The other possible explanation is that the water pressure was set
by equilibrium between.the Mg(OH)Z.and water adsorbed on the Mg0
surface. The persistent adsorption of water to ~773 K indicates that
water is more strongly bound in the adsorbtion state than in bulk
Mg(OH)z. The fraction of surface covered by adsorbed water changes
with its pressure. [t can be expected that the hindrance to escape
imposed by covering the cell with a 1id pierced by only a small
orifice would shift the adsorption equilibrium in closed cells toward
greater adsorbed H20 concentrations and greater cell pressures as
observed.

Both Kay and Gregory's Knudsen cell study and this open cell study
showed metastable equilibrium behavior, with the same apparent
enthalpy change within the range of experimental error but different
apparent entropy changes. The lower apparent entropy change in the
open cells probably results from a steady state in which a lower
fraction of MgQ surface sites are occupied by adsorbed water than in
the Knudsen cells.

Among the previous kinetic studies Gordon and Kingery [31]
reported from their thermogravimetric experiment of Mg(OH)2
decomposition in vacuum the same activation enthalpy of ~125 kJ/mole
as found in this study. They founa the calculated activation energy
to be nearly independent of many conventional kinetic equations

applied. Sharp [32] also found the calculated activation enthalpy to
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be insensitive to the kinetic model chosen, but his measured
activation enthalpy was ~84 kJ/mole which is identical to the standard
enthalpy change of decomposition of Mg(OH)Z. Such a coincidence in
values could be explained if the equilibrium pressure were attained in
the sample in Sharp's study with the rate limited by vapor phase
transport [56], but Sharp's studies were conducted in vacuum.

The insensitivity of calculated activation energy to hany applied
kinetic models proves in itself that curve fitting to conventional
kinetic equations cannot be used to identify the rate limiting step or
reaction mechanism of Mg(OH)2 decomposition. Neverth]eés, the
measured activation energies should be characteristic of given
experimental conditions. So the different activation energies must
result from an experimental error such as using incorrect
temperatures. However, an exact source of the discrepancy in the
activation energy between this and other studies could not be found
because other studies did not provide clear information about geometry
of sample cell, bartit]e size, and other decomposition conditions so
that the flux densities could be calculated for comparison with those

of this study.

4.2. Decomposition of MgCO3

Single crystals of Magnesite B were cleft to produce the
characteristic rhombohedral angle (103.33°) of their cleavage unit
cells and they were decomposed in Apparatus A. Typical weight loss

curves are shown in Fig. 14. An SEM observation of a partly
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decomposed single crystal showed the reaction inte}face to have the
same contour as initial crystal surface (Fig. 61B), implying that the
reaction interface moves inward at the same rate from each magnesite
crystal surface. Therefore, for a certain scale thickness of porous
product Mg0 the fraction of decomposition can be obtained from the
ratio of the volume decomposed to the initial volume of MgCO3
crystal. Alternatively the Mg0 scale thickness can be plotted versus
decomposition time measured from the weight loss curve.

As shown in Fig. 14, the Mg0 scale thickness increased linearly
with time to near complete decomposition. The flux remains directly
proportional to reaction interface area. This fact 1mblies that a
chemical step of the decomposition process is slower than gas phase
diffusion through the porous Mg0 scale [10]. Although the size of
individual MgQ particles is ~3 nm as shown in Fig. 51 and the pore
size between the particles may be small enough to resist gas phase

diffusion, cracking or aggregation of such small particles shown in

" Figs. 59-61 may provide alternate routes to reduce the resistance to

gas phase daiffusion.

The initial fluxes from single crystal surface were about 10_8
times the thermodynamit equilibrium fluxes. The corresponding plot of
log P versus 1/T is shown in Fig. 16. The plot is curved near 825 K:
The curvature js too great to be due to an experimental error.. The
curvature of the p]ot_implies that the rate limiting step of

decomposition at higher températures is different from that at lower

temperatures. At temperatures higher than 825 K, the



_28-

calculated aH aﬁa AS are 170¥5 kJ/mole and 736 J/mole-deg.,
respectively. At temperatures lower than 825 K, aH and aS are 270+10
kJ/mole and 194+13 J/mole-deg., respectively.

The apparent enthalpy changes from the higher and Tower
temperature ranges are ~57 kJ/mole and ~157 kJ/ mole greater than that
of the standard equilibrium reaction, réspectively. Regardless of the
. temperature range, decomposition of single crystal MgCO3 proceeded
irreversibly as implied by the linear growth of porous Mg0 scale with
time (Fig. 14) so that presumably no product is in equilibrium with
the reactant.

The entropy change of the reaction depend primarily on the number
and kinds of gas molecules produced or consumed in a reaction [57].
Sihce in the lower temperature range the apparent entrbpy change is
close to the standard entropy change for the decomposition of MgCO3,
(175 J/mole-deg.), the rate determining step in the lower temperature
~decomposition probably involves formation of CO2 gas. By the same
reasoning, the rate determining step in the higher temperature
decomposition should be an earlier step that does not involve CO2
gas production.

Beruto et al. [58] found the enthalpy and entropy changes for
adsorption of CO2 on an Mg0 surface to be 2165 kJ/mole and 19010
J/mole-deg., respectively for the adsorption reaction at the higher
coverage state (83% coverage). They noted that errors in determining
the activation enthalpy are greater at the higher degree of coverage

because of the asymptotic shape of the adsorption isotherms, and a
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calculated variation of about 60 kJ/mole was found for oﬁ]y 3%
variation of coverage from 83%. The higher enthalpy for the
adsorption indicates that CO2 is bound more strongly on Mg0 tHan in
MgCO3.

Consiagering Beruto et al.'s finding and the fact that the driving
force for an exothermic adsorption reaction is increased with a
decrease of temperature, the rate determining step of the lower
temperature decomposition of MgCO3 single crystal may be the
desorption of CO2 from an adsorbed state.

If the decomposition is considered as a two-step process involving

the adsorbed state (MgO-COZ), the reaction equation is expressed as

follows
S k3
MgCO4 :::_Mgo-coz = Mg0 + co,
k2 k4

where k is the reaction rate constant for eaéh elementary reaction
step. For an irreversible reaction in vacuum; the rate of reaction
step 4 can be neglected. Then the decomposition flux (J) is given by
the following equation [[43]

Jd = k.k, / (k2 + k3)

When k2 is much greater than k3, the intermediate MgO-CO2 is

near equilibrium with the MgCO Desorption is the rate determining

3-

step but the apparent rate constant 15_(kL/k2)k3. The apparent

activation enthalpy is (AH; - AH; + AH;) and the apparent entropy,
* * * ’ ’

(aS, - aS_, + aS

3 5 1) has a value consistent with expectations for a
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reaction that produces CO2 gas. In the higher temperature
decomposition, the desorption step cannot be the siowest step; k3
‘must be greater than k2, and the rate determining step must be an
earlier step of the process, reaction step 1 of the model [43].

While the decomposition of single crystals of MgCO3 gave nearly
linear weight changes with decomposition time to ~50% decomposition,
the deCompositibn of powder samp]és in the alumina open cell was
retarded at early stages of decomposition (Fig. 15). When the weight
of sample was increased from 187.5 mg to 1313 mg, the initial flux was -
increased by a factor of 3 at 803 K. This change of fiux with change
of sample amount also implies that a near-equilibrium state 1ike that
observéd in the decomposition of Mg(OH)2 is not established in the
powder bed. A measurement of'surface area for a 20% decomposed sample
of 1313 mg proved that every particle in the powder bed contributes
more or less to the qbserved flux since the surface area of sample
from the top portionvof powder bed was 80 mz/g and that from the
bottom portion of powder bed was 25 mZ/g. [f decomposition were
compeletely irreversible in the isothermal bed, surface areas should
be the same for powders sampled from the top of the bed as from the:
bottom [59]. If an complete equilibrium were established in the
powder bed, the surface area from the bottom portion of powder bed
should be close to that of initial undecomposed sample which is

~3 m2/g in this case [25].
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When powder samples were decomposed in Knudsen cells, the flux was
still dependent on sample amount. The dependence was smaller at the
higher decombosition temperatures. As shown in Fig. 16 of which the
Knudsen cell data were obtained from the powder sample of 185#1 mg,
at the higher temperatures the fluxes were constant until 5% decom-
position. At the lower temperatures they were sharply decreased at
lower fraction of decomposition.

Now the question is why a more reversible state is approached as
the decomposition temperature is increased. The reason may be found
from the Whitman-Motzfeldt equation |

(P.q/P

eq K)
If the curves for 2 to 3% and 4 to 5% decomposition are considered,

=1+ (WBB/aA)

(P q/P

eq K) is greater at the lower temperatures. Since wBB is

independent of the temperatures, aA must decrease as the temperatures
are decreased. But the effective surface area of sample is increased
under the more irreversible condition of lower temperature
decompositions. Therefore, the decomposition coefficient {(a) must
decrease with the decrease of temperatures, in agreement with
observations of the Langmuir experiments with single crystals of
MgCO3.
Although the initial fluxes only approach steady state, plots of
log P versus 1/T are linear fbr 0 to 1% decomposition. The plots

yield apparent enthalpies of 1055 kJ/mole and 109%5 kJ/mole for data

taken with orifice diameters of 0.21 -and-0.42 mm, respectively. These
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apparent enthalipies are close to the standard enthalpy change of 113
kdJ/mole. From the near agreement in the enthalpies one might think
that the initial fluxes are characteristic of the standard

. edui]ibrium. But the initial fluxes cannot result from equilibrium
between MgC03, normal bulk MQO, and CO2 gas because the fluxes are
dependent on sample amount, and the extrapolated pressures to zero
orifice area are only about 10-1 times.the standard equilibrium
pressures. So a clear interpretation of the effusion data is not

possible at the present state of this study.
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IIT. TEM STUDIES

1. Introduction

Decomposition reactions of some hydroxides and carbonates.have
long been known as topotactic reactions [60] in which three
dimensional orientation relationships are observed and the initial
crystal .shape is conserved by an open framework of small particles and
pores. The specific surface areas of product solids of such
decomposition reactions are usually very high. Thus high surface
areas are exploited in many industrial applications such as catalysis,
gettering of detrimental gases, and sintering, etc. However,
investigations of the decompositions that yield these porous solids
have left unsettled a variety of controversial issues, e.g., the
decomposition mechanism [83,84,99], the lattice parameters of product
solias [91,93], the particle shapes and sizes of product solids [97],
and the hature of cracking phenomena [84,117] during the
decomposition, etc.

As mentioned in the general introduction, the primary objective of
this study is to seek understanding of the reaction mechanisms of
Mg(OH)

and MgC0O., decompositions. Since complete understanding of

2 3 ,
a reaction mechanism requires a detailed description of each

elementary reaction step, an ideal method of studying a decomposition
mechanism from a structural point of view is to trace the movement of

each atom during the decomposition. -Although there is no such tool by

which such detail can be investigated, a decomposition path can be
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deduced from observations of structural and morphological changes
during the reactions.

Crystal structures can be identified from measurements of the
diffraction of X-rays, neutrons, or electrons. Of these methods, only
electron waves can be focussed to make morphological studies possible
at a very high magnification. The limit of resolution is set by the

equation

where R is the size of the resolved object, A is the wavelength, and a
is identical to the effective aperture of the objective lens [62].

One possible explanatioi. of the anomalously low.apparént
equilibrium HZO pressures during Mg(OH)Z-decomposition in effusion
cells is that a metastable solid phase was formed, but was present in
amounts too small to be detected by X-ray diffraction. The scattering
power of crystals for electrons is about four orders of magnitude
greater than fér X-rays [63]. This strong scattering power makes it
possible to identify the material present in a very small volume
element and thus makes it possible to use e]ectfon diffraction to
detect any metastable phase which is present in layers as little as a
few unit cells thick. For this reason, transmission electron
microscopy (TEM) is best suited for detailed strdctura] study of
decomposition reactions as it is for most .other solid-solid phase

transformations [65]. Accordingly, the characteristics of the product
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solias of Mg(OH)2 and MgCO3 decompositions and their orientation
relationships to the parent solid have been carefully explored mainly
by TEM but with use of X-ray, SEM, N2-adsorption apparatus as

supporting tools.

2. Background

Knowledge of crystal structures is indispensable information for
understanding decomposition reactibn. When the crystal structures of
solids involved in the reaction are known, a path of the structural
transformafion from a reactant solid to its product solid can be
identified from study of electron diffraction patterns andvof
morphologies by TEM. Accordingly, reactant and product crystal
structures and the methods_of structural study of decompositicn
reactions by TEM are reviewed as basic background.
2.1. Crystal Structures of Mg(OH)z, MgC03, and Mg0

2.1.1. Mg(OH)2 Structure
type structure in which Mgz+ ions form a

Mg(OH), has a Cdl

2 2
primitive cell and (OH)™ ions form a close packed hexagonal cell

L66,67]. The unit cell and the coordination of ions are shown in Fig.

17. A layer structure is formed by the stacking of a series of

composite layers of (OH) M92+ (OH)™ ‘ions. The coordination

octahedra lie in a sheet which allows each (OH)  ion to be shared by

2+

three M92+ ions. lons are asymmetrically- coordinated: Mg jons

lie on only one side of each (OH)™ ion layer. The sheet formed of
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2* ion layer is electrically

two (OH)™ layers separatéd by an Mg
neutral because there are 6N/3 = 2N (OH)™ ions in the sheet
containing N Mg2+ ions. Such a sheet can, therefore, be regarded as
a molecule of infinite extent in two-dimensions and is loosely bonded
to neighbor sheets. This bonding configuration results in the easy
cleavage along (0001) planes.

The asymmetric coordination of hydroxyl ions in the Mg(OH)2
structure must inevitably produce considerable polarization, and a
more faithful picture is therefore that of a cylindrical dipole [66].
These dipoles contribute to bonding between layers. As expected from
this argument, neutron diffractioﬁ studies have shown the hydrogen
atoms to be 0.0995 nm from the oxygen atoms in a direction parallel to

2+ ions [69].

the c-axis and away from the plane of the Mg

Although the exact shape and position of the hydroxyl group is
knowh from neutron diffractioh, to a good approximation the (OH)~
ion behaves and can be considered as a spherical entity of radius
0.153 nm (intermediate in size between F~ and C1~ ions). .

Accordingly, the position of ions in the hexagonal unit cell is

generally described as follows:

2+

Mg (la) 000
- 121,213
()= (2d) 3373337

Interatomic distances are reported in -the literature [69]. Other

relevant crystallographic information is listed in Appendix 1 [70].
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2.1.2. MgCO3 Structure

MgCO, has a rhombohedral structure of the calcite type, which

3
can be described as é distorted NaCl structure formed by stretching
along the triad axis [66]. The distortion of a cube is necessary to
accommodate the large planar CO%"ions each of which contains a
carbon at the center of an equilateral triangle of oxygens. The
planes of the cog' ions are a]]\perpendicu]ar to the triad axis

of thé unit cell, fherefore the structure can be considered to have

2+

alternating layers of Mg~ ions and CO%" ions positioned

perpendicular to the triad axis. The CO%' ions in the alternate
layers are rotated 180 degrees about the triad axis. Each M92+ ion

is coordinated by six oxygen neighbors belonging to six different

cog‘ ions (Fig. 20) [71]. The cJeaQage cell or morphologiéa]
rhombohedron of four formula units shown in Fig. 21 is not the
smallest unit cell. The unit cell having two formula units in it can
contain the full identity period of cog‘ ions which are imposed

with opposife orientations along the triad axis. The other two unit
cells represent only half the identity period of cog‘ jons. |
Hence, the two formula cell can be considered as the true unit cell of
the calcite type structure since it has the smallest volume having the
full identity of CO2

3
be transformed to the hexagonal structure as shown in Fig. 19.

~ dons [71]. This two formula unit cell can

Transformation of indices following a change of unit cell is
achieved with a transformation matrix by the method described in the

literature [ 72]. The matrices for the transformation of unit cells of
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MgCO3 of 6 formula unit are summarized in Appendix 2. In this

study, the hexagonal unit cell (Fig. 18) is used for all the
crystallographic notations of the MgCO3 structure to be consistent
with usual practice [71]. The indices of a hexagonal structure can be
described with Miller or Miller-Bravais notations [73,74]. Appendix 3
]1§ts the equations relating Miller and Miller-Bravais indices and
also the crystallographic relations of direct and reciprocal lattice
for the hexagonal system..

Atomic positions in the hexagonal unit cell of MgCO, are as

3
follows with Wyckoff notation [68]:

Mg : (6b) £(0 0 %) ; rh

C: (6c) 000 ;00 %-; rh

0:(l8) UOO ;0UO:UUO0;:;UDO

o7 L. 1.
1 0UZ ;3 UUZ ;s rh

~Noj—

with U = 0.2769

where the symbol rh means that the coordinates with respect to

122 211
333333
Interatomic distances were reported in the literature [75] and other

hexagonal axes are to be repeated about
relevant crystallographic information is listed in Appendix 1.

2.1.3. Mg0 Structure
Mg0 has the NaCl structure of which the Bravais lattice is
tace-centered cubic (FCC) since each ion makes the FCC structure.

Fig. 22 shows the arrangement of the ions in the cubic unit cell of
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2+'ions and 02' ions along

Mg0 which has alternating layers of Mg
the [111] direction. This unit cell contains 8 ions, located at the
lattice points which are interchangeable with translations of

half-lattice parameter, as follows:

Mg:(4a)  000;350;%30%;05%
. 111 .1,,.41 1

Each ‘ion in the Mg0 is coordinated by six oppositely charged ions
disposed at the corners of a regular octahedron. The Mg0 structure
can thus be regarded as formed by the cubic close packing of the large
oxygen ions with the'octahedra].inferstitia] positions all filled with
cations. |

Other relevant crystallographic information is listed in

Appendix 1.

2.2. Structural Study of Decomposition Reactions by TEM

| Mahy specific TEMvtechniques could be used to study decomposition
reactions depending on a particular solid to be decomposed. The main
TEM techniques for the reaction can conveniently be classified into

electron diffraction studies and morphological observations.

2.2.1. Electron Diffraction
Electron diffraction described by the Fourier transformation of
real crystals makes the reciprocal lattice of which the lattice points

lying on (or close to) the surface of the Ewald sphere satisfy Bragg's
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law and their intensities are proportional to the square of the

structure factor, Fg defined by

,Fg - }: fJ.‘(sm e/x) exp (2miger;)

] o e
where fj (sin e/r) is the atomic scattering factor of jth atom for
the angle concerned, this atom being at the position r, [62].

The electron diffraction patterns recorded on the photographic
plate are indexed by the general procedure described in textbooks
[62-64,76].. If any spots in addition to the expected ones from
reactant énd product solids arise, these additional spots may be
caused by an intermediate phase or phases although there are many
different. origins possible for extra reflections. ._

A symmetrical diffraction pattern provides the orientation of a
crystal. If a product solid of a decbmposition reaction gives a |
diffraction pattern of spots or gives inhomogeneous intensity
distributions of'ring patterns, an orientation relationship can be
determined by finding the orientation of symmetrical patterns of the
reactant and product solids. Once the orientation relationship is
found, one can make the correspondind éfereographic projection in
which the angular relationships of crystallographic planes of reactant
and product solids are easily identified. The orientation
relationship, which is usually expressed in terms of parallel planes
and directions, provides a basjs to determine if any invariant planes,

lTines or lattice sites are possible within the observed orientation

relationship. It is established that such a matched structural unit
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provides a least energy path for the solid-éo]id phase transformation

[77-79].

2.2.2. Morphological Observations

In addition to the structural study by electron diffraction,
morphological observations can provide information about the
decomposition hechanism.

If a specimen is stable under an electron beam for the period of
an analysis, contrast arising from defects related to the
decomposition can be 1dentified by the usual contrast analysis
technique, i.e., dislocations at the reaction interfaces are
identified by‘two beam tilting experiments so that the decomposition
mechanism can be deduced in combination with observations of the
orientation relationships.

Niepce et al. | 80] argued that a study of the state of division of
the product solid can be used to detect the structural transfofmation
mode which has caused that fragmentation to occur. TEM studies at
high reso]ution.can give direct information about the particle size,
shape, and arrangement in space which they identify as needed.

Besides the contrast analyses and diréct observations of
morphological changes of reactant to product solids, dark field, Moiré
fringes, stereomicroscopy, and high resolution techniques can also be
helpful in understanding a reaction scheme if those techniques are |

applicable to a specific decomposition reaction.
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3. Previous Studies
3.1. Orientation Relationships
The orientation relationship of Mg(OH)2 decombosition is we]i
established by X-ray and TEM work as follows [81-85];

Mg(OH), (0001) // Mg0 (111)

2
Mg(OH), [1120] // Mg0 [101]
Only Garrido [82] reported a variant in this orientation from his
X-ray diffraction experiment. He observed two orientations.
Orientation I is the one described above. Orientation II has
intensities one-fourth as strong as orientation I and is rotated 60
 degrees ffom orientation I about the [0001] direction of Mg(OH)Z.
He argued that this second orientation variant might result from a
typical transformation twin. He suggested that the Jdifferent
intensities might result from the fact that in crystals having
orientation I the Mg-0 bonds have the same orientation as in the

Mg(OH),, while in crystals of orientation Il the Mg-0 bonds are

29
rotated 60 degrees around the c-axis of Mg(OH)2 from the directions
the bonds had in the Mg(OH)Z.
While only Garrido disagrees about the orientation relationship of
Mg(OH)2 decomposition, there fs no general agreement about thaﬁ of

MgCO3 decomposition. The previous studies are summarized in Table 4.

3.2. Lattice Parameter of Product Solid Mg0
The lattice parameters of Mg0 from the thermal decomposition of

Mg(OH), and MgCO, were carefully measured by X-ray and TEM for two

2 3
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different reasons, i.e., one for the decomposition study and the other
for the effect of particle size on the lattice parameter.
From a decomposition study of Mg(OH)2 by TEM, Goodman [83]

reported that during the first stage of the decomposition, the Mg-Mg

distance in the basal plane of Mg(OH)2 changed from 0.312 nm (+0.5%)
to 0.299 nm (%0.5%), exactly the distance required in the (111) plane
of Mg0. If his findings are correét, Mg0 produced from the
decomposition has the normal lattice parametef from the start of the
reaction.

Contrary to Goodman's observation, Gordon and Kingery [84], who
also used TEM, found a gradual decrease‘of the 1attice parameter of
MgO during the decomposition from the parameter gorresponding to the

Mg-Mg aistance in the (000l1) plane of Mg(OH), to that of normal

2
MgO. According to them, this variation was caused by a coherent
interface reaction which produces about 4.5% shrinkage of Mg-Mg
distance within the observed'orientation relationship.

The lattice parameters to be expected of small particies have been
a subject of controversy. Different theoretical calculations of the
lattice parameters of small crystals of NaCl structure yielded
contradictihg predictions: Some calculations [86,87] predicted a
contraction of the lattice parameter and others [88,89] a dilation of
.the lattice parameter as particle size becomes smaller. Earlier
experimental work was also divided on whether the lattice spacings of

-small particles are decreased [90,91] or increased [92,93] from those

of large particles.
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Nicolson [86] calculated that there should be a lattice
contraction in small ionic crystals. Using X-ray diffraction methods,
he found only a small decrease in lattice pdrameter in Mg0 from

MgCO, decomposition in air, but a marked decrease when the

3
decomposition was carried out in vacuum. Nicolson suggested that even
under vacuum there was incomplete removal of contamination from the
surface. |

Guilliatt and Brett [91] observed similar results with Mg0
prepared in vacuum from MgCO3 decomposition and from Mg(OH)2
decomposition, respectively, but found an expansion of the ]attice
when the crystals were exposed to air. This expansion of lattice was
explained in terms of a dilatant volume stress imposed by a surface
hydroxyl layer around the Mg0 .rystallites. |

While a lattice contraction was observed from small particles of
Mg0 without contamination on the surface, Halliday et al. [92]
observed by TEM a lattice dilation from crystals of LiF in the size
range of 5-12 nm. Other alkali halides examined have been found to
have normal lattice constants, although the particle size of the

specimens studied was in no case less than 10 nm.

3.3. Morphological QObservations

Single crystals of Mg(OH) MgCO3, and Mg0 are clean and

2’
transparent in optical observations. Goodman [83] observed a messy
contrast by TEM. He concluded that the mottled appearance of his Mg0
must be aue to a substructure within the crystal. Brindley and

Ogilvie | 94] have shown that brucite has a texture with a small
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rotation of crystallites about the a-axis. Such a rotation would make
some crystallites diffract electrons much more strongly than others.
However, Goodman did not undertake a full contrast analysis to
identify the mottled contrast. Other workers did not comment at all
about it, probably because it was absent in their specimens. The

reaction interface, which might exist in the Mg(OH), decomposition,

2
had not been resolved by TEM in any prévious study although Anderson
and Horlock [29] showea isolated point sources in the partly
decomposed brucite with an optical micrograph.

The shapes of Mg0Q crystallites from the decomposition of Mg(OH)2
and MgCO3 have been generally assumed to be cubic since the (100)
surface has the lowest surface energy and is electrically neutral.
With a TEM, Moodie and Warble [95,96] observed cube-like shapes for '
Mg0 obtained from the decomposition of basic magnesium carbonates
(4M9C03 o 4H,
powders. However, they did not obtain clear observations of the

*Mg(OH),*4H,0) and from the oxidation of magnesium metal
particle shape of Mg0 from Mg(OH)2 or MgCO3 decompositions. These
parent solids may have a different path of decomposition to Mg0 from
that of the basic magnesium carbonate. Guilliatt and Brett [97]
assessed the shape of Mg0 crystallites prepared from the thermal

decomposition of Mg(OH), by the variance method of X-ray profile

2
analysis. They concluded that the microcrystals of Mg0 are not
perfectly cubic as is commonly supposed, but are best approximated by

octahedral shape. Guilliat and Brett-also calculated the Mg0
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crystallite size from Fourier integral breadth measurements of X-ray
line profiles, and found the size to be dependent on the parent
hydroxide plate thickness with a lower 1imit of ~5 nm. Other X-ray
measurements and TEM observations yielded several different larger
~sizes of Mg0 crystallites, depending on the process conditions of the
decompositions. Only Goodman reported Mg0 of sizes smaller than 5 nm,
i.e., 2 to 4 nm, but without clear evidence, in his TEM experiment.

An interesting phenomenon known as po]ycrysta]]izatioﬁ [29] or
cracking [84] as mentioned before has been observed in the
decomposition of Mg(OH)z. The cracking was suggested to occur
because of an accumulated strain at the semi-coherent reaction
interface, but definite evidence of the exact origin was not obtained.

There are no pertinent morpho1ogica1 studies for the decomposition
of MgCO3 except Dai's TEM experiment in which the approximate size
of MgO particles was estimated to be ~5 nm [98]. The shape of MgO
from MgCO3 decombosition has never been clearly resolved by any

visual techniques.

3.4. Suggested Decomposition Mechanism

3.4.1. Mechanisms of Mg(OH)2 Decomposition

Three different mechanisms of Mg(OH)2 decomposition have been
suggested in the literature, i.e., a homogeneous mechanism, an

inhomogeneous mechanism, and a nucleation and growth mechanism.
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3.4.1.1. Homogeneous Mechanism

Goodman [83], on the basis of his TEM study, proposed that H,0

2
vapor is formed by combining adjacent (OH)~ ions in every hexagonal

unit cell of Mg(OH), that the H20 vapor diffuses away from in the

2
crystal. Goodman's model is often referred as the "homogeneous

mechanism”. [t would require that on]ybslight shrinkage (~5%) occur
in the basal plane and large shrinkage (~49%) occur along the c-axis

during the H20 formation in every unit cell of Mg(OH)2 in order to

2+

allow the MgS ions to shift their positions in brucite to the

positions required in Mg0. The resultant strain can then be

responsible for the maze of cracks that form in the Mg(OH),

crystal. Then a collapse of thé planes down the original <0001>

direction of the Mg(OH), crystal produces small crystallites of

2
Mg0. This collapse, according to Goodman, is controlled by the
migration of water molecules from between basal planes to a surface
where they can escape. However his electron diffraction work was made

only with the electron beam parallel to the [0001] direction of

Mg(OH), crystal. This orientation cannot give any structural

2

information about the c-axis of Mg(OH) A1l the other TEM studies

5
L29,84] also report only diffraction patterns with fhis orientation,
perhaps because of the difficulty of preparing specimens or of
producing high angle tilting of specimen at the time of their sfudies.
Anderson and Horlock [29] supported the homogeneous mechanism on
the basis of their TEM study with similar observations of a change of

Mg-Mg distance in the (0001) plane of Mg(OH), to that in the cubic Mg0

2
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structure. They envisaged fhe reaction as occurring in three stages:
During the initial stage, some perturbation of the hydroxide lattice
results from the interaction of adjacent hydroxyl ions, and this
perturbation may involve dimensional changes and consequent stresses
which result in the observed polycrystallization phenomenon without
loss of water. This primary process is followed by removal of water
from the minute crystals, and finally crystallization of the
dehydrated product occurs with the formation of Mg0 crystallites in
the size range of 7.5-10 nm. |

Niepce et al. | 80] obtained X-ray measurements of the state of

division of Cd0 from the decomposition of Cd(OH),, which has the

2
same structure as Mg(OH)Z, They argued from these results that MgO

crystallites produced by such a hom»geneous mechanism would be formed

2+

via a shear transformation requiring only reordering of Mg~ and

0%-

ions without any long range diffusion of ions. From a high
temperature X-ray analysis of the decomposition of Mg(OH)2 powder,
Freund and Spering [100] found the survival of (0001) and (1120)

reflections of Mg(OH)2

dehydration until nearly anhydrous Mg0 was formed. They found a shift

beyond the time which produced substantial

of these reflections with increasing temperature with little or no
line broadening. They attributed the observed survival of Mg(OH)2
reflections to a nearly anhydrous high defect Mg0 of the brucite
structure. They suggested that this defect Mg0 of relict structure

collapses progressively to the cubic Mg0 during the decomposition.
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This model is essentially the same as the Niepce and Wattele's shear
transformation mechanism [99] and also as the homogeneous mechanism

suggested by Goodman.

3.4.1.2i Inhomogéneous Mechanism

Ball and Taylor L101] proposed another mechanism, one known'as the
inhomogeneous mechanism. This mechanism was proposed to explain X-ray
observations of an apparent intermediate phase of spinel structure.
The reaction was assumed to occur simultaneously throughout the bulk

of the Mg(OH), crystal. That reaction was suggested to cause later

2+

2
separation into "donor" and “acceptor regions by migration of Mg

jons from the donor to the acceotor regions with counter migrations of -
protons. Fina]ly, the accepfor regions become Mg0 crysta]lifes while
protons combine with hydroxyl ions to form water molecules which
escape from the donor regions leaving inter-crystalline pores. Ball
and Taylor hypothesized that the intermediate phase of spinel
structure would be formed during the migration of some cations into
tetrahedral sites formed at some early stage by a slip of hexagonal
close packed oxygen layers into cubic close packed layers. They
favored this proposed mechanism over the homogeneous mechanism because
it accountéd for the occurrence of the intermediate phase, required
less rearrangement of structure for the observed topotaxy, could be
accomplished by migrations of small cations and protons instead of

H,0 molecules, and could account for-a porous decomposition product

2
which consists of fine crystallites of Mg0. However, later the X-ray
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reflections of the spinel structure was shown to be due to the
reaction of Fe impurities to form MgFe204 [102]. Therfore, this

mechanism seems to be invalid.

3.4.1.3. Nucleation and Growth Mechanism

A third_mechanism was proposedvby Gordon and Kihgery [84] from
electron and optical studies of Mg(OH)2 decomposition in which they
interpreted the reaction as a.norma1 nucleation and growth process:
Mg0 nuclei form coherently with the brucite matrix introducing large
strains, and cause extensive fissuring (cracking or

polycrystallization of Mg(OH) The basis for this mechanism,

2)°
according to Gordon and Kingery, is, besides the cracking of Mg(OH)2
at a time much of the water is still present, the observation of
electron diffraction spots of Mg0 which show a gradual decrease of
Mg-Mg aistances from those in Mg(OH)2 to the distance in normal MgO.
Librant and Pampuch [103] gave a similar interpretation from their
study of decomposition of magnesium compounds (hydroxide, carbonate,
basic carbonafe, and oxalate) by means of X-ray and infrared; an
intermediate phase of hybrid crystals, in which the transformed and
untransformed regions coexist coherently without the establishment of

phase boundaries, is continuously transformed into new phases in

topotactic decomposition reactions such as Mg(OH)2 and MgCO3.



-51-

3.4.2. Mechanisms of MgCO3 Decomposition

As shown in Table 4, the orientation re]atibnship of MgFO3
decomposition has not‘been éett]ed [104—10ij. Neverth]ess, some
mechanisms based on crude evidence and assumptions have been suggested.

From comparison of the structure of MgCO3_and MgO and from his
observed orientation relationship, Dasgupta [104] suggested the

following mechanism: When MgCO

2-
3

axis. With the complete expulsion of COZ’ the rhombohedral cell

3 is heated, co, escapes from the

CO; Tlayers. As a result strain is produced along the three-fold
changes into a cubic cell of periclase. Thus a three-fold axis of the
magnesite becomes a thrée-fo]d axis of the periclase with three diad
axes of both phases being interchanged.

Oh et al. [107] observed four preferred orientaiion relationships
frbm their X-ray study of MgCO3 decompositibn (Table 4). They
presumed that those periclase crystals which formed with the
orientations (2), (3), and (4) consisted of three kinds of equivalent
individuals which were related by the three-fold axis of the original
magnesite. They also suggested a possible mechanism for the formation
of periclase pseudomorphs of magnesite: The nuclei of periclase

initially form epitaxially on the magnesite surface either by vapor

"deposition or by the occasional formation of periclase nuclei at the
- reaction boundary. These epitaxial nuclei then grow into an aggregate

of oriented periclase crystals.

~
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4. Experimental Procedures
4.1. Materials
The materials used in this study are indicated in Table 2. Among
them, Brucite A, which provided large pieces of single crystal, was

used for Mg(OH), decomposition unless otherwise noted, and Magnesite

2

B alone was used for MgCO decomposition since it was formed of

3
single crystals.

4.2. Preparation of TEM Specimen

Insulating materials such as Mg(OH),, MgCO,, and Mg0 undergo

2’ 3
electron charging [108] when they arevexpOSed to an electron beam, and
they are also so brittle that they can not be shaped into discs which
fit into the specimen holders. These problems were overcome by using

a conducting aid and a specimen supporting grid, respectively. All

thé TEM specimen were sandwiched with 150 mesh copper folding grids of
which one inner side had been covered with a thin carbon film. The
resistance heating of a graphite rod in vacuum produces carbon vapor
which is deposited on the glass or mica plates to make a thin film,

The deposited film, scored with a sharp blade into about 2x2 mm
squares, was put into water and separated from the substratevplates by
exploiting the hydrophobic and hydrophilic behavior of carbon and the
substrate plates, respectively. The carbon films floated on water and
were caught on one side of a folding grid to subport a specimen with
the sandwiched arrangement. This sandwiched arrangement of specimen
effectively prevented electron charging of the non-conducting

materials.
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Specimens of Mg(OH)2 were prepared by a cleavage method, a
dispersion of small pqrtic]es, and an ion-beam milling.

Single crysta]é of Mg(OH)2 aré easily c]eaveq along their (0001)
habit plane because of the bonding described in tﬁe Background
section. An adhesive tape was attached to a crystal and was removed
with cryétal flakes adhering to the tape. A suitably thin specimen
was picked to be sandwiched as described above. This method provided
enough thin sections for the TEM works.

‘Precipitated Mg(OH)Z, dispersed in an organic liquid, methanol
or acetone, was dropped on the carbon film with an eye dropper. As
the liquid evaporated, small particles of Mg(OH)2 remained stuck to
the carbon film. Some particles were thin enough to make TEM
observations possible.

The two methods described above provided only orientations with -
the (0001) plane approximately normal to the electron beam because of
the plate shape of the specimens. The specimen can be tilted enough
to yield information about the lattice parameter of the c-axis, but
not enough to give morphological observations about the pianes which
are normal to the (0001) habit planes. It is these normal planes
which undergo about 50% shrinkage in interplanar distance of Mg2+
layers during the decomposition to produce the observed orientation

relationships. For observations of these normal planes, the specimen
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of Mg(OH)2 should be a thin plate of which the orientation is normal

to c-axis of Mg(OH), or within the limit of tilting of the stage

2
(£30°).

To this end, specimens were prepared by ion-beam milling. Thin
~blates—fbr ion-beam milling can only be cuf at a maximum angle of ~60
degrees from the habit plane because of the highly anisotropic
bonding. The ti]ting'stage permitted observation of the desired
orientations and the associated morphological changes with the
specimens.

The apparatus for ion-beam milling has been described in the
lTiterature [119]. The optimum conditions for the initial milling of a
section ‘ground to ~30 um thick W1th argon ions turned out to be an
accelerating voltage of 6 KV, a total beam current of 0.4-0.6 mA, and
an angle of incidence of the beam on the specimeh of 20-22 degrees.
With these conditions it usually took 8 to 10 hours to perforate the
specimen. After the sample was perforated, the accelerating voltage
was reduced to 5 KV, the total beam current to 0.3 mA, and the angle
of incidence to 12 degrees for 1 to 2 hours to remove some of the
surface damage on the Specimen caused by ion-beam milling at the
higher voltage. A1l the ion milling was done with a Gatan cold
specimen stage, thch is connected to liquid nitrogen, in order to

prevent the decomposition of the specimen by the substantial heating

that arises during the ion-beam milling.
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:

A1l the specimens of MgCO3 were prepared by ion-beam milling
with conditions similar to those used for the Mg(OH)2 specimens.
Although MgCO3 powders, prepared by grinding of 51ng1e crystals and
dropped onto the carbon film, were tried for TEM observations, they
were not so effective as the specimen prepéred by ion-beam milling.
For the in-situ calibration of lattice parameters gold was deposited
to the thickness of 10-30 nm on the specimens prebared by the methods

described above.

4.3. Transmission Electron Microscopy (TEM)

Thé specimens were examined in Philips 301,.Hitachi 650, Siemens
102, and JEM 200CX microscopes to get maximum information by taking
advantage of the design capability of each microscope.

Most conventional TEM work such as diffraction analysis and
morphological observation was done with the Philips 301. The in-situ
decompositions of Mg(OH)2 and MgCO3 crystals were achieved in this
microscope by electron beam illumination, which is known to be
effective for'specimen heating {108]. The orientation relationships
were checked by the normal procedure described in the Background
section. Sequential diffraction patterns and morphological changes
during the decompositions were recorded on plastic films. At least
two different orientations were used to reveal the decomposition
behavior in ‘three dimensions. Special attention was given to observe
any change that might arise from an intermediate reaction product or

products. A cold specimen stage at liquid nitrogen temperature,
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designed for this microscope, was used to determine the morphology,
i.e., contrasts of the initial undecomposed Mg(OH)Z. Specimens of
Mg(OH)2 decompose so quickly under a modgrate intensity of electron
beam that the observed initial contrasts without such a cold stage
cannot be assumed to result from the inherent initial structure of the
specimen.

The Hitachi 650 is a high voltage electron microscope in which the
maximum accelerating vo]tage‘is 650 KV. The advantages of high
voltage microscopes are well listed in the literature [62]. The
greater penetration depth obtained'by higher energy electrons and
their reduced 1onization'damage for ionic soiids with smaller
effective scattering cross sectioﬁs are major justifications for the
use o. this microscope. Also a double tilt hot stage and a Swann-type
environmental cell (E-cell) designed for this microscope made it
possible to aecompose the Specimeﬁs solely by the heat of the hot
stage and to study the in-situ decomposition under a controlled
atmosphere. The specifics of the hot stage and E-cell are well
described in the literature [109,110]. In-situ lattice parameter
measurements of specimen on which gold had been deposited were carried
out. Mixed diffraction patterns of gold and the specimen we;e
recorded on glass plates. The use of glass plates eliminates any
bending or shrinkage when recorded negatives are under light
illumination for a microdensitometer measurement or printing. An
accelerating voltage of 500 KV was high enough to use for all the

above described experiment.
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Siemens 102 and JEM 200 CX'microscopes were used mainly to observe
the morphology of the product solid Mg0 in detail. Both microscopes,
which are designed for high resolutions with minimized ]ens.
aberration, were effective in resolving the shape and size of Mg0
crystals by the high resolution technique. Since the Mg0 particles.
produced frém the decompositions were very small, as little as ~2 nm
in cross section, a detailed determination of shape and size was
possible only with complete correction of lens astigmatism. Efforts
were made to get maximuh resolution with the optimum defocus condition
known as the Scherzer defocus (AZSch):

L)

c /2 | %
Mgy =2.5\7—

where AZSch indicates the distance of underfocus of the objective
lens, CS is the spherical aberration coefficient of the objective
lens, and x is the wavelength of the electron [111]. This condition
optimizes the contrast transfer function to make a closest one to one
correspondence between real structure and experimental image [112].
Although this condition for maximum resolution is critical,
particularly to lattice fringe or lattice imaging, the same principle
is applicable to the resolution of tine morphology. These high
resolution microscopes were also used to get lattice fringe images of
the reaction interface during the decomposition and of the product

solid MgO.
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4.4. Other Analyses Supporting the TEM Work
4.4.1. X-ray Diffraction (XRD) Measurements
The XRD measurements were carried out in a Siemens X-ray

diffractometer using Cu Ka radiation of wavelength, 0.15405 nm to

1
check the crystaliinity and to accurately measure lattice parameters
of the Mg(OH)2 and MgCO3 used in this study. Powder samples were
packed in a plastic sample holder or stuck to the organic paste which
was applied on the plastic plate. The operéting conditions were:

20 mA, 40 KV, 2 degrees 2e¢/min., and 1000 counts/sec. Samples were

scanned from 10 degrees to 80 degrees of 26 angle. This scan range

includes all the major diffraction peaks of Mg(OH)

™

2 and MgCO

3°

4.4.2. Microdensitometer Measurements

For lattice parameter measurements of Mg0 aggregated of small
particles, intensity variations of electron diffraction patterns,
recorded on the glass plates were converted to signal lines on a graph
papef of a chart recorder by a microdensitometer in which the
collimated.1ight beam passing through any medium undergoes intensity
variations with changes in the optical densities of the medium. Much
easier and less ambiguous measurements can be made with the signal
lines from the microdensitometer than with the diffraction patterns on
a negative or an enlarged print. Deposited gold and initial reactant
- solias, whose lattice parameters were accurately determined by XRD
measurements, were uséd as the standard for in-situ calibrations of

camera constants to each diffraction pattern.
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4.4.3. Optical Diffraction

Optical diffraction was performed 6n some micrographs of Mg0
particles produced from the decomposition of Mg(OH)2 in order to
examine the periodic contrast modulations which result from any
regularity of the particle shape and size or any regular spatial
arrangements of particles and pores [62]. When any periodicity was
detected as a sort of intensity distribution on the optical
diffractions, the corresponding distances of the periodicity source
was calibrated with the optical diffraction of a standard high
resolution micrograpﬁ having lattice fringes by means of thé equation,

Pa = (PIRIM )/ (RyM,)

where P1 and P2 are the spacings'of periodic modulations, R1 and
R2 the measured distances from the screen center to diffracted

spots, and M1 and M2 the magnifications at which the micrographs

of a standard and a material to be analysed were taken, respectively.

4.4.4. Scanning Electron Microscopy (SEM)

Observations by SEM were made on specimens of various‘degrees of
decomposition. Such observations are helpful supplements to the TEM
studies since SEM makes it easy to observe larger regions of specimen
that cannot be conveniently studfed by'TEM.‘ A1l the specimens for SEM
observations were stuck on a carbpn coated sample holder and their
surfaces were coated with a gold layer of ~3 nm thickness to prevent
electron charging in the sample. The .ISI-130 SEM, which was used for

this study, has a maximum resolution of about 3 nm.
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4.4.5, BET Surface Area Meaéurements

Surface areas of some samples were measured by N2—adsorption at
78 K in a BET apparatus manufactured by Quantachrome Corp. The
theoretical background and techniques of BET surface area measurements
are described in the literature [113].

Once the surface area is obtained, an average partic]e'size can be
- calculated from a reasonable assumption about the shape of the
particles by means of the following equation

L = (fM)/(Sd)

where 2 is the the size of particle, f is a shape factor which is 6
for a cube or sphere, M the molar weight, S the molar surface area,
and d thé density of material. Calculated particle sizes for Mg0 from
decomposition of Mg(OH)Zvand MgCO3 were compared with those
observed by TEM to get an idea of pore size. The particle size
calculated from BET surface areas will be much greater than that
observed by TEM if closed pores aré presént or if some pores are too

small for nitrogen gas molecules to enter.

| 5. Results and Discussion
5.1. Structurél and Morpﬁological Changes
Sequential pictures of electron diffraction.patterns and
morphological changes, a) confirmed that the decompositions of
Mg(OH )

and MgCO, are topotactic reactions which produce

2 3
pseudomorphic Mg0 products, b) showed no product other than normal

NaCl-type Mg0 is present during the decompositions, and c) revealed
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orientation relationships between the reactant and product solids. In
addition to the characteristics of the topotactic reactions possible
variants in thé orientation relationships were checked with at least
two different orientations for each system, and morphological

observations of the reaction interfaces were made.

5.1.1. Decomposition of Mg(OH)2
A pseudomorphic behavior of the decomposition of Mg(OH)2 was
found with the retention of the external shape and size of the initial

Mg(OH), crystals as shown in Fig. 23. The resulting apparent

2
porosity of the product solid Mg0 would be about 54%, which is the
theoretical porosity as calculated in Appendix 4.

The diffraction spots of the initial Mg(OH)2 crystal
progressively faded. Simultaneously spots of Mg0 grew in intensity in

positions which showed a definite orientation relationship (Fig. 24)

‘which was identical to that found in other studies [83-85]. From

these observations of pseudomorph and spot patterns of Mg0, the
product solid MgO could be considered as an imperfect single crystal

which has a high porosity. The positions of Mg(OH), spots never

2
changed as the decomposition progressed. This observation, which was
exactly reproducible with several repeated experiments, is consistent
with the findings of Gordon and Kingery [84] but not with those bf
Goodman [83] or Anderson and Horlock [29]. These last two sets of

investigations reported that before the decomposition starts with the

appearance of Mg0 spbts the position of (11§b) Mg(OH)2 spot moves
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out to that of (202) MgO spots in the [0001] orijentation of

Mg (OH) Although the observation of the preserved Mg(OH)2 spots

5
was consistent with the findings of Gordon and Kingery, their reported
2-3% greater Mg0 lattice spacing ét the early stage of decomposition
‘was not observed in this study. Possibly, they mistook the double
diffraction}spot resulting from the (llib) Mg(OH), spot (d=0.1573
nm) and the (202) MgO spdt (d=0.1489 nm) for the (404) MgO.spot. This
double diffracted spot from (115b)—(20§) spots appears as overlapped
between the (2240) Mg(OH), spot and the (404) Mg0 spot (cf. Fig.
24). Furthermore, it has a greater intensity at the initial stage of
the decomposition than the (404) Mg0 spot. Thé double diffracted
spot, interpreted as the (404) MgO spot, would give a fictitious
lattice spacing for Mg0 which is 2.8% greater than norma] Mg0 lattice.
In order to observe the first order spot in the absence of a

doub]e d1ffract1on spot, an 1ncreased diffraction lens current was
used to obtain an enlarged diffraction pattern (Fig. 25) in which the
(202) Mg0 spot was clearly separated from the (1120) Mg(OH)2 spot
and fhe position of the Mg0 spot corresponded approximately to that
bfor normal Mg0. The lattice parameter of the small Mg0 particles will
be discussed further in-the next section.

The observed orientation relationship shown in Fig. 24 was used to
make a stereographic projection of planes of Mg(OH)Z-and MgO (Fig.

26). In this stereographic projection, 60 degree rotation around the

projection pole gives an exact superposition for Mg(OH)2 fahi]y
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planes but not for Mg0 family planes, although only the planes
parallel to the [111] direction of Mg0 have the superposition.
Therefore, there is an ambiguity. Either the Mg0 spots in the [111]
orientation arose ffom the Mg0 particles having the single orientation
shown in the projection or from having ;wo orientations which are
rotated 60 degrees to each other around the [111] orientation of Mg0
(cf. Fig. 27). The first interpretation is shown correct by
observations of diffraction patterns with orientations in which the
mirror piane of Mg(OH)2 is not para]]ei to the mirror plane of Mg0.

[f the Mg0 particles had two variants in the orientation relationship,
the spots of the same family planes of Mg0 will have a mirror image to

the mirror plane of Mg(OH) Figure 28 shows only a single

5
orientation since the Mg0 spots do not have the mirror image to the
(1100) mirror plane of Mg(OH),.

This result is contrary to Garrido's observation [82] of two
different orientations expected from the orientation variants
- described above. The origin of the discrepancy is unéertain; it might
result from the different histories of the decompositions.

From the aiffraction measurements of the [1120] and [1102]
Mg(OH)2
parémeter of the c-axis is found to be unchanged as the decompositon

orientations (Figs. 28 & 29, respectively), the lattice

proceeded. This result disproves the Goodman hypothesis that at the
early stage of the decomposition the lattice shrinks along the c-axis

because of chemical condensation of water -in each unit cell of
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Mg(OH),, and thus, together with the fixed positions of Mg(OH)

2’ 2
spots in the [0001] orientation, rules out the suggested homogeneous
mechanism.

The diffraction patterns in all the orientations investigated in
'this-study showed no additional spots which could be assigned to any
possible intermediate phases.

The sequential bright field (BF) images corresponding to the
diffraction patterns of Fig. 24 are shown in Fig. 30. The BF image of

the initial Mg(OH), has a mottled contrast which slowly disappeared

2
as the Mg0 diffraction sbot became more intense. This type of_
contrast was always visible even with micrograpﬁs taken as soon as the
specimen was inserted in the microscopes. Much effort was given to
identify the origin of this mottled Contraét, which might result from |
the Mg(OH)2 structure, the initial decomposition, or both of them.
First, Mg(OH)2 specimens from other sources were éhecked since
other investigators, except for Goodman, did not mention the initial

contrast; his Mg(OH) was'from the éame locality as that used in

2
this study. Figure 31 shows three BF iﬁages of Mg(OH)2 from
different sources. Their contrasts are more or less the same.
Second, a specimen was observed at 11qu16 nitrogen temperature to
exclude any possible decomposition in the high vacuum of the
microscopé at room temperature. Figure 32 still shows a similar

contrast with some aggravation due to the adsorption of residual gases

in the microscope.
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Third, in-situ BF fmages were taken before and after water vapor
was admitted to the microscope as the 80 torr mixture of He—HZO
gas. During the flow of water vapor, the e]éctron beam was turned off
to prevent beém heating. If the contrast were a consequence of any
decomposition, it should diminish with the flow of wafer since thev
saturated H20 pressure of the mixed He-HZO gas is about 4 orders
of magnjtude greater than the equilibrium HZO pressure of Mg(OH)2
decomposition at room temperature. Figure 33 shows no noticeable
change in the contrast before and after a two-hour flow of the gas.

By examination, the results of above three experiments suggest
thaf the initial contrast is due to structural defects which are
inherent from the bonding and structural character of Mg(OH)Z.
Contrast analysis was applied in an effort to identify the type of
defects. Decomposition of Mg(OH)2 occurs so quickly in an electron
beam that a perfect analysis was impossible, although some instructive
data were obtained. As shown in Fig. 34, the contrast was stronger
with excitation of the (llgb) spot, nearly vanished with excitation of
the (ldIO) spof, and invisible in the [llgb] orientation.

The stronger contrast with the (llgb) spot may imply that thev
direction of a displacement vector, R responsible for .the contrast
1ies closer to the <11§b> direction than to other principal
directions, i.e., the value of g-R may be greatest with g =
<115b>. This result is consistent with the <1120> type edge
dislocation model which Brindley and Ogilvie [94] suggested to
interpret the texture of Mg(OH)2 observed by eray single crystal

experiments.
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Furthermore, the streak-like extra spots shown in Fig. 35 and the
streaks shown in Fig. 28A might result from the suggested texture,

which could be described as small perfect Mg(OH), crystallites

2
connected with fhe <1120> type edge dislocations to make an imperfect
crystal of Mg(OH)2 héving a range of orientations of the c—éxis but - -
with no rotation of the a-axes around the c-axis. The streaks surely
arose from the Mg(OH)2 crystals since the diffraction patterns from
three experiments for the recognition of the initial contrasts always
showed them. But their origin cou1d not be c1ear1j identified. They

may not reflect a structural feature of the Mg(OH), that affected

2
the overall path of the decomposition [83].

In disagreement with Anderson and Horlock's suggeétion that
decomposition is initiated ana advances only at the surfaces normal to

the basal plane of Mg(OH),, the kinetic study described in an

29
earlier section of this thesis implied that decomposition starts over
the entire surface, though with different basal and edge rates. If

so, with the [0001] Mg(OH)., orientation Moiré fringes should be

2
visible in which atomic distances are mismatched by about 5% in the
semi-coherent planes of (0001) Mg(OH)2 and (111) Mg0. Indeed, the
Moire fringes were observed in small scale as shown in Fig. 36 at an
early stage of decomposition. They were not visible at the later
stage 6f decomposition, probably because of the superimposed contrasts
of the weak Moire fringes and Mg0 fine particles.

A fine probe electron beam éhanged the contrast of only the areas

intercepted by the beam. Simultaneously Mg0 diffraction. spots
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appeared (Fig. 37). The bright area of partially deéohposed Mg(OH)2
was bounded by the dark area of undecomposed Mg(OH)Z. This
observation disproves the hypothesis that the reaction occurs only at
the edge area of crystal because decomposition was completed in the
area of beam heating without any decomposition at the crystal edges.
The hot stage TEM experiments and the SEM observations, which will be
discussed later, also proved that decomposition starts on the entire

Mg(OH), surface and advances toward the inside of the crystals with

2
a kind of cracking.

5.1.2. Decomposition of MgCO; -

Figure 38 snhows that initial MgCO., shape and size are unchanged

3
by decomposition. The porosity of the resulting Mg0 is about 60%
(Appenaix 4).

Electron beam heating decomposed MgCO3 crystals at s]qwer rates
than it does Mg(OH}2 crystals. A quantitative analysis of the
heating is nearly impossible [108], but it is known that an electron
beam can heat such insulating materials to as high as 800 K. The

diffraction spots of MgCO, crystals in the [0001] orientation

3
changed preferentially to those of the [111] orientation of Mg0 (Fig.
39). This orientation relationship implies that Mg0Q crystallites are
strongly oriented despite the high porosity. In the (0001}
orientation of MgCO,, the {1010} and {2020} spots are missing, as

shown in Fig. 39, due to a zero value of-the-structure factor. The

orientation relationship of MgCO3 decomposition is similar to that
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of Mg(OH)2 decomposition. But t@ey are rotated 30 degrees to each
other around the three fold axes in comparison to the paraliel planes
as understood from the stereographic projections with the observed
orientation relationships (Figs. 26 & 40).

Since there is an ambiguity of variant in the orientation
relationship with the parallel three fold axes as discussed for the
Mg(OH)2 decomposition,‘MgCO3 was decomposed in the other
orientations in order to check for such a variant. Decomposition at

the [1011] orientation of MgCO, showed, for the first time, that

3
there is a variant (Fig. 41). The (200) Mg0 spots are not at 90
degree but are rotated about 55 degrees to each other. This means Mg0
spots arise from two different orientations which are proved with dark
field micrographs (Fig. 52). Although the dark field micrographs were
not taken at the typical two-beam condition, they can still serve to
identify the distribution of Mg0 particles which have two different
orientatiqns. Therefore, Mg0 crystallites produced from MgCO3
decomposition must have two variants in orientation re]ationship,
which are rotated 60 degrees to each other around the three fold
axis. The orientation relationship observed in this study differs by
a 30 degree rotation around the three fold axis from Dasgupta's and is
inconsistent with the relationships of Sing Dev and Floquet and
Niepce. The major orientation relationship found by Oh et al. agrees

with the orientation relationship from this study. -Of the three minor

orientation relationships by Oh et al., only two were found in this
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study from the dfffraction pattern of an [111] orientation (Fig. 42),
i.e., the minor orientation relationship (2); (0001) MgCO3 /! (IIZ)
Mg0, L1210] MgCO5 // [111] MgO and the minor orientation
relationship (3); (0001) MgCO5 // (110) MqO, [1210] MgC0, // [001]
Mg0. However, the observed minor orientation relationships had three
variants with six (111) and (200) spots placed at the corners of
regular hexagon. Such an arrangement of (111) and (200) spots in the
[112] and [110] orientations, respectively, could result from three
equivalent orientations rotated 120 degrees to each other around the

three fold axis of MgCO The origin of the minor orientation

3
re]ationships with three variants and the major oﬁe'with two variants
will be discussed in the next section. The reason for the other
inconsistensies between orientation relationzhips from this study and
previous studies is not certain. One reason may be that diffraction
spots from several crystallographically equivalent orientation
variants have been interpreted as non-equivalent orientation

variants.

Since no diffraction spots other than those from MgCO3 and Mg0
crystals were found in this study, the possibility of any detectable
intermeaiate phases is excluded. The morphological observations (Fig.
43) of MgCO3 decomposition showed the decomposed regions to be
sharply bounded. Dark contrast, which might be related to a strain
field or to a change in orientation, appeared at the reaction

interfaces. The source of the contrast could not be resolved and

identified because of decomposition under the electron beam. I[n the
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bright field image of partly decomposed MgCO3 (Fig. 44), the
interface moved so quickly as the decomposition proceeded that high
resolution observations of the interface could not be obtained. The
Mg0, which was produced by electron beam heating, had an average
particle size of about 3 nm. A tracking occurred abruptly at the
later stages of the decomposition (Fig. 45). The average particle

size and the cracking will be discussed later.

5.1.3. Origin of the Orientation Variants
The electron diffraction work discussed in the previous sections
showed several variants of the orientation relationships between the

parent solids and the Mg0. Decomposition of MgCO, has two variants

3
of the major and three variants of the minor orientation relationships

while decomposition of Mg(OH), produces only one variant. These

2
orientation relationships can only be established for'the highly
porous product solids by preserving during decomposition a sort of
structural unit such as an invariant (or coherent) p]ane or a line
which has the-éoincident lattice sites [78]. Preserved lines or
planes provide a minimum energy path for a solid-solid phase
transformation [77]. In the decomposition of Mg(OH)Z, the (0001)
plane of Mg(OH)2 can from an atomistic point of view be a
semi-coherent plane with the (111) plane of Mg0. However, the small
size of the cubic Mg0 particles (~2 nm) (Figs. 48 & 49) considered in

terms of a schematic packing of such particles in space (Fig. 50)

exclude the possibility of a long range semi-coherent plane. The
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reaction interfaces could not be flat to provfde the observed

morphology. Furthermore, if the (0001) plane of Mg(OH), is the

2
semi-coherent plane, the evolution of H20'gas molecules would be
extremely difficult across the plane, contrary to the results found in
the kinetic study.

The only possibility for the observed orientation relationships,
except the minor ones from the MgCO3 decomposition, would be for the
oxygen octahedra in the parent solid to be preserved in the Mg0. The

Mg(OH)2 and MgCO, have one and two types of oxygen octahedra in

3
terms of their orientations, respectively. Figures 46 & 47 show that
the orientations of these oxygen octahedra match well with the major
orientation relationships of the decoﬁpositions, under the assumption
that the Mg0 particles start to grow from the oxygen octahedra in the
parént solids. The directions of oxygen-oxygen bonds in the projected
parallel planes are perfectly preserVed for the decomposition of

Mg (GH)

For the decomposition of MgCO, those in the one

2° 3
triangular face of oxygen octahedra and those in the next triangular
face parallel to the first are rotated 7 degrees in opposité
directions (see Fig. 47) around the projection axis. This angular
mismatch and the change of the irregu]ar octahedron of MgCO3 to the
regular one of Mg0 might contribute to the arc of Mg0Q diffraction
spots, which spans about 14 degrees. The interatomic distances and
angles of the oxygen octahedra in the parent solid and Mg0 structures

are close enough to support the hypothesis that the octahedra of the

parent solids are the starting building blocks or the nuclei for the
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decompositions. These nuclei could grow to a certain optimum size by
a cooperative movement of ions from the surroundihg disrupted lattice
due to loss of the gaseous product.

The minor orientation relationships from the decompositon of

MgC0O., could not be rationalized with any invariant planes either.

3
But probably the main relations reflect preservation of a line of

interatomic bonds in the (0001) plane of MgCO3. For the minor
orientation relationship (3), the 0-0 bond, which is 0.285 nm in

MgCO “would become the 0-0 bond of 0.2979 nm in Mg0. This 0-0 bond

3
direction is consistent with the orientation relationship so that the

0-0 bonds in the (0001) plane of MgCO3 may be the starting

structural units for the growth of Mg0 within the observed orientation
relationship. By tné same analogy, the minor orientation relationship
(2) could be understood to be derived from a change of the Mg-Mg bond

of 0.46332 nm in MgCO, to the Mg-0-Mg bond of 0.4213 nm in Mg0 by

3

preservation of the Mg-Mg bond directions and movement of oxygen ions
to the middle of the original Mg-Mg bonds by travelling about 0.142 nm

from the sites of the oxygen ions in the next layers. Growth of MgO

with random preservation of 0-0 or Mg-Mg bonds in the (0001) plane of

MgCO, may produce the observed minor orientation relationships Since

3
the bonds have threefold symmetry about the [0001] axis.
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5.2. Lattice Parameter of the Product Solid MgO0

For the lattice parameter measurements the diffraction pattérns
were recorded after cooling to room temperature. Consequently, the
. measured lattice parameters can be compared directly with those
reported in the literature [70]. |

The calibration of the experimental method with the gold fi]ﬁ and
the initial reactant solids proved that the method utilizing the high
accelerating voltage of 500 KV and microdensitometer provides lattice
parameters correct within about 0.05%.error range (Fig. 25). For the
calibration and other measurements, only the diffraction spots and
rings measured along straight lines were compared to minimize any
possible error due to distortion effects from non-uniform magnetic or
e[ectric‘fields in space. Such non-uniform fields distort the rings
~into ellipses [76].

The measured lattice parameters of gold, Mg(OH),, and MgCO

2 3

were consistent with those reported in the JCPDS file (Appendix 1)

_ within‘an error range of 0.05%. The measured 1atticé parameters of
Mg0 produced from Mg(OH)2 (hereafter referred to as h-Mg0) by
decomposition at 600 K were 0.6%0.2% greater than those reported for
normal MgO. Neitﬁer the diffraction spots of Mg0 nor of Mg(OH)2 or

MgCO, changed their positions throughout the decompositions. The

3
lattice parameter of h-Mg0 from a partially decomposed Mg(OH)2 was
also greater by 0.6%0.2%. But annealing of h-Mg0 at 875 K for an hour
gave a lattice parameter which was within 20.1% of that for large

crystals of Mg0 without an increase in the particle size of h-Mg0.
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The lattice parameter of Mg0 produced from the decomposition of

MgCO, (hereafter referred to as c-Mg0) was also within #0.1% of that

3
for large crystals of MgO. As previously reported [91], the greater
Tattice parameter observed prior to annealing could result from water
vapor- adsorption on the surface of the tiny h-Mg0 particles, since
h-Mg0 annealed at 875 K and c-Mg0 had the same lattice parameter as
normal Mg0. The lattice parameter of c-Mg0 hydfated in air for a weék
was qbout 0.8% greater than normal. This hydrated specimen, after
heating to 600 K, had lattice constants about 0.7% greater than normal
Mg0. It is knoWn that this treatment does not remove all the water,
which is strongly chemisorbed as surface (OH)™ ions. These results
are consistent with those of the kinetic studies. The persistent
adsorption of water molecules on the surface of Mg0 particles up toA
800 K is almost certainly resppnsible for the expanded .attice.

The observed average particle sizes of h-Mg0 and c-Mg0 (Figs. 48 &
51) are 2 and 3 nm, respectively. The Mg0 particles are cubic. Since
the measured lattice parameters of such small particles without the
agsorption of water were within 20.1% of those for normal Mg0, the
lattice parameter is probably independent of partiéle size as long as
the particle shape is cubic and at least 2 nm on an edge. This
unchanged lattice parameter is inconsistent with the previous studies
which reported a lattice contraction [86,91].

There is no clear theoretical prediction of what condition, if

any, should be expected for small particles. For particles with curved
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surﬁaces, the lattice parameter change for small particles is given by

the Laplace equation as follows

da _ u<;_+1_>
a 3 T

where rl and r2 are the principal radii of a curved surface, g8 the
compressibility, and y the surface tension [88]. According to the
above equation,va flat surface does not have any pressure difference
across the surface. The surface of Mg0 pa}ticles should be stretched
or contracted in order to form a curved surface, and then the surface
tension would be applied in the curved surface. Marks [114] reported
inhomogeneous strains in small particles with the observation of
strain contrast (intensity variations along an extinction contour) by
dark field microscopy. But it is still obscure how the energy balance
around the corners, edges, and surfaces of éubic particles contribute
to the lattice parameter measured by diffraction technique, which .is

in reality .an averaged value.

5.3. Particle Size and Shape of the Product Solid Mg0

5.3.1. Direct Observation

THe particle size and shape of h-Mg0 was hardly viéible with the
.Philips 301 because the maximum magnification was only 220000. The
JEM 200 CX and the Siemens 102 high resolution microscopes revealed

the size and shape of the Mg0 particles in detail when a complete
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correction of the objective lens astigmatism had been made and fine
focussing had been achieved.

Figure 48 shows the h-Mg0 particles produced by electron beam
heating in the [100] orientation. As shown in the figure, the
contrast exhibits sharp edges and perpendicular corners,'which implies
that the Mg0 particles have a shape in which the (100) surfaces
befpendicu]arly meet at their edges, i.e., a cubic, tetragonal, or.'
orthorhombic shape. A tetragonal or orthorhombic shape is.not likely
since every (100) surface of Mg0 has exactly the same surroundings as v

in the parent solid structure of Mg(OH), (cf. Fig. 26). The cubic

2
shape of h-Mg0Q particles is proved by optical diffraction in the next
section. The contrast of h-Mg0 particles (Fig. 48) is best fit by a
2 nm particle edge length.

The electron beam causes more or less ionization damage to many
fonic solids [108], so there is danger that the electron béém causes

enough damage to the Mg(OH), to make it decompose to Mg0 by a

2
mechanism different from the thermal decomposition mechanism. To see
1f any difference is caused in the morphological evo1utidn‘by the
electron beam, a single crystal ovag(OH)2 was decomposed in vacuum
at 600 K, and a thin specfmen of the h-Mg0 was prepared by the
cleavage method described above. Figure 49 shows the morphology of
the h-Mg0 from the thermal decomposition, which is similar to that

from the electron beam heating. The electron diffraction measurements

did not show any differences in the
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decomposition by the two methods, either.v Thus electron-specimen
interaction does not play a significant role.

| .The c-Mg0 particles were shown'to be the cubes of ~3 nm average
size (Fig. 51). But in contrast to h-Mg0, some of the c-Mg0 particies
have different edge directions. ‘These may consistently reflect the
orientation variants discussed above. This conjecture is supported by
the dark‘field micrographs (Fig. 52) which show a relatively uniform
distribution of Mg0 particlgs from two variants in the major

orientation relationship.

5.3.2. Optical Diffractions

The optical diffraction pattern in Fig. 53 shows the streaked

satellite spots in which the direction agrees well with those of the

electron diffraction pattern (Figs. 48 & 49). These streaks are the
expected ones from fhe interference functions for sma]] cubic
particles in electron diffraction and from the contrast of square and
rectangular arrangements in the optical diffraction [62,63].

The image of the [111] orientation of h-Mg0 showed'uniformly
rounded contrasts (Fig. 54), but its magnification was too high to get
an optical diffraction pattern of reasonable size. The optical

diffraction patterns of the low magnification micrographs of the

1100], [110], and [111] orientations of h-Mg0 showed the shapes in the

intensity distributions of the diffracted beams to be a square, an
oval, anad a circle, respectively as shown in Fig. 55. This result

proves that the h-Mg0 particles have cubic shapes and that they are
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regularly stacked in space with the same orientation as shown
schematically in Fig. 50.

The optical diffraction patterns of c-MgQ particies show shapes
similar to those of h-Mg0 particles. The [111] orientation of c-Mg0
shows the isotropic circu]ér intensity distribution (Fig. 568), and
Fig. 56A shows a distorted distribution probably due tq the two major
orientatioﬁs of the particles. The average particle sizes calculated
from the optical diffraction patterns do not conform well to the sizes
directly observed. Probably the discrepancy is a consequence of the

overlapped contrasts of many particles.

5.3.3. Comparison of the Surfacé Areas by BET and TEM Methods

The surface areas of h-Mg0 measured by the BET method differ
widely in the literature [17-20,115]. But most surface areas of h-Mg0
from single or well defined crystals of Mg(OH)2 have been reported
to bé 50 to 200 mz/g. These values are consistent with those
measured in this study. But surface area calculated from the particle
size, ~2 nm observed by TEM is ~800 m2/g. ‘This difference in
calculated and measured surface areas implies that a part of the
surface area of h-Mg0 is not accessible to N2 gas molecules. The
discrepancy has been ascribed in a recent study of the H20 catalyzed
sintering of Mg0 to a high relative volume of closed pores [116]. The
surface areas of c-Mg0 measured by the BET and TEM measurements are
consistent to 500+100 m2/g° This result implies that perhaps,

because of the orientation variants, all pores of the c-Mg0 are
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accessible to NZ' Sintering studies are planned with ¢-Mg0 which
will test the conclusion that its pores are all open while a large

fraction of those in h-Mg0 are closed.

5.4.'Cra§king Phenomena of Decompdsition Reactions

During the decomposition of Mg(OH)2 and MgC03, cracking was
observed as shown in Figs. 57-61. |

Cracking occurred for only partially decomposed Mg(OH)2° This
fact was apparent because the diffraction patterns show the Mg(OH)2
;nd Mg0 diffraction spots together (Fig. 57). Gordon and Kingery [84]
and other previous investigators [29,117] proposed that the cracking
occurred to relieve strain that accumulated at the semi—coherent
reaction interfaces. But as described above, the present diffraction
study did not find any significant accumulated strain. And if
accumulated strain were responsib]e for the cracking, it must somehow
be continuous between the cracks. But the cross sectional distances
between cracks are 1 to 3 um, distances about 1000 times greater than
the h-Mg0 particle size of 2 nm so that the strain cannot be
continuous between the cracks.

The cracking in the decomposition of MgCO3 occurred after the
decomposition was nearly complete (Figs. 45 59). This observation
suggests that the cracking does not occur because of acgumulated
strain but because of some other driving force.

The only igentifiable driving force for the cracking is the high

surface energy arising from the small particles. Figure 62



-80-

schematically suggests the cracking mechanism: The small particles
aggregate at a certéin scale to reduce the high surface energy, at the
same time a stress will develop along the reaction interface. This
stress acts on both the product and reactant layers. Because of the
weak bonding normal to the basal planes of Mg(OH)Z, cracks can
propagate into it. Cracks did not propagate through MgCOj, probably
because of its stronger bonds. The Mohs hardness of MgCO3 and

Mg(OH)2 are 3.5-4.5 and 2.5, respectively [118].

Cracking occurred so abruptly that continuous recording could not
be made by TEM. Such an abrupt change is characteristic of exothermic
reactions [55]. The resultant exothermic heat may bé related to the
reported exothermic peaks of DTA studies of decomposition reactions
(26] and to the crigin of the explosfve ejection of powder samples

during seemingly steady state decomposition [25].
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IV. GENERAL DISCUSSION

The TEM studies do not reveal any structurally metastable phases
which could be responsible for the observed anomalously Tow

equilibrium H,0 pressures during Mg(OH)2 decomposition. Instead

2
very small cubic Mg0 particles of the normal NaCl-type structure were
found to form from Mg(OH)2 or MgCO3 of normal lattice constants.

An equilibrium between Mg(OH)Z, product Mg0, and the water adsorbed
as (OH)™ ions on the Mg0 appears to be attained in the Mg(OH)2
open cell and effusion studies.

Comparison of Reis' and Beruto et al's calorimetric measurements
on Mg0O with adsorbed water and MgO0 with”the water removed implies that
the adsorption of water reduces the excess energy content of the high
surface area Mg0 from ~73 kJ/mole to near zero. Thus the chemisorbed
water is held more tightly than water in the reactant solid
‘Mg(OH)Z. ‘

An adsorption equilibrium is therefore to be expected wheanéO
pressures are below the equilibrium decomposition pressure. An
adsorption reaction has a different equilibrium pressure as the
fraction of surface covered by adsorbed species changes with
accompanying change of coﬁfigurational entropy. Similar apparent
enthalpy changes but different apparent entropy changes of the
metastable ‘equilibrium behavior from Kay and Gregory's Knudsen cell

and open cell of this study are consistent with the conclusion that

the escape fluxes reflect adsorption equilibrium with different
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fractions of surface coverage. However, a careful adsorption study
would be necessary to identify the re]ationship between the
equilibrium pressure and the fraction of surface adsorbed by watér
under similar experimental conditions to those of thié study so that
the above suggested mechanism of adsorption equilibrium can be
proved.

Decomposition of MgCO3 is essentially irreversible in open cells
and does not as readily approach metastab]e‘equilibrium in Knudsen

cells as does Mg(OH), decomposition. From Beruto et a1.fs apparent

2
enthalpy of adsorption equilibrium, it is known that the CO

2

adsorbed on the surface of Mg0 is also more tight]y held than that in
the parent reactant, MgCO3. This fact-and the close value of
apparent activation entropy to the entropy of MgCO3 decomposition
may imply that the decomposition of MgCO3 single crystals at the
temperatures lower than ~825 K is governed by desorption of CO2°
But at the temperatures higher than ~825 K, thé reaction must be
determined by an early irreversible step as discussed above.

From the observations of orientation relationships and particle
size and shape of the produét solid MgO, it iﬁ proposed that the
structural transformations of both Mg(OH)2 And MgCO, start from
coherent nuclei of oxygen octahedra in the reactant solids which grow
to an optimum size perhaps by a coorperative movement of ions and
production of a mobile adsorbed state of the product gasés. From

equilibrium studies, it is known that_the‘HZO and CO2 are bound on

the surface of Mg0 more strongly than in Mg(OH)2 or MgCOs,,
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respectively. The fact that sintering of Mg0 is catalyzed by H,0

2
L116] and co, [58] suggests these gases can catalyze the movement
required for formation of the initial'Z nm or 3 nm Mg0 particles.

These small Mg0 particles aggregate perhaps to reduce the very
high energy from the large specific surface area. After this
aggregation the initial Mg0 particle size and shape seem to be
preserved, but with a bimodal pore size distribution, i.e., cracks of
~10 to 50 nm cross section at 1 to 3 um intervals and ~1 to 3 nm pores
between the small particles.

Rao et al., on the basis of observations of X-ray diffraction line
sharpening, attributed the DTA exothermic peaks found in the
decomposition reactions of some hydrbxides and carbonates to the
annihilation of defects of product solids. But no evidence of
significant defects was found in the Mg0 formed from either Mg(OH)2
or MgCO3 decomposition. The exothermic peaks observed when these
solids are decomposed may be due to the aggregation of small particles
which generate heat. X-ray line sharpening would fesu]t if the

particles aggregate in such a way as to give more coherent scattering

of X-rays.
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V. SUMMARY AND CONCLUSIONS

Kinetic and TEM studies showed that the decomposition of Mg(OH)2

and MgC0, starts on all the surfaces of the reactant solids where

3
coherent nuclei grow to form cubic Mg0 particles, and continues
autocata]ytjca]]y_with definite orientation relationships by a
movement of ions from the lattice disrupted due to the removal of gas
molecules at the reaction 1nteffaces.

No intermediate phase or metastable MgO,'which could be
responsible for the anomalous equilibrium behavior from the
decomposition of Mg(OH)2 Obsérved by Kay and Gregory, was found.
Botthg(OH)2 ahd,MgCO3 decompose topotactically to yield porous
aggregates of Mg0 with the external shape and size of the reactant
crystals. Thus the product solid Mg0 has from the two reactions abdut
54% and 60% porosities, respectively.

While the decomposition of Mg(OH), yields Mg0 with a single

2
orientation relationship; (0001) Mg(OH), // (111) Mg, [1120]

Mg (OH), /1 [101] Mg0, that of MgCO, has two variants in a major

3
orientation relationship; (0001) MgCO, // (111) MgO, [1120] MgCO

3
// [2I1] MgO, and three variants in two minor orientation
relationships. These major orientation relationships and the fact
that cubic MgQ particles of 2 to 3 nm are formed suggest that the

oxygen octahedra in the reactant solids are the coherent nuclei for

the construction of such observed MgQ particles.
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The small cubic Mg0 particles which have high}excess surface
energy and are in contact may aggregate spontaneously to reduce the
excess energy and make the ~10 to 50 nm cracks which. are formed at 1
- to 3 um intervals during decomposition of Mg(OH_)2 crystals. These
cracks provide low impedence routes for gas phase diffusion through
the porous MgO scale. Similar cracks are not formed in decomposing

MgCO, crystals although the aggregation occured to form the porous

3
product solid Mg0. The aggregation might be responsible for the
exothermic heét reported from the decomposition of some carbonates and
the explosive ejection of powder reportedvfrom partially decomposed
powder samples.

Considering the strong adsorption of water on the surface of Mg0
- particles and the results of TEM studies, the anomalous equilibrium of

Mg(OH), decomposition seems to be due to an adsorption equilibrium

2 d
which is maintained with different steady state pressures .that are
established during the decomposition in Knudsen cells and in open
cells.

Decompositioﬁ‘of _MgCO3 single crystal is an irreversible
process, with the rate limiting step changing at 825 K. Knudsen cell

studies of MgCO, powder decombositon suggest a transition from an

3
irreversible to a reversible rate limiting step as the decomposition
temperature was increased and as the area of orifice was decreased

with the apparent enthalpy changes from a high value to the standard

one.



-86-

ACKNOWLEDGMENTS

I express my sincere gratftude to Professor Alan W. Searcy for his
guidance and encouragement which he pfovided with kindness and
patience throughout the course of this investigation. I also thank
him for correcting my English and helping me to revise this manuscript.

I also wish to express my gratitude to Professors Ronald Gronsky
and David H. Templeton for reviewing this manuscript.

I would like to thank Dr. Dario Beruto for many helpful
discussions and invaluable information coﬁcerning the kinetic studies
of this dissertation, and to thank Dr. Ulrich Dahmen for many
delightful discussions and instruction in crystallography and solid
state phase transformations related to the TEM studies of this
dissertation.

‘My thanks to Dr. David J. Meschi who kindly helped me to
understand some problems of gas-solid reaction kinetics and
thermodynamics.

I extehd my appreciation to the LBL staff, especially David W.
Ackland and Donald J. Jurica for their technical assistance with TEM
experiments; and Valerie Kelly for her efficient word processing and
typing of this manuscript.

[ am and will remain indebted to my wife Young Sook and my pareﬁts
for their endless understanding and support.

Special thanks to the Korean Government for supporting me with its

scholarship for four years while I have been studying here at Berkeley.



-87-~

This work was supported by the Director, Office of Energy
Research, Office of Basic Energy Sciences, Materials Sciences Divisioh

of the U.S. Department of Energy under Contract No. DE-AC03-76SF00098.



10.
11.
12.

13.

-88-

REFERENCES

D.A. Young, "Endothermic Decompositions,” Ch. 3, in

Decomposition of Solids, Pergamon Press, 1966.

H. Schmalzreid, Solid State Reactions, Academic press, 1974.

C.H. Bamford and C.F.H. Tipper (eds.), "Reactions in the Solid

State," Vol. 22, in Comprehensive Chemical Kinetics, Elsevier,

1980.

W.D. Kingery, H.K. Bowen, and D.R. Uhlman, Introduction to

Ceramics, 2nd ed., John Wiley and Sons, 1976.

D.W. Richerson, Modern Ceramic Engineering, Marcel Dekker, 1982.

L.L. Hench and D.R. Ulrich (eds.), Ultrasture Processing of

Ceramics, Glasses, and Composites, John Wiley and Sons, 1984.

0. Bowles, "The Lime Industry," U.S. Bur. Mines Info. Circ.,
7651 (1952).
W.E. Garner, "Kinetics of Endothermic'So]id Reactions," Ch. 8,

in Chemistry of the Solid State, W.E. Garner (ed.), Academic

Press, 1955.
A.W. Searcy and D. Beruto, J. Phys. Chem., 80, 425 (1976).

A.W. Searcy and D. Beruto, J. Phys. Chem., 82, 163 (1978).

J. Green, J. Mat. Sci., 18, 637 (1983).

V.A. Philips, H. Opperhauser, and J.L. Koble, J. Am. Cer. Soc.,
61, 75 (1978).
W.F. Giaugue and R.C. Archibald, J. Am. Chem. Soc., 59, 561

(1937).



14.

15.

16.

17.

18.

19.
20.

2.

22.

23.

24.
25.

26.

27.

28.

-89-

E. Kay and N.W. Gregory,'J. Phys. Chem., 62, 1079 (1958).

N.W. Gregory and R.H. Mohr, J. Am. Chem. Soc., 77, 2142 (1955).
G.F. Knutsen, A.W. Searcy, and D. Beruto, J. Am. Cer. Soc., 65,
219 (1982).

T.A. Reis, Ph.D. Thesis, University of California, Berkeley,
1983. _

D. Beruto, P.F. Rossi, and A.W. Searcy; J. Phys. Chem., 89, 1695

(1985).

R.I. Razouk and R.Sh. Mikhail, J. Phys. Chem., 59, 636 (1955).
D.T. Livey, B.M. Wanklyn, M. Hewitt, and P. Murray, Trans.
Brit. Cer. Soc., 56, 217 (1957).

P.J. Anderson and P.L: Morgan, Trans. Faraday Soc., 60, 930
(1964).

P.J. Anderson, R.F. Horlock, and J.F. Oliver, Trans. Faraday
Soc., 61, 2754 (1965).

R.K. Webster, T.L. Jones, and P.J. Anderson, Proc. Brit. Cer.
Soc., 5, 153 (1965). |

M.G. Kim, M.S. Thesis, University of California, Berkeley, 1982.
A.W. Searcy, M.G. Kim, and.D. Beruto, "The Kinetics of
Decomposition in Powder Beds: Theory and Experiment," in High

Temperature Materials Chemistry - [I, Z. A. Munir and D.

Cubicciotti (eds.), Thé Electrochemical Soc., 1983.

C.N.R. Rao, S.R. Yoganarasimhan, and M.P. Lewis, Can. J. Chem.,
38, 2359 (1960).

B.S. Girgis, Trans. and J. Brit. Cer. Soc., 71, 177 (1972).

S.J. Gregg and R.I. Razouk, J. Chem. Soc., 61, S36 (1949).



29.

30.

31.

32.

33.

34.
35..

36.

37.

38.

39.
40.

41.

42.

-90-

P.J. Anderson anad R.F. Horlock, Trans. Faraday Soc., 58, 1993
(1962).

R.C. Turner, I. Hoffman, and D. Chen, Can. J. Chem., 41, 243
(1963). |

R.S. Gordon and W.D. Kingery, J. Am. Cer. Soc., 50, 8 (1967).
J.H. Sharp, Trans. Brit. Cer. Soc., 72, 21 (1973).

H.T.S. Britton, S.J. Gregg, and G.W. Winsor, Trans. Faraday
Soc., 48, 63 (1952). | |

M. Li, Ph.D. Thesis, The Pennsy1vania State Univ., 1984.
JANAF Tables, (U.S. Govérnment Printing Office, Washington,
D.C.). ' '

K.H. Stern and E£.L. Wise, "High Temperature Properties énd
Decomposition of Inorganic Salts. Part 2, Carbonates,"

NSRDS-NBS 30, 1969.

Y. A. Chang and N. Ahmad, Thermodynamic Data onvMeta1 Carbonates

and Related Oxides, The Metal. Soc. of AIME, 1982.

K. Denbigh, The Principles of Chemical Equilibrium, 4th ed.,
Cambridge University Press, 1981.

K.J. Laidler, Chemical Kinetics, 2nd ed., McGraw-Hill, 1965.

M. Boudart and G. Djéga-Mariadassou, Kinetics of Heterogeneous

Catalytic Reactions, Princeton University Press, 1984.

I. Langmuir, Phys. Rev., 8, 149 (1916).

M. Knudsen, The Kinetic Theory of Gases, John Wiley and Sons,

1950.



43.

44,
45,
46 .
47.

48.

49.

50.

51.

52.
53.

54,

-91-

A.W. Searcy, "Kinetics of Evaporation and Condensation

Reactions," Ch. 6, in Chemical and Mechanica] Properties of

Inorganic Materials, A.W. Searcy, D.V. Ragone, and U. Colombo

(eds.), Wiley-Interscience, 1970.

A.W. Searcy and D. Beruto, J. Phys. Chem., 78, 1298 (1974).
C.I. Whitman, J. Chem. Phys., 20, 161 (1952).

K. Motzfeldt, J. Phys. Chem., 59, 139 (1955).

P. Clausing, J. Vacuum Sci. and Tech., 8, 636 (1971):
Translated from [Ann. Physik, 12, 961 (1932)].

K.H. Lau, D. Cubicciotti, and D.L. Hildenbrand, J. Chem. Phys.,
66, 4532 (1977). |

G.M. Rosenblatt, "Evaporation from Solids," Ch. 3, in Treatise

on Solid State Chemistry, Vol. 6A, N. B. Hannay (ed.), Plenum

Press, 1976.

K.D. Carson, "The Knudsen Effusion Method," Ch. 5, in The

Characterization of High Temperature Vapors," J. Margrave (ed.),
Wiley, 1967. |
R.C. Paule and J. Margrave, "Free-Evaporation and Effusion

Techniques," Ch. 6, in The Characterization of High Temperature

Vapors, J. Margrave (ed.), Wiley, 1967.

E.D0. Cater, "The Effusion Method at'Age 69: Current State of .
the ‘Art," NBS Special Publication, 561, 1978. |

G.F. Knutsen,_Ph.D. Thesis, University of California, Berkeley,
1980.

D.J. Meschi, T.K. Basu, and A.W. Searcy, High Temp. Sci., 9, 263

(197f).



55.
56.

57.

58.
59.
60.

61.

62.

63.

64.

65.

66 .

-92-

A.W. Searcy, private communication.
E.K. Powell and A.W. Searcy, Met. Trans., 118, 427 (1980).
A.W. Searcy, "Entropy and High-Temperature Physical and Chemical

Processes," Ch. 2, in Chemical and Mechanical Behavior of

Inorganic Materials, A.W. Searcy, D.V. Ragone, and U. Colombo

(eds.), Wiley-Interscience, 1970.

D. Beruto, R. Botter, and A.W. Searcy, unpublished work.

G.M. Rbsenblatt, J. Electrochem. Soc., 110, 563 (1963).

H. Manohar, "Topotactic Reactions in Inorganic Oxycompounds,"

Ch. 3, in Solid State Chemistry, C.N.R. Rao (ed.), Marcel

Dekker, 1974. '
F. Freund, K. Martens, and N.Sh. Ol-Eslami, J. Thermal Anal., 8,
525 (1975). |

G. Thomas and M.J. Goringe, Transmission Electron Microscopy of

Materials, Wiley-Interscience, 1979.

P. Hirsch, A. Howie, R.B. Nicholson, D.W. Pashley, and M.J.

Whelan, Electron Microscopy of Thin Crystals, 2nd ed.,'Robert E.

Krieger Publishing Co., 1977.

J.W. Edington, Practical Electron Microscopy in Materials

Science Vol.2 - Electron Diffraction in the Electron Microscope,

MacMillan Phlips Technical Library, 1975.

CJM. Edington, Practical Electron Microscopy in Materials

Science Vol.4 - Typical Electron Microscope Investigations,

MacMillan Phlips Technical Library, 1976.

R.C. Evans, An Introduction to Crystal Chemistry, 2nd ed., .

Cambridge University Press, 1966.



67.

68.

69.
70.

71.
72.
73.
74.
75.
76.
77.
78.

79.

80.

-93-

R.W.G. Wyckoff, Crystal Structures Vol. 1, 2nd ed., Interscience

Publishers, 1963.

R.W.G. Wyckoff, Crystal Structures Vol. 2, 2nd ed., Interscience

Publishers, 1963.

F. Zigan aqd R. Rothhauer, N. Jahrb. Min., 4/5, 137 (1967).
Powder Diffraction Data, (International Centre for Diffraction
Data, formerly Joint Committee in Powder Diffraction Standards).

F. Lippmann, Sedimentary Carbonate Minerals, Springer-Veriag,

1973.

A. Kelly and G. W. Groves, Crystallography and Crystal Defects,

Addison-Wesley, 1970.

H.M. Otte and A.G. Crocker, Phys. Stat. Sol., 9, 441 (1965).
P.G. Partridge, Met. Rev., Rev. 118, 12, 169 (1967).

K.D. Oh, H. Morikawa, S. Iwai, and H. Aoki, Am. Mineral., 58,

1029 (1973).

K.W. Andrews, D.J. Dyson, and S.R. Keown, Interpretation of

Electron Diffraction Patterns, Plenum Press, 1967.

J.W. Christian, Transformations in Metals and Alloys - Part. 1,'

Equilibrium and General Kinetic Theory, Pergamon Press, 1975.

0. Gratias, T. Portier, and M. Fayard, Acta Cryst., A35, 885
(1979).

R.W. Balluffi, A. Brokman, and A.H. King, Acta Metall.} 30, 1453
(1982).

J.-C. Niepce, G. Watelle, and N.H. Brett, J. Chem. Soc. Faraday

Trans. I, 74, 1530 (1978).



8l.
82.
83.
84.
85.
86 .
87.
88.
89.
90.
9l.

92.

93.

94 .
g95.
96.
97.
98.
99.
100.
101.
102.

—94_

C.D. West, Am. Mineral., 19, 281 (1934).

J. Garrido, Am. Mineral., 36, 773 (1951).

J.F. Goodman, Proc. Roy. Soc., A247, 346 (1958).

R.S. Gordon and W.D. Kingery, J. Am. Cer. Soc., 49, 654 (1966).
W.H. Rhodes and B.J. Wuensch, J. Am. Cer. Soc., 56, 495 (1973).
M.M. Nicholson, Proc. Roy. Soc., A228, 490 (1955).

P.J. Anderson and A. Scholz, Mat. Res. Bull., 64, 2973 (1968).
R. Shuttleworth, Proc. Roy. Soc., A63, 444 (1950).

R.C. Garvie, Mat. Res. Bull., 1, 161 (1966).

F.W.C. Boswell, Proc. Roy. Soc., A64, 465 (1951).

[.F. Guilliatt and N.H. Brett, Trans. Faraday Soc., 65, 3328
(1969) . | | |
J.S. Halliday, T.B. Rymer, K.H.R. Wright, Proc. Roy. Soc., A225,
548 (1954). |

A. Cimino, P. Porta, and M. Valigi, J. Am. Cer. Soc., 49, 152
(1966) .

G.W. Brindley and G. J. Ogilvie, Acta Cryst., 5, 412 (1952).

A.F. Moodie and C.E. Warble, Phil. Mag., 16, 891 (1967).

A.F. Moodie and C.E. Warble, J. Cryst. Growth, 10, 26 (1971).
I.F. Guilliatt and N.H. Brett, Phil. Mag., 23, 647 (1971).
T.T. Dai, Ph.D. Thesis, University of California, Berkeley, 1981.
J.C. Niepce and G. Watelle, J. de. Phys., 38, 365 (1977).
F.Freund and V. Spering, Mat. Res. Bull., 11 621 (1976).
M.C. Ball and H.F.W. Taylor, Min. Mag., 32, 754 (1961).
N.H. Brett>and P.J. Anderson, Trans. Faraday Soc., QE) 251

(1967).



®

103.
104.
105,
106.
107.

108.

109.
110.
111.
112.

113.

114.
115.

116.
117.

118.

119.

~95-

Z. Librant and R. Pampuch, J. Am. Cer. Soc., 51, 109 (1968).
D.R. Dasgupta, Min. Mag., 35, 634 (1965).

R. Singh Dev, N. Jahrb. Min., 1, 12 (1972).

N. Floquet and J.C. Niepce, J. Mat. Sci., 13, 766 (1978).
K.D. Oh, H. Morikawa, S. Iwai, énd M. Akao, Yogyo Kyokai Shi
(J. Cer. Soc. Japan), 88, 431 (1980).

L.W. Hobbs, "Radiation Effects in Analysis of Inorganic

Specimens by TEM,“ Ch. 17, in Introduction to Analytical

Electron Microscopy, J.J. Hren, J.I. Go]dstein,'and D.C. Joy

(eds.), Plenum Press, 1979.

P.R. Swann and N.J. Tighe, Jernkoht. Ann., 155, 497 (1971).
M-F. Rau, Ph.D. Thesis, University of Ca]ifornﬁa, Berkeley, 1985.
0. Scherzer, J. Appl. Phys., 20, 20 (1949).

R. Gronsky, "High Resolution Transmission Electron Microscopy"

in Treatise on Materials Science and Technology: Experimental

Techniques 198, H. Herman (ed.), Academic Press, 1983.

S.J. Gregg and K.S.W. Sing, Adsorption, Surface Area, and

Porosity, Academic Press, 1967.

L.D. Marks, Surface Sci., 150, 302 (1985).

M. Natfajan, T.S. Sarma, J.C. Ahluwalia, and C.N.R. Rao, Trans.
Faraday Soc., 65, 3088 (1969).

D. Beruto, R. Botter, and A.W. Searcy, to be published.

F. Freund, Ber. Dtsch. Ker. Ges., 52, 53 (1975).

W.A. Deer, R.A. Howie, and J. Zussman, An Introduction to the

Rock Forming Minerals, Longman, 1980.

D.J. Barber, J. Mat. Sci., 5, 1 (1970).



_96-

Table 1. Conventional Rate Equations Used in Kinetic Studies of Solid
State Reactions.

Classification Equation

1. Acceleratory
1/n

Power law a = kt
Exponential law ¢n(a) = kt
2. Sigmoid
Avrami-Erofeev '[-zn(l-a)]lln =kt
n=2,3,4
Prout-Tompk ins ' nfe/(l-a)] = kt
3. Deceleratory
3.1 Based on diffusion mechaﬁism
One-dimensional a2 = kt
Two-dimensional (l1-a)en(l-a) + a = kt
Three-dimensional tl-(l—a);/3]2 =kt
Ginstling-Brounshtein [(1-(22/3)] - (1-«:1)2/3 = kt
3.2 Based on geometric models |
Contracting geometry 1-(1-a) m_kt
n=1,2,3
3.3 Based on order with respect to
First order -n(l-a) = kt
Second order 1/(l-a) = kt

Third order 1/(1-a) = (kt
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Table 2. Spectrographic Analyses* of Starting Materials (reported as
oxide percent).

GaA Mg(OH)p Brucite A Brucite B Magnesite A Magnesite B

L e Principal Constituent -« - - - - - - - -

Si 1.0 <0.002 0.08 0.12 1.0
Fe 0.006 0.05 0.003 - 0.35 0.75
Ca 0.04 - 0.005 0.02 0.3 0.3
Mn 0.4 0.06 - 0.01 0.01
Sr ' 0.008
Ba ‘ 0.008
Al 0.02 <0.002 0.002 0.05 <0.003
Cu <0.001 ~ <0.001 <0.001
B 0.1 0.02 ~ <0.01
Pb | | <0.003
Co <0.001
Ni 0.01

Na <0.1

Mo 0.004

G&A Mg(OH)»: Mg(OH)> made in this lab. by a precipitation method.
Brucite A: . Wood's Mine, Texas, Pennsylvania

Brucite B: Gabbs, Nye Cbunty, Nevada

Magnesite A: Baymag plant, Calgary, Alberta, Canada

Magnesite B: - Djebel Hadifa, Algeria

*Analysis done by American Spectrographic Laboratories, San Francisco,
California
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Table 3. Decomposition of Single Crystal Mg(OH), (Brucite A)

at 605 K.
Cross Initial
Sectional Total Weight ~
Sample Edge Area Area Area Loss Rate . Apparent Max.
Wt. (Al) (Az) (wtotal) Decomposition
(mg)  (m2)x10°  (m?)x10 (m2)x10%  (mg/min) (%)
339.1 7.56 1.68 2.44 0.62 92
395.3 6.85 2.26 2.95 0.62 91
278.6 6.13 1.87 2.48 0.55 93
140.9 5.54 1.28 1.83 0.46 92
182.9 3.76 2.42 2.80 0.44 91
91.5 2.48 2.18 0.32 90

2.43

Wiotal = A1d1 + A2d2

J1 = 0.666 £ 0.070 mg/mz'min ; flux density parallel to basal plane

Jo = 0.077 £ 0.019 mg/mz'min ; flux density normal to basal plane

*Here Jj and Jo values are the calculated average ones with 15
first order simultaneous equations. '
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Table 4. Orientation Relationships Reported from the Decomposition
Study of Calcite-Type Carbonates.

Crysta] | Orientation Relationship Reference
MgC03-Mg0 | (0001)c // (111)4 Dasgupta -
[1120]¢ // (110)g (1965)
MgC03-Mg0 (1014)c // (110)4 : Sing Dev
CaC03-Ca0 - [01T0]¢ // (100)q (1972)
£dC03-Cd0 (00011 // [140]¢ | . Floquet and
(0Til)c // (210)¢ Niepce
(1011)¢ // (210)q (1978)

(1101)¢ // (210)g

MgC03-Mg0 (1). (0001)¢ // (111)g - Oh et al.
(1210]c // [112]0 (1980)
(2). (0001)¢ // (112]o
[1210]¢ // [111],
(3). (0001)c // (110]g
[1210]¢ // [001],
(4). (0001)c // (001)g
[1210]¢ // [110]g
(1) is the major and (2),

(3) and (4) the minor
orientation relationships.

Carbonate in the hexagonal cell of 6-formula unit
Oxide

(@]
won
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Appendix 1. X-Ray Crystallographic Information of Mg(OH)Z, MgCO3

and MgO.
7-2 39 minor CORRECTION
¢ 2.37 'K, 179 {47 e (OH)g ) ‘
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Unit Cell.

Miller indices

Miller indices

41

= t21
831

where tij

follows, i.e., a,

1
B |- ty)
831

(1) Transformation between rhombohedral and hexagonal unit cell.

H 1 -1
K =1 0 .1
L 1 1

of old cell; hkl

of new cell; HKL

Y2 Y3 h
Ly T3
typ t33 ]

b, ctoA, 8, C

L2 %13
te 3 b
L3 I33 c

0 h
-1 k ;
1 1 rh.

|
[SVL NN o8 [N

1

WA Q= Ly

W= W= W

Transformation of Miller Indices Following a Change of

relates the translation vectors of old cell to new cell as

hex.
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(2) Transformation of rhombohedral to other rhombohedral unit cells

(Z = number of the formula unit in a unit cell)

(1) Transformation between rhombohedral unit cells of Z = 1 and

l =

e
~N

1]
—

2

= = N

POf—= N N b

'ii1) Transformation

1=2

N N N

—

N = Nj—

(]

o= PO

~|i—

NOj =

1 .
2\ /h " 11 o\ /n
L« Kkl =1o 1 1 K
5 ; =
L/ \y L 1 0 1 1
3 7=2 7=2 7-1
between rhombohedral cells of Z=1 and Z=4
1
N /b H 1 1 -1 h
o Il « k=11 1 1 K
1 \1 -1 1
7/ Mg\ /7.1
301 1
h 7 7 7
1 3 1
K1 A%} =t-2 7z -7 J]{¢¥
1 1 3
Ny My -7 -7 3/ N/,
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Appendix 3. Ckysta]]ographic Relationships for Hexagonal Systems
(1) Indices of directions

3-axis notation ; UVW

4-axis notation ; uvtw where utv+t =0

U=U—-t . ; V= vt s, W=w
o=Luv) v =L 2ueu) Lt - (utv) L W= W
-3' ’ —3 s = ’ =

“(2) Indices of planes

Miller index ; HKL
Miller-Bravais index ; hkil where h+k+i = 0

(HKL) = (hkil)

(3) Relationship between a crystal plane (hkil) and its normal

direction [uvtw].

i) The difection [uvtw] normal to the plane (hkil)
[uvtw] = [hkilx'z]

| ii) The plane (hkil) normal to the direction [uvtw]

: (hkil) = (uvtwr?)

2 2
where A\~ = 3 (3) .
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(4) Dot products

Direct lattice vector, ro=ua; *tva, ¢ ta3 + we = [uvtw]

Reciprocal lattice vectof, g = hAj* + kAZ* + 1A3* + 1C* = [hkil]
i) ger = hu + kv + it + 1w

2
.. 3a
ii) ryery, == (ulu2 + ViV + tlt2 + A wlwz)

2 . -2 -
iii) glog2 g;§ (hlh2 + klk2 * i, + 2 ]112)
(5) Magnitude of vectors

2

i)l 238 (22 2 40
i) lgl? < S (v 8+ i+ 700 2 4
3a d

(6) Angle relationships

i) Interdirectional angle

cos (rier.) = rlo r2 i u1u2+v1v2+t1t2+x wlw2
R B N PR LT I S IR
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ii)  Interplanar angle

.2
_ 91.92 _ h1h2+k1k2+1112+>\ ]1]2
9l 19| (hi«»k%ﬁfu‘zli)1/2(h§+k§+i§+x°zlg)1/2

cos (g;+9,)

iii) Angle between a plane and a direction

reg hu+tkv+it+lw

LEE. (u2+v2+t2+A2w2)I/Z(h2+k2+12+x;212)1/2

cos (r-g) =
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Appendix 4. Theoretical porosity resulting from the decomposition

reactions without external shrinkage.

molar volume molar volume
of reactant - 0f product

moiar volume of reactant x 100

porosity (%) =

Mg(OH)., MgCO3 Mg0
Density 2.36 2.96. . 3.58
(g/cm3) |
Molar weight 58.33 84.32 40.3
(g/mole)
Molar volume 24 .72 28.49 11.26
(cm3/mole)

From the decomposition of Mg(OH),

porosity of Mg0

= 54.49%
From the decomposition of MgCO3
' porosity of Mg0 = 60.5%
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FIGURE CAPTIONS

Fig. 1. Hypothetical Gibbs free energy vs. composition diagram for
the system MgO-Mg(OH)Z-HZO.

Fig. 2. SEM micrographs of starting materials; (A) G&A Mg(OH)2 and
(B) Magnesite A.

Fig. 3. Thermogravimetric apparatus (Apparatus A).

'ng. 4. Thermogravimetric apparatus (Apparatus B).

Fig. 5. Knudsen cells used for the decomposition of MgC03.

Fig. 6. Log P S. l/T plot for the temperature calibration of

Zn ¥
Apparatus.A.

Fig. 7. Calibrated temperatures of Apparatus A ; Broken line
indicates the extrapolation from the_experimenta] range of
heavy line. Diagonal line indicates reference for no
deviation of temperature.

. Fig. 8. Log?P vs. 1/T plot for the temperature calibration of

Lil
Apparatus B ; Points numbered in order measured.

Fig. 9. Calibrated temperatures of Apparatus B ; Broken line
indicates the extrapolation from experimental range of heavy
line. Diagonal line indicates reference for no deviation of
temperature.

Fig. 10. Rate of decomposition of single crystal Mg(OH)Z.

Fig. 11. Rate of decomposition of powder (G&A) Mg(OH)Z.

Fig. 12. Effective initial flux density (jb) vs. sample weight from

the decompositionvof G&A Mg(OH)Z.
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Log P vs. 1/T plot from the open cell study of

H,0
2
decomposition of G&A Mg(OH)2 and those from other studies;

G&A from Giauque and Archibald and K&G from Kay and Gregory.

Rate of decomposition of single crystal MgCO3.

Rate of decomposition of powder MgCO, (Magnesite A).

3

Log P vs. 1/T plot from single crystal and Knudsen cell

COp
experiments of MgCO3 decomposition. Extrapolated values

are from the Whitman-Motzfeldt extrapolation to zero orifice

area with the pressures measured during the 0 to 1%

decomposition. The pressures from an orifice diameter of
9.80 mm are those from the open crucible.

Structure of hexagonal Mg(OH)Z.
Structure of rhombohedral and hexagonal MgCO3.

Rhombohedral and hexagonal unit cells showing the
transformation relationship between the two cells. Refer to
Appendix 2 for the transformation equations.

L0001] projection of caléite-type’carbonate showing the
oxygen octahedra of cation; M.indicates the cation and Z the
height of ions in the c-axis of hexagonal structure of
6-formula unit.

Calcite-type carbonate of three rhombohedral unit cells;

Z = number of formula unit in the unit cells.

Structure of face centered cubic MgO.
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23.

25.

26.

27.

28.

29.

30.

. Sequential diffraction patterns of [0001] Mg(OH)

‘decomposition to Mg0; (A) Mg(OH)
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Retention of external shape and size of crystals during the

decomposition of Mg(OH) (A) and (B) Optical micrographs,

2;
and (C) and (D) TEM micrographs of before and after the

decomposition, respectively.

2

2 (B) partly decomposed

Mg(OH)Z, and (C) MgO.

Diffraction patterns in the [0001] Mg(OH) (A) partly

2;
X (B) partly decomposed Mg(OH)2 and
gold ring pattern. Trace of microdensitometer measurement of

decomposed Mg(OH)

(B); H, 0, and G indicate the hydroxide, oxide, and gold,
respectively.

Stereographic projection representing the orientation
relationship between Mg(OH)2 and its vacuum decomposed MgO.
Mg0 cubic particles rotated 60 degrees to each other about
the (111] MgO.

Sequential diffraction patterns of [1120] Mg(OH).,

decomposition to Mg0O; (A) Mg(OH),, (B) partly decomposed

2’
Mg(OH)Z, and (C) MqgO.

Sequential diffraction patterns of [1102] Mg(OH)2

2 (B) partly decomposed

decomposition to MgO; (A) Mg(OH)

Mg(OH),, and (C) MgO.

2!
Sequential bright field images of Mg(OH)2 decomposition to

Mg0 corresponding to the diffraction patterns of Fig. 24.
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31.

32.

33.

36.

37.

38.

39.

. Diffraction pattern of [0001] Mg(OH)
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Bright field images of Mg(OH)Z; (A) G&A Mg(OH),, (B)
Brucite B, and (C) Brucite A.

Bright field image of Mg(OH), at the liquid nitrogen

2
temperature.

Bright field images of Mg(OH)., before (A) and after (B) two

2

hour flow of ~370 Pa water vapor.

. Bright field images and their corresponding diffraction

patterns of Mg(OH)Z.

2" ‘Note the
streak-1ike spots around (ldIO) Mg(OH)2 spots.

Bright field image and its corresponding diffraction pattern
of slightly decomposed'Mg(OH)z. Note the (200) MgO
diffraction spot (d = 0.2106 nm) is too close to be
;eparate]y visible from (1011) Mg(OH)2 spot (d = 0.2365 nm).
Decomposition of Mg(OH)2 in the [0001] orientation by the
heating of focussed electron beam; Bright center area of the
picture is decomposed.

Retention of external shape and size of crystals during the
decomposition of MgCOB; (A) and (B) Optical micrographs,

and (C) and (D) TEM micrographs of before and after the
decomposition, respectively.

Sequential diffraction patterns of [0001] MgCO

3

decomposition to Mg0; (A) MgCO,, (B) partly decomposed

3’
MgCO3, and (C) MgO.
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Fig. 40. Stereographic projection representing the orientation
relationship between MgCO3 and its vacuum decomposed MgO;

Fig. 41. Sequential diffraction patterns of [1011] MgCo,

decomposition to Mg0; (A) MgCO3, (B) partly decomposed

MgCO.,, and (C) Mg0.

3’ .
Fig. 42. Diffraction pattern of Mg0 from the decomposition of [0001]

MgCO Note the weak Mg0 spots of (111), (200), and (420)

3
belong to two minor orientations.

Fig. 43. Bright field image of partly decomposed MgCO3; Bright area
is decomposed. '

Fig. 44. Bright field images of MgCO, (A) and partly decomposed

3
MgCO3 (B) corresponding to Fig. 41A&B, respectively.

Fig. 45. Bright field image of Mg0 from the decomposition of MgCO3
corresponding to Fig. 41C. Note the crack crossing the
center of the picture.

Fig. 46. Projection of [0001] Mg(OH). and [111] Mg0 showing the

2
coorQination of oxygen octahedra.

Fig. 47. Projection of [0001] MgCO; and [111] Mg0 showing the
triangular faces of oxygen octahedra.

Fig. 48. TEM micrograph of Mg0 particles from the decomposition of
Mg(OH)2 by electron beam heating.

Fig. 49. TEM micrograph of Mg0 particles from the decomposition of

Mg(OH), by hot stage heating.

2
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Fig.

50.

53.

54.

55.

56 .

57.

-112-

Schematic spatial arrangements of Mg0 cubes from the
decomposition of Mg(OH)Z. After Guilliatt and Brett, Phil.

Mag., 21, 671 (1970).

. TEM micrograph of Mg0 particles from the decomposition of

MgCO., by electron beam heating.

3

. Brignt field and two dark field micrographs (C) and (D) which

were taken with the diffraction spots (c) and (d) of
diffraction pattern (A), respectively.
High resolution image of [100] Mg0Q from the decomposition of

Mg(OH),, its electron diffraction (bottom left), and

29
optical diffraction pattern (bottom right).

TEM micrograph of [111] Mg0 from the decomposition of
Mg(OH)2° ' |
Optica]_diffractogramé of bright field images (magnification
30000) of (A) 1100], (B) [110], and (C) [111] MgO from the
decompusition of Mg(OH)é and (D) the . high resolution image
(magnification 380000) of Fig. 53.

Optical diffractograms of bright field images (magnification
36000) of (A) MgO orientation of Fig. 41C, and (B) [111] MgO
from the decomposition of MgCO3 and (C) the high resolution
image (magnification 380000) of Fig. 53. |

TEM micrographs of partly decomposed Mg(OH)Z; (A) and (B)

{0001] Mg(OH), and their corresponding diffraction pattern

2

(C), and (D) [1120] Mg(OH)., and its corresponding

2
diffraction pattern (E).
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58.

60.

6l.

62.

. Bright field images of Mg0 from the decomposition of MgCO
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SEM micrographs of partly decomposed Mg(OH)Z; (A) initial
cleavage surface, (B) cleavage surface of middle of the
crystal showing the uncracked (left) and cracked (right)
area, and (C) edge surface normal to the cleavage surface.
3°
SEM micrographs of partly decomposed M9C03- Note the
cracks are continuous to the reéction interfaces.

SEM micrographs of partly decomposed MgC03; (A) initial
cleavage surface, (B) cleavage surface of middle of the
crystal showing the decomposed (left) and undecomposed
(right) area, and (C) magnified micrograph of (B).
Schematic drawing of sequential mechanism of Mg(OH)2

decomposition.
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