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ABSTRACT

This study was concerned with the sinterability of

Cr powders produced by the calcination of gﬂ_Cr(OH)3

293
gel. The decomposition of the gel was investigated by
thermogravimetric analysis, X-ray analysis and micro-
scoplc examination. -Comparison was made between the

size of crystallites as determined by X-ray line
broadening and the size of aggregated particles as
determined by independent means. These lineal measure-
ments werevcomgared to surface area measurements on the
caicined powders. The degree of sinterability was judged
from the density measuremanits on Cr203 pellets fired
uncger air, oxygen and nitrcgen atmospheres.

Energies of activation of 25 and 20 kilocalories per
mole were found for the decomposition process and the
crystallite growth process, respectively. The decomposition
process can be described as a unimolecular mechanism
obeying first—-order reaction kinetics. The calcinedApowders
were found to ke composed of small hexagonal platelets
arranged in loosely packed aggregates. The optimum cal-

cination temperature was determined tc be approximately



500°C. A maximum sintered density of 4.35 grams perxr
cubic centimeter illustrated the effectiveness of a

nitrecgen sintering atmosphere.
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I. INTRODUCTION

In conventional refractories practice, calcining of
the raw materials is followed by crushing, grinding, and
grading treatments prior to the pressing, drying and firing
processes.. The porosities of the conventional products
are normally in the range of 15 to 20 per cent. Many
special applications arose from the growth of refractories
and metals after World War II, making the importance of
the effects of porosity on the properties come to be more
appreciated and, consequently, much attention was paid to
fabrication processes and sintering behavior. In such
studies, it was inevitable that consideration be given to
the preparatioﬁ of powders by lower temperature processes
(such as thermal decomposition of compounds) since "dead
burning"” or the use of high-temperature processes was
known to have deleterious effects on the reactivity of
the pcwder.

One important feature that has emerged from studies of
the sintering process is that densification proceeds, pri-
marily, by the elimination of inter-connected or open
perosity, the proportion of closed porosity remaining at a

constant low level. The demand for impermeability makes



severe demands on the control of the sintering process
and on the nature of the powders being used. The driving
force in sintering is generally assumed to be the excess
of surface free enerqgy of a powder over that of the same
material in the dense form. This energy should increase
with decrease of particle size for a constant weight of
material. For a given pore volume, the overall permeability
will diminish with a decrease in size of pcres. Thus, all
factors argue in favor or the use of the finest particles.
However, there are other factors, such as particle shape
and size distribution, which can play an important role in
sintering behavior. It is also important to be able to
describe the powder from the standpoint of the decomposition
process of the parent compound.

The purpose of this research was to study the formation

of "active" Cr powders by the decomposition of Cr(OH)3

293
and the sintering behavior of these powders. The properties
of Cr203, as.listed in Table (1), indicate that an excellent
refractory body could be made from this oxide. The specific
epproaches to the analysis of Cr203 was to study the decom-
position of Cr(bH)3 by thermogravimetrié analysis, to
characterizé the various calcines by X-ray analysis, particle
size and surface area measurements and microscopic exami-

nation and to study the sintering behavior of selected

calcines under several atmospheric conditions.



TABLE 1.

Properties of Cr203

Density: 5.21 gm/c.c.

Crystal Structure: hexagonal close-packed

Space Group: R3c or DgD

Solubility: insoluble in acids and alkali;
slightly soluble in molten KHSO4

Colox: green

Index of Refraction: 2.551

Melting Point: 2380 — 2420°C



IT. LITERATURE REVIEW

A. Concept of an Active Powder

Gregg (1) was one of the first investigators to study
the production of "active" powders by thermal decomposition
of a parent substance from which a volatile product is
released, as: Solid A -+ Solid B + Gas. The powder activity,
although difficult to define precisely, reveals itself in
such properties as: enhanced rate of reaction of the solid,
increased rate of solution in solvents, and marked adsorp-
tive capacity for gases. In general, two main factors are
responsible for the phenomenon. One is the presence of an
extensive "internal® area in the solid, so that it is
essentially porous on the microscoric and molecular scale,
and the other is the existence of lattice strain, so that
some, or all, of the atoms or ions of the solid are dis-—-
placed somewhat from the positions they would occupy in
the perfect iattice. This term "strain' would incliude
Frenkel or Schottky defects and dislocations as special cases.
The internal area may arise in various ways. It may be due
to the large veclumes of channels of molecular size, left
by the escaping gas in a framework of the remaining solid.
More often, however, the area is due to the dispersed state

of the solid which exists as crystallites, or micelles, of



small dimensions. The area thus produced may still be
termed an intermnal area, since the micelles will aggregate
te form grains visible to the naked eye.

The temperature at which bonding initially occurs
can be considered a critical parameter of sintering. One
of the easiest ways to lower this initiation temperature
is by judicious control of the calcining cycle. It has
been shown, by Hyde and Duckworth (2}, that !MgO obtained
from the carbonate sinters at a much lower temperature i€
the calcination temperatqre is optimized beforehand. As
seen in Figure 1, magnesium carbonate, which has been
calcined at 1100°F and no higher, is, by far, the most
sinterable of several calcines. This effect has been par-
tially explained by Rosauer and Handy (3) whose investi-
gations of the individual crystallite size in calcines
of magnesium carbonate are given in Table 2. Note that
the crystallite size grows rapidly at all temperatures.
Apparently, the optimum amount of carbonate decomposition
(enhancing sintering) and the minimum amount of crystallite
growth (inhibiting sintering) occur at about 1100°F.
Similar studies have been conducted on Th02 (4), Y203 (5),
BeQ (6), NiC (7), and MgO obtained from the hydroxide (8).
All results indicate that there is some optimum calcination

temperature for =ach particular compound.



TABLE 2.

Crystallite Sizes and Aggregate Sizes of MgO Calcines

Temperature Crystallites Aggregates
(°C) (microns) (microns)
400 .004 3.73
600 .015 4.16
800 : .072 4.34

1000 .143 4.90

1600 1.130 5.35
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B. Decompesition Process

The mechanisms of the thermal decomposition of soclids
are dominated by topochemical considerations. Thus the
traditional concepts of order and molecularity, which play
an important role in the kinetics of gas phase and liquid
rhase reactions, have little application in considerations
of the kinetics of thermal decomposition of solids. Experi-
mental observations of isothermal reactions are conveniently
represented in the form of plots of fractional decomposi-
tion, ¢, versus time, t. The objective of any study cof
the thermal decomposition of a solid is usually the under-
standing of the mechanism o0f the chemical reaction. Such
an idealized procedure is-seldom realized in practice and
one often has to be satisfied with an empirical analysis
of the kinetics.

Although the general form of the a(t) curves can appear
tolvary from one reaction to the next, as shown by Jacobs
and Tempkins (9}, all these forms are special cases of the
generalized decomposition curve shown in Figure 2. This
curve exhikits an initial stage which occurs over ranges of
o from 0.01 to 0.5. The gas evolution during phase I may
be due to desorption of physically adsorbed gases or to a
limited amoﬁnt of thermal decomposition such as in a reaction
- which involves only a few atomic layers near the surface of

the reactant. The extent of reaction during the induction
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period II is very limited, bhut after some critical time,
tc, the reaction rate increases rapidly during the accele-
ratory period I11, finally reaching a maximum value at the
point of inflection, ti. For times greater than ti’ the
reaction rate decreases steadily during period IV, finally
falling to zero as the reaction ceases. The fractional
decomposition at this stage may, or may not, correspond to
almost complete decomposition of the starting material.

The above aspects of the kinetics of thermal decom-
position can receive a formal explanation in terms of the
concepts of the formation and growth of nuclei, as dis-
cussed by Langmuir (10). The essential basis cf this
theory is that a chemical reaction is confined to the inter-
face between the soiid reaction product and the undecomposed
reactant. If the rate of this interface reaction ié either
constant, or a unique function of the area cf the interface,
" then the kinetics of the reaction will be governed by the
geometrical area of the'interface. It is presumed that
decomposition commences at certain selected points called
nucleus forming sites.

Perhaps the most comprehensive treatment of the decom-
position of solids in the form of powders is that of Mampel
(11) , who based it on two generalizations found by earlier
investigators. One is that the rate of formation of nuclei
follows a unimolecular law and the other is that the inter-

face advances at a constant linear velocity. Considering

10
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the powder is composed of a large number of isotropic
spheres of rédius, r, Mampel derived a general expression
for the decomposition fraction. The expression reduces to
simpler equations for three cases: (1) the induction period
for which o is approximately proportional to the fourth
power of time, i.e., o = kt4; (2) the intermediate period
for which the equation, (v/r)t = 1 - (l—a)l/B, is a close
approximation and (3) the final period in which the decom-
position tends toward the unimolecular law, 1In(l-a) = kt +
constant. For very fine powders, the decomposition follows
the unimeclecular law.

There have been many excellent articles on hydroxides
or hydrated minerals which might provide some insight into
the nature of the decomposition of chromium hydroxide.
Brown, Clark and Elliott (12) have studied the decomposition
of gibbsite, or alumina trihydrate. It was found that
gibbsite could decompose either to the monohydrate, boeh-
mite, or to chi-alumina which is virtually anhydrous.

When the ignition temperature was raised, the decomposition
of these two prima:y products followed independent routes,
but these eventually led to a common product of alpha alumina
at 1000°cC. Eyraud, Goton and co-workers (13) found that
after a short induction period, the rate of decomposition
was constant at a given temperature to about A1203-H20,

beyond which the rate diminished. From a plot of logarithm

rate versus reciprocal of absolute temperature, an apparent
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enexrgy of activation of 31 k cal/mocle was deduced.

The kinetics of decomposition of boehmite, A1203'H20,
have been studied by Callister, Cutler and Gorden (14). A
linear rate law was obeyed by the decomposition and an
interface model was suggested as the mechanism of decom-
positicn. The activation energy was 70 k cal/mole. The
effect of water vapor on the rate of decomposition was
observed. Kingery and Gordon (15) studied the decomposition
of brucite, Mg(OH)Z, in vacuun. The brucite decomposed
according to a first order rate equation consistent with
a random nucleation process. Kinetic data for the decom-

position of single crystals were more complex, but could

be fitted to an interface model eguation.
C. Characterization of Calcined Powderxrs

Prior to 1950, the characterization of powders was
commonly limited to information gained by particle size
and surface area measurements, optical microscopy, X-ray
diffraction and traditional chemical analysis. With in-
creased emphasis on fine particles, usually in the context of
high activity, more refined methods of characterization were
applied, such as X-ray line broadening for crystallite
size determination, spectrographic analysis and various
absorption and exchange measurements which could be related
to sintering activity. No longer is it sufficient to deduce

mean crystallite sizes from X-ray line broadening. It is



13

necessary to see the ultimate particles and distinguish
their nature at high magnification. The.electron micro-
scoée has proven extremely valuable in this area.

While the majority of work on characterizatibn of
powders utilized magnesia (16), such oxides as alumina,
beryllia and thoria have been studied by Mﬁrray (17). Forx
MgO, BgO and ThO2 decomposed in air, the process begins
very rapidly at temperétures around 300°C. For probably
all oxides, the individual crystallites are very closely
joined to one énother.> Under conditions of processing
at temperature;iclose to that of decomposition, the cry-
st#llites may be so weakly aggregated that virtually their
whole surface area is available for gas adsorption.

Murray étated'that electron microscopy observations

- on fine powders of MgO, BeO, and ThO, suggested that the

2
crystallité shépe in no case deviated markedly from an

equiaxed form: Iwase, Takada and Hayashi (18) uSedvelectron
microscopy and X—fay éiffréction to stﬁdy the calcinaﬁion of
metallic salts. The orientation of the résultant particles

seemed to be greatly influenced by the pre-existing'stfucture

of the parent salts.

D. Sintering Process

Sintering may be defined as the.mechanisms whereby a

single pure material consolidates when subjected to external
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influences of temperature, pressure and time insufficient
to cause melting. The initiai bond strength is increased
by any factor that increases the packing density. As the
temperature is increased, gases are released from the
surface of the particles and bond strength increases
slightly. As the temperature is raised higher, the contact
area between particles increases as a result of surface
forces promoting shrinkage. Toward the end of the sintering
process, during which the voids close and the density
increases, grain growth occurs and continues even after
bulk shrinkage has ceased.

Four major modes of material transport have been
suggested, and are shown in Figure 3. Any one of these may
dominate under given conditions for a given material.
Diffusion sintering models have been presented by Kuczynski
(19), Cabrera (20), Herring (21), and Kingery and Berg (22).
Volume diffusion is viewed as the transfer of atoms from
the surface to the neckvarea, or, conversely, the migration
of wvacancies from the.neck to the surface. However, the
most important process is the migration of vacancies to
grain boundaries. Material migrates from the grain boun-
daries to the neck area between particles with a resultant
moction of the particle centers toward one another giving
rise to a decrease in porosity.

Surface diffusion at free surfaces probably occurs in

oxides at relatively low temperatures. However, the actual
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number ¢f mobile surface atoms is small and, therefore,
transport of material by surface diffusion can not be very
great. An evaporation and condensation mechanism is often
dismissed as being too slow, or even incperative, due to
the low vapor pressure of refractory oxides. Due to the
geometric effects of this mechanism, materials which ex-
hibit a sufficiently high vapor pressure to evaporate, do
not exhibit the shrinkage which is required for densifi-
cation. However, this process is important for shrinkage
since the competitive operation could reduce the available
driving force under which shrinkage takes place. The mode
of plastic flow is of importance in firing of ceramic
materials in which the bond strength is due to the formation
of a liguid phase. However? in the sintering of pure oxide
ceramics, -the formation of a liguid phase is avocided.
Although much work has been done on the sintering of
chrome-magnesite refractories, it is only recently that
investigators have studied sintering of pure Cr203. Hagel
has conducted both cation (23) and anion (24) diffusion
studies in Cr, O

2737

His results showed that the difference between oxygen ion

employing radiocactive tracer technigques.

and cation diffusion coefficients is greater for Cr203,

than for A1203 oxr Fe203.

to four orders of magnitude slower than chromium diffusion

Oxygen diffusion in Cr203 is three

in the range 1100 to 1450°C.

16



Hagel, Jorgenson and Tomalin (25) studied the shrinkage

rates of Cr203 prepared by thermal decomposition of (NH4)2C207.

Results of these shrinkage curves indicate that the initial

sintering of Crx can be described as a volume diffusion

203

process where oxygen ions are the rate controlling species.



ITT. EXPERIMENTAL PROCEDURE

A. Decomposition

The decompositidn of chromium hydroxide'was studied
using several of the technigues mentioned in the Intro-
duction. The starting material was a Cr(OH)3 gel,
obtained from the Amend Drug and Chemical Company, New
York, New York. Chromium hydroxide, according to several

investigators (26,27), decomposes to form CrZO at approx-—

3
imately 420°C. Samples of the hydroxide were heated at
temperatures of 500, éOO, 700, 800, 900 and 1000°C for
periods c¢cf 1, 2, 4 and 8 hours. The samples were heat
treated in Nichrome crucibles placed in a Kanthal-wound
furnace. X-ray diffraction patterns were run on the
parent gel and each sample following removal from the
furnace. |

The crvstallite size of the resulting Cr203 powders
was studied by the X-ray line broadening method, described
by Klug and Alexander (28). A General Electric Model
XRD-5 unit was used for all the X-ray work. The measure-
ment taken in this technique is the width of an X-ray peak

at one half its maximum intensity. This width increases

with decreasing crxystallite size below about 3000 Angstrom

18
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units. An unbroadened peak i1s reguired for use as a
reference so that the increase in width can be inserted
into egquation (l): D = é%%§5 , Wwhere D is the crystallite
size in Angstrom units, A is the radiation wavelength, ©
is one half of 206 (the peak angle) and B is the increased
width of the peak in radians. An unbroadened peak was
obtained from an X—ray pattern of a sample of Cr(OH)3
heated at 1350°C for 24 hours. Several of the Cr203‘peaks
were studied to determine which would yield the best line

broadening data. The Cr peak at 125.5° proved to be

293
the most satisfactory peak.
There are numerous means of determining the degree of

broadening. from the X-ray patterns. The most accurate
method appéared to be that of plotting 20 versus peak
intensity at small increments over the complete peak. The
goniometer was set at 0.05° intervals over the peak width
and the intensity was recorded for 200-second periods.
Background was determined by counting for the same period
at each side of the peak and the average background was
computed. This background was subtracted from the intensity
measurements and the counts per second were plotted versus
26. From this expanded profile, an accurate measurement
of B was obtained. Figure 4 is an illustration of such

a plot compared to that of the unbroadened peak. The value

of B was obtained by subtracting b, the unbroadened breadth,
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from Bo, the brcadened breadth. The crystallite size, D,
was calculated by inserting the wvalues of B into eguation
(1L).

Particle sizes for the wvarious calcines were determined
by two methods. These data were obtained from both a
Micromercgraph apparatus and a Coulter Counter apparatus.
The micromerograph, located at the U.S. Bureau of Mines,
Metallurgy Research Center in Rolla, employs an air elu-
triation technique based on Stokes' Law to separate the
various sizes of particles. The sample is de-agglomerated
at the top of a seven-foot column, and allowed to fall
downward against a flow of nitrogen onto a weigh balance.
Frcm a recoxding of weight versus time, the data can be
converted into a weight fraction versus particle size
plot. The Coultef Counter can be used to determine the
number and size of particles suspended in an electrically
conductive ligquid by forcing the suspension to flow
through a small aperture having an immersed electrode on
either side. As a pafticle passes through the aperture
it changes the resistance between the electrodes producing
a voltage pulse having a magnitude proportional to the
‘particle volume. The series of pulses is then electron-
ically scaled and counted. By taking a series of counts
at selected tﬁreshold levels, data are directly ocbtained

for plotting cumulative frequency (larger than a stated
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size) versus particle size. This principle does not permit
discernment of particle shape and results are expressed

in spherical equivalents. A typical calculation sheet is
shown in Appendix A.

The most useful means of studying decomposition rates
is by thermogravimetric analysis, that is, continuously
monitoring the weight of a sample under thermal conditions.
A number of weight loss studies were conducted using a
Cahn Model RG electrobalance and a Texas Instruments
Servc—-Riter recorder in conjunction with a lab-constructed
Kanthal-wound vertical furnace capable of being raised and
lowered around the sample. A schematic diagram of this
apparatus is shown in Figure 5. In these weight loss
studies, it was convenient to express the degree cf decom-—
position in terms of o, the fraction decomposed. Thus,-

a fraction of unity represents the maximum weight loss.

In order to obtain decomposition rate data, the sample
weight was monitored‘isothermally at several temperatures.

To select these temperatures, it was necessary to run a
temperature versus weight loss curve. This was done by
placing a sample of the hydroxide in the furnace at room
temperature and increasing the temperature at 20°C intervals,
thus allowing the'weight to equilibrate at each temperature.

The initial isothermal decomposition studies were

conducted in atmospheres of ambient air. These studies
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were conducted con samples preheated ﬁo 350°C so0 that only
the second weight loss step seen in the weight loss curve
could be followed. Isothermal runs were made at temperatures
of 440, 480, 520, 560 and 600°C. The sample was weighed on
an analytical balance, suspended from the electrobalance
and placed in the furnace at 350°C. Once the weight had
decreased to a constant value, the furnace was removed and
the temperature increased to the desired level. When this
temperature was reached, the furnace was raised back into
rosition and the weight loss monitored. The fraction
decomposed was then plotted versus time for each temperature.
In order to study the decomposition under more con-
trollable atmospheric conditions, studies were conducted
under vacu&m conditions following the method of Kingery
and Gordon (15). . In this case, an accesscry to the electro-
balance, a vacuum bottle, was utilized. A diagram of
this experimental apparatus is shown in Figure 6. To this
vacuum bottle were connected a Vycor hangdown tube for
-enclosing the sample, é vacuum line to a rotary pump and
a thermocouple gauge for measuring pressure. The entire
weighing mechanism was placed in the vacuum bottle and the
electrical signals fed through vacuum connections. The
procedure followed was to suspend the weighed sample in
a small platinum bucket, zero the recorder and place the

hangdown tube around the sample. The vacuum bottle was
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then evacuated to 100 microns.of pressure and the weight
recorded. Onée the weight reached a constant value, the
furnace, at the desired temperature, was raised around
the sample and the weight loss recorded. Isothermal runs
were made at temperatures from 380 to 500 degrees Centi-
grade. The fraction aecomposed was ﬁhen plotted versus
time for each temperature.

Photographs of selected calcined powders were taken
using both a Bausch and Lomb research metallograph and a
Hitachi Model HU-11lA electron microscope. The procedure
focllowed with the metallograph was to place an acetone
suspensioh of the powder on a cover glass slide and to
allow the acetone to evaporate. Photomicrographs of the
powders were then taken at a magnification of 500 times.
For the electron microscope studies, a drop of a solution
of collodion in amyl acetate was placed on the surface of
distilled water. The electron microscope grids, mounted
on a glass slide, were then used to pick up the thin film
of dried collodion. A water suspension of the desired
~calcined powder was placéd over the grid and allowed to dry.
These grids were placed in the electron microscope and
electron micrographs were takeﬁ at a magnification of
10,000 times.

Since the surface area of calcined powders is considered

to be an indication of the activity of sinterable materials,
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selected samples were sent to the seawater magnesia plant
of E. J. Lavino Refractories Company, where a Perkin-Elmer
Sorptometér was used to measure the surface areas. A
sample of the commercial gel and samples calcined for both
two and eight hours at 500, 600, 700, 800, 900 and 1000°C
were tested. |

B. Sintering

The sintering behavior of chromium oxide powders,
produced by the calcination of chromium hydroxide, was
studied by forming pellets of the powders and firing
these at elevated temperatures. Pellets of powders
calcined for two hours at 400, 500, 600, 700, 800 and
900°C were formed by pressing the powders in a one-half
inch diameter die. The pellets were fired at temperatures
of 1500, 1600, 1700 and 1750°C under ambient air atmosphere.
In ordexr to study the éffect of atmosphere upon sintering,
identical pellets were fired in flowing oxygen and nitrogen
atmospheres at temperatures of 1500, 1600, and 1700°C.

All the pellets ﬁeré fired in a platinum-wound furnace
manufactured by Engelhard Industries. The pellets were
placed in the furnace at room temperature, the temperature
raised to the desired level and maintained there for 12 hours,
after which the furnace was allowed to cool naturally. |

Density measurements were taken on the fired pellets

by measuring the dry weight and the saturated and suspended



weights after being immersed in boiling water for two
hours. These values were inserted intc the equation,
apparent density equals dry weight/saturated weight-
suspended weight, and the densities calculated. The
pellets were then mounted in Bakelite, ground on 240,

320 and 600 grit grinding paper and polished with a
slurry of one micron alumina polishing compound. Photo-
micrographs of the microstructures were taken on a Bausch

and Lomb metallograph at a magnification of 250 times.

28
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IV. PRESENTATION OF RESULTS

The results of the X-ray line brqadening data are
shown in Figurew7 as a iog—~log plot of crystallite size
versus time at 700, 800, 900 and 1000°C. Plotting the
locgarithm of the crystallite growth rate versus the reci-
procals cf the absclute temperatures yields the Arrhenius
pldt seen in Figure 8.

The particle size distribution plots for selected
calcined samples are shown in Appendices B and C, for the
Coulter Countexr and Micromerograph data, respectively.
Figure 9 shéws the results of the surface area measurements
for samples calcined for both two and eight-hour periods.
Table 3 presents wvalues for: 1) the crystallite diameter
in Angstrom units, 2) the median particle sizes in microns,
and 3) the surface areas in square meters per gram for
selected calcined samples.

Figure 10 is a weight loss versus temperature curve
for the Cr(OH)s‘under ambient atmospheric conditions. .The
isothermal decomposition plots at 440, 480, 520, 560 and
600°C, under ambient atmospheres, are seen in Figure 11.

Figure 12 is a weight loss versus temperature curve for

the Cr(OH)-3 under vacuum at 100 microns pressure. The
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initial portions of the isothermal decomposition plots at
410, 440 and 470°C under vacuum are shown in Figure 13.
Plotting the logarithm of the decomposition rates versus
the reciprocals of the absolute témperature yvields the
Arrhenius plot as seen in Figure 14. _The decay portioné of
the decomposition curves of Cr(OH)3 at 380, 410, 449, 470
and 500°C are shown in Figure 15. A test for first-order
kinetics is shown by plotting log (l-a) versus time for the
decay portion of these decomposition curves in Figure 16.

Photomicrographs of the hydroxide calcined foxr two
and eight hours ét 600 and 900°C are shown in Figures 17
through 20. Electron micrographs of samples calcined for
 two and eight hours at 500, 600, 700, 800 and 900°C are
shown in Figures 21 through 30. Figure 31 is an electron
micrograph of the parent gel, and Figure 32 is an electron
diffraction pattern obtained from a sample calcined forxr
eight hours at 900°C.

The results of the sintering studies are shown in the
next three figures. The densities of pellets fired in air,
oxygen and nitrogen atmospheres are plotted versus the cal-
cining temperatures in Figures 33, 34 and 35, respectively.
Photomicrographs of pellets fired in air at 1700°C are shown
in Figures 36 through 38; photomicrographs of pellets fired
in oxygen are shownr in Figures 39 through 41, and photo-
micrographs of pellets fired in nitrogen are shown in Figures

42 through 44.
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TABLE 3.

Crystallite Sizes, Particle Sizes and Surface
Areas of Cr,0, Calcines

2 3‘
Sample Crystallite Size ' Median Particle Size Surface Area
(Angstrom units) (microns) (m2/gm.)
A B
gel - 3.9 —— 195.4
500~2 —— : —-——— —-—- 57.9
600-2 - 3.3 5;8 47.5
700-2 375 -—- ——- 27.9
800-2 480 -—- 7.9 14.9
900-2 740 - - -
1000-2 905 4.2 8.2 .97
500-8 ——— 3.5 4.9 47 .4
600-8 —— 3.6 7.0 -
700-8 400 4.6 8.0 15.4
- 800-8 650 —-—— -——— 4.10
.900—8 950 5.0 8.2 | 1.03
1000-8 1250 | 7 5.2 8.2 .82

A) Micromerograph data

B) Coulter Counter data
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Figure 17. Photomicrograph of Sample Calcined 2 Hours at 600°C
(500X)

Figure 18. Photomicrograph of Sample Calcined 8 Hours at 600°C
(500X)
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Figure 19. Photomicrograph of Sample Calcined 2 Hours at 900°C
(500X)

Figure 20. Photomicrograph of Sample Calcined 8 Hours at 900°C
(500X)



Figure 21.

Figure 22.

Electron Micrograph of Sample Calcined 2 Hours at 500°C
(10,000X)

Electron Micrograph of Sample Calcined 2 Hours at 600°C
(10,000X%)
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Figure 23.

Figure 24.

Electron Micrograph of Sample Calcined 2 Hours at 700°C
(10,000%)

Electron Micrograph of Sample Calcined 2 Hours at 800°C
(10,000X)
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Figure 25.

Figure 26.

Electron Micrograph of Sample Calcined 2 Hours at 900°C
(10,000X)

.-

Electron Micrograph of Sample Calcined 8 Hours at 500°C
(10,000X%)
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Figure 27.

Figure 28.

Electron Micrograph of Sample Calcined 8 Hours at 600°C
(10,000X)

Electron Micrograph of Sample Calcined 8 Hours at 700°C
(10,000X%)
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Figure 29. Electron Micrograph of Sample Calcined 8 Hours at 700°C
(10,000X)

.

Figure 30. Electron Micrograph of Sample Calcined 8 Hours at 900°C
(10,000X)



Figure 31. Electron Micrograph of Hydroxide Gel Sample
(10,000X)

Figure 32. Electron Diffraction Pattern Obtained from Sample
Calcined 8 Hours at 900°C
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Figure 36. Photomicrograph of Sample Calcined at 500°C and Fired
in Air at 1700°C (250X)

Figure 37. Photomicrograph of Sample Calcined at 700°C and Fired
in Air at 1700°C (250X)
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(250X)

Air at 1700°C

Photomicrograph of Sample Calcined at 900°C and Fired
in

Figure 38.

Photomicrograph of Sample Calcined at 500°C and Fired

Figure 39

(250X)

°C

in Oxygen at 1700
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Figure 40. Photomicrograph of Sample Calcined at 700°C and Fired
in Oxygen at 1700°C (250X)

Figure 41. Photomicrograph of Sample Calcined at 900°C and Fired
in Oxygen at 1700°C (250X)
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Photomicrograph of Sample Calcined at 500°C and Fired
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V. DISCUSSION OF RESULTS

A. X-ray Diffraction Studies

X-ray diffraction analysis of the commercial Cr(OH)3
gel showed that this material was amorphous. This is
understandable as the commercial synthesis of Cr(OH)3
involves the precipitation of the hydroxide from an
ammonia solution and the formation of a gelatinous residue.
Attempts to Crystallize this gel by prolonged heating at
low temperatures failed. The X-ray patterns obtained from
the hydroxide éémples heated to temperatures above 420°C
showed peaks only for Cr203; The existence of an inter-
mediate phase, CrQ(OH), has been confirmed by Laubengayer
and,McCune (26), but no evidence of this compound was
observed under the present conditions of treatment.

The X-ray line broadening studies on the Crzo3 péwders
produéed ky calcination yielded rates of cxrystallite growth
at temperatures selected in the'iange of 700 to 1000°C, the
data being shown in Figure 7. These growth rates are

listed in Table 4.

Table 4.
Temperature Crystallite Growth Rate
700°C _ 3.1 A°/hour
80G°C 8.7 A°/hour
900°C : ‘ ' 17.8 A°/hour

1000°C , 39.0 A°/hour
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It can be seen that the rate of cxrystallite growth
increases substantially with temperature. Spurious results
were obtained for samples heated below 700°C. This may be
explained through one of the assumptions postulated for the
application of this analytical method, viz., that each par-
ticle which diffracts the X-ray beam is a one-component
crystal. In the particular case under study, if a particle
were only partially decomposed, erroneous X-ray measure-
ments could be expected due to Cr(OH)B-Cr203 interfaces.

This would particulariy hold true for this system in which
the Cr(OH)3 is noncrystalline.

An energy of activation was calculated from the Arr-
henius plot of logarithm of crystallite growth rate versus the
reciprocal of absolute temperature. Data appear in Figure
8. A least sguare analysis of the growth rate data yielded
an activation énergy of 20x0.7 kilocalories per mole. This
value lies at the low end of the range of energies usually
reported for crystallite growth, viz., 20 to 50 kilocalories
pexr mole. Fisher (29) has reported activation energies of
40, 49 and 64 kilocalories per mole for CaO crystallite
growth processes for various crystallite sizes. Bicks and
Friedman (30) present growth rates for MgO crystallites
derived from the‘carbonate. An activation energy of 14 kilo-
calories per mole was calculated from these data. It appears
therefore, that the wvarious oxides exhibit widely varying

activation energies for the crystallite growth process.
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The crystallite growth process is thought to be similar
to the grain growth process described in -Kingery (31). Once
nucleation, or primary recrystallization, has occurred re-
sulting{in a new crystal structure,.an overall increase in
grain size proceeds with little change in the grain size
distribution. The driving force for the>growth process 1is
the difference in energy between the fine-grained material
and the larger grain size material. The atomistic process
necessary for grain growth is the jumping of an atom from a
less energetically favorable site to a more energetically
favorable site. Therefore, the temperature dependence is
similar to that for diffusion, as represented by the egquation

for the diffusion coefficient, D:

D = D_e(-Q/RT),
where Q is the activation energy of diffusion. The effect is
that as ﬁhe temperature is increased, the number of atoms
present which.have sufficienﬁ energy to overcome the acti- -
vation energy barrier increases exponentially. Pertinence
of this analysis is illustrated by the temperature dependence

of the crystallite growth. for Cr203 in this study.

B. Particle Size and Surface Area Analysis

The particle size data showed good correlation between
the two methods of analysis. <The parent gel had a median
aggregate diameter of 3.9 microns, as determined from the
- Micromerograph data. The Micromerograph data yielded values

for the calcined powders ranging from 3.3 to 5.2 microns,
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while the Coulter Counter values ranged from 5.8 to 8.2
microns. For all samples, the Coulter Counter data resulted
in the larger median diameters, by a ratio of approximately
1.5. An inherent characteristic of the equipment could
explain this relation. The Micromerograph employs a de-
agglomerator at the top of a fluid column to break up
clusters prior to the separation of the size fractions.
However, the oniy agitating action employed by the Coulter
Counter is the mechanical stirring of the suspension. Thus,
it appears that the Micromeroéraph is more capable of breaking
up clusters, or agglomerated particles. From the particle
size distribution curves seen in Appendix B and C, it is
noted‘that typical sigmoid shape curves are obtained by both
methods. The calcinations also produce particle size dis-
tributions covering a narrow range of diameters. This is
true for fhe sizé range over which the equipment operates
although it is indicated from electron micrographs that
there are particles smaller than the equipment used can
measure.

Table 3 presents the correlation between crystallite
size, particle size and surface area for selected calcines.
From this table, a clearer relationship can be drawn between
crystallite size and particle size. It is noted that a
size ratio of approximately 100 exists between the crystallites

and the aggregates of Cr203. The surface area values given
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in this table compare favorably with the crystallite
diameters. It can be seen that the crystallite sizes and
surface areas change much more rapidly with temperature
than do the aggregate diameters. Thus, it appears that
the crystallite diameter is the contributing factor to the
specific surface measured. In other words, the adsorption
of gases on the calcined powders is dependent on the cry-
stallite size rather than the aggregate size. This
adsorptive capacity decreases very rapidly for samples of
Cr203 calcined from the hydroxide at temperatures above
500°C. Thus, it is expected that the reactivity of the
oxide would diminish sharply for samples calcined above
about 500°C.

2Znother insight into the state of the powders can be
gained by calculating the surface areas from the crystallite
diameters assuming a spherical shape. The crystallites
lare not spherical, as will be obhserved in the electron micro-
graphs, but it is common practice to assume a spherical
fsuiface area in calculational methods. Surface areas, cal-
culated for selected calcined powders are compared to those

measured by gaseous adsorptive capacities, in Table 5.
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TABLE 5.

Surface Areas (mz/gm.)

Sample Measured Calculated
700°C -~ 8 hours 15.4 23.6
800°C - 8 hours 4.10 ~ 15.8
900°C - 8 hours 1.03 9.8
1000°C - 8 hours .82 7.2

The measurements indicate that the actual surface area
decreases much more rapidly with increasing calcination
temperature than could be detected from crystalline size

measurements.

C. Decomposition Studies

These experiments explain many characteristics of
the thermal decomposition of the Cr(OH)3 gel. A marked
difference is noted in the two weight loss versus temper-
ature plots, Figures 10 and 12. Both curves result in
two—ste? decomposition process. Under ambient heating
conditions, these steps occur at about 100°C and 420°C.
ﬁowever, under a total pressuﬁe of approximately 100 microns,
the sgsond stage occurs at about 350°C. Vacuum decomposition
also exhibits a less noticeable first stage, probably due
to the room temperature dehydration effect under the
reduced pressure. These two steps are commonly referred

to in the literature as the dehydration stage and the oxide

conversion stage.



The decomposition curves obtained under ambient con-
ditions and presented in Figure 11, show the effect of
increasing temperature on the degree of decomposition.
These curves indicate the amount of decomposition which
would be expected for a hydroxide sample under ambient
atmosphere heat treatments. It was observed that data taken
under these conditions were greatly influenced by sample
size, sample configuration and the container employed.

A more accurate picture of the decomposition process
can be obtained from plots obtained from decompositions
conducted under vacuum conditions. Data in Figures 13 and
15 indicate that the decomposition process is composed of
two distinct portions. The first portion, shown in Figure
13, relates to a rapid loss in weight, or high decomposition
rate. The second portion, seen in Figure 15, is associated
with a lower decomposition rate. These two portions, as
represented in the general decomposition curve in Figure 2,
are commonly descriked as the acceleratory region and the
decay region. It is.quite common for no induction period
to be observed for empirical plots, since this region is
considered to relateAto the heating up process and so is
rate dependent.

An activation energy for decomposition was calculated
bf plottiﬁg the logarithm of the decomposition rates in

Figure 13 versus the reciprocal of the absolute temperature.
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A least squares analysis of these data yielded an acti-
vation energy of 25%0.8 kilocalories per mole. This value
compares favorably with the activation energies found for
the decomposition of other hydroxides, which range from

10 to 70 kilocalories per mole. Gregg and Razouk (32)
reported activation energies for the thermal decomposition
under vacuum of precipitated Mg(OH)2 ranging from 12.4 to
27.4 kilocalories per mole, depending on the preparation
of the various precipitates. As noted in the literature
survey, Eyraud and Goton (13) found an activation energy
of decomposition of 31 kilocalories per mocle for aluminum
hydroxide.

The theoretical mechanism governing the decomposition
of Cr(OH)3 is assumed to be an interface model as evidenced
by the long linear portion of the rate plots in Figure 13.
This interface model predicts that the rate is proportional
to the particle surface area or to the number of reaction
sites per area. The reaction interface can be visualized
as a spherical layer which progfessively moves inward from
the surface of the particle. It appéars that the reaction
proéeeds unhindered during the acceleratory region, but
the impingement of the reaction zones of neighboring paxr-—
ticles produces a barrier to the removal of the reaction
products as evidenced by the decay region. It is also

noted that the acceleratory region c¢bserved for the Cr(OH)3
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gel is of shortex duration than for crystals of Mg(OH)2
and other hydroxides indicating that this impingement
action takes place sooner for the Cr(OH)3 gel. This is
rresumably so because of the fine size of the gel par-
ticles.

The fraction decomposed, «, and the elapsed time for
these decompositions were plotted according to the equations
formulated by Mampel (11). Plots of (l—a)l/3 versus time
and log o versus log time were developed, but did not
appear to fit the data very accurately. Plotting log
(1-a) versus time produced linear relationships for the
major porticon of the heating period. It is generally con-
sidered-satisfactory if a relationship holds true for
greater than sixty per cent of the reaction time. Linearity
of the log (l~a) versus time relationship, as used by
Gordon and Kingery (15), is considered to be a check for
first—order reaction kinetics. Mampel employs this rela-
tionship to describe the decay portion of a decomposition
cufve‘where a unimolecular reaction is believed to occur.
He states that for very fine powders nearly the entire
decomposition follows the unimolecular law. The reason
for this is that for large particles, the surface becomes
covered with nuclei, while for small ones, a particle is
consumed by the reaction spreading from a single nucleus.
It is guite natural for the data to fit relationships

describing both first-order reaction kinetics and a



unimolecular law. In the earlier literature, the term
unimolecular was used to denote a reaction of the first
order. However, in actuality, reaction order applies to
the experimental equation and molecularity applies to the
theoretical mechanism.

D. Photographic Studies of Powders

The light microcscope and the electron microscope pro-
vided\complementary advantages for the observation of the
calcined powders. The phcotomicrographs illustrate the
aggregated nature of the powders. Measuring a typical
aggregate'on a photograph, Figure 22, yields a diameter of
about 0.5 centimeters. At a magnification of 500 times,
this results in an aggregate diameter of 10 microns. This
value compares favorably with the median particle sizes
listed in Table 3. Judging from the photograph, there
appear to be many aggregates of smaller sizes. The in-
crease in aggregate size with calcining temperature is
quite apparent from comparison of the photomicrographs of
the samples calcined for bgth two and eight hour periods.
This indicates that there is definitely some initial sin-
tering at even low temperatures.

The electron micrographs serve for assessment of the
degree of crystallinity and estimation of the size of the
crystallites in the calcined powders. The samples cal-
cined for two hour periods exhibit small, almost undetect-~

able, crystallites, but only at the higher calcination

67
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temperatures of 800 and 900°C. However, small crystallites
are observable in the micfograph of the sample calcined
for eight hours at 500°C and considerable crystallite
growth is evidenced at the 600, 700, 800 and 900°C levels
after eight hour periods. These electron micrographs
should be compared with the micrograph of the commercial
gel in Figure 35, which revealed no evidence of crystal
struéture. However, micrographs of the samples calcined
for eight hours exhibit definite hexagonal platelets,
many of which rest on their basal plane. It is assumed
that the acicular looking areas are actually platelets

on edge. Measurement of a typical platelet on the photo-
graph of the sample calcined eight hours at 900°C yields
a diameter of about 0.1 centimeter. For a magnification
of 10,000 times, this corresponds to a crystallite dia-
meter of 1000 Angstrom units, comparing favorably with
the value of 970 Angstrom units as determined for the
same samplé from Figure 7. The electron diffraction
pattern, seen in Figure 36, was obtained from one of the
larger crystallites of the sample calcined eight hours

at 900°C, and is the diffraction pattern expected from
the basal plane of a hexagonal crystal. It is apparent
from these micrographs that the aggregates are composed

of many small crystallites with a myriad of orientations.
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E. Sintering Studies

The sinterability of the calcined Cr powders can

293
be assessed from the density measurements of the sintered
pellets and the photomicrographs of these pellets. A
calcination period of two hours was chosen for the pro-
duction of the powders since it was evident that the
decomposition was nearly complete at this stage, and yet
the powders still exhibit large surface areas. Density
measurements indicate that a calcination temperature of
500°C is optimum. This calcination temperature resulted

in the highest sintered densities at all subsequent firing
temperatures and under all three sintering atmospheres.

As would be expected, the sintered densities increased

with increased firing temperature. As had been noticed
before in the case of Cr203, it was difficult tec sinter

the material to a density approaching the theoretical
density of 5.21 grams per cubic centimeter. The closest
approach to this value was observed for pellets fired under
a nitrogen atmosphere, resulting in a maximum density of
4.35 grams per cubic centimeter. Firing in an oxygen atmo-
sphere resulted in the lowest bulk densities for the Crzo3
pellets. This is probably due to the enhanced evaporation

of Cr0O, arising from the oxygen atmosphere. Margrave and

3
co-workers (33) have found that at high temperatures, Crzo3

decomposes to form gaseous CrO3 under oxidizing conditions.
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Thus, the volatilization of Cr03 would act to compete
against the diffusion processes ncecessary f£or successful
sintering, since the evaporation-condensation mode of
material transport does not result in an overall shrinkage
during sintering. The photomicrographs also illustrate
the effectiveness of a nitrogen atmosphere upon sintering
of Cr,05. The pellets shown in Figure 42 through 44
exhibit more necking and closer bonding than pellets

sintered in air or oxygen.



VI. SUMMARY AND CONCLUSIONS

The results of this study are summarized in the

following statements:

1.

The chromium hvdroxide gel used in this study
undergoes a two-step decomposition process.

The first step is a dehydration process while
the second step is the oxide conversion step
which occurs at about 420°C in ambient atmos-
pheres. The hydroxide is converted to alpha

Cr without the formation of any intermediate

203

phases or other oxides of chromium.

The decomposition curves exhibit an acceleratory

portion and a decay portion. The curves for

‘decompositions conducted in air were markedly

affected by the sample size and the packing
conditions. An activation energy of 25 10.8
kilocalories per mole was calculated from the

decomposition process rates under vacuum conditions.

~The major portion of the decomposition process

followed a unimoleculaxr, first-order reaction
kinetics relationship. An interface model was
suggested as the mechanism responsible for the

decompositicon reaction.
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Crystallites of Crxr exhibit an increased growth

293
rate with increased temperatures over the range of
700 to 1000°C. An activation energy of 20 *.07 kilo-
calories per mole was determined for this process.
It was suggested that this crystallite growth process

is controlled by solid state diffusion and is similar

to grain growth in polycrystalline ceramics.

The nature of the Cr203 powders, as revealed by
electron micrographs, consists of loosely-packed
arrays of hexagonal platelets. The surface area
of these powders exhibited a maximum of 57.9 square

meters per gram at a calcination temperature of

500°cC.

The optimum calcination temperature was found to

be approximately 500°C. The maximum sintered
densities were obtained by firing in a nitrogen
atmosphere, while the lowest densities were obtained

by firing in an oxygen atmosphere.



VII. SUGGESTIONS FOR FUTURE WORK

Several observations have been made during the course
of this research which are pertinent to future work in the
area of active Cr203 powders. In decompesition studiles of
this nature, it is important to use a parent material of a
known chemical composition and particle size. In the spe-—
cific case of a hydroxide, it is important that the waterxr
of hydration content be known very precisely. It is also
very important to employ a crystalline material which can
be identified by X-ray techniques as a definite minera-
logical compound.

From the standpoint of active powders, it should prove
beneficial to study the production of active Cr203 from
octher chromium compounds such as the carbonate, oxalate
and others. Properties of these calcined powders, such as
particle size and sﬁrface area, could then be compared to
those of the calcined hydroxide material.

The effect of sintering additives to Cr203 should be
studied in order to determine the optimum sintering con-
ditions for Cr203. ’arious types of additives, especially
reducing agents or oxides which form solid solutions with

Cr203, could be selected.
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APPENDIX A.

An example data sheet for the Coulter Counter
measurements is shown on the following page. The
data of a two-hour calcination at 800°C is presented.
Following this sheet is an explanation of the pro-
cedure for handling such data.
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APPENDIX A.

Data Reduction for Coulter Counter

The spaces at the top of the sheet are filled in
with the appropriate information. The value for

the coincidence factor is obtained from the egquation:

A D ,3.,500
where D = aperture diameter in microns, and
V = manometer volume in microliters.

The value for the calibration factor is derived under
the calibration procedure. The values for aperture
resistance, gain control and matching switch were
obtained from those suggested by the Coulter Company,
and were maintained constant for all measurements.
The first three columhs contain the values used for
the lower threshold setting, aperture current setting,
and the amplification factor, respectively.

The columns under n' are used to record the raw data
in number of counts which are averaged under the

column headed n'.

The next column gives the proper coincidence correction

using the formula:
0 o_ n' .2
n" = o ({550
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11.

-12.

13.
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The column headed n is obtained by adding the values
under n' and n".

The column headed V is obtained by multiplying the
values under k, tL' I and A, and represents the
particle volume in cubic microns.

The column headéd dL contains the values for particle
diameter.

The column headed An is obtained by subtracting each
pair of successive counts for the n values.

The next column shows the average of each pair of
successive particle volumes.

The column headed (An)V is obtained.by multiplying
the values under the two previous columns.

The next column is obtained by cumulatively adding
values from the column headed (an)V.

The last column is obtained by assigning 100 per cent
to the value in the (4n)V and then calculating the
per cent of each other value based on the 100 per cent
value.

Weight or volume per cent greater than the stated
size may be plotted versus particle diameter on semi-
log paper by plotting each value of particle diameter
against the upper per cent value of the weight per

cent column.
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Particle Size Distribution from Coulter Counter Data
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Weight Per Cent Less Than Diameter

/A 600°C, 8 Hours
O 800°C, 8 Hours
. O 1000°C, 8 Hours
100
90 |
80
70
60_]
50_]
40
30
20
10
] 7 T T T T
2 3 - 4 5 6 7 8 9 10

Particle Diameter (Microns)

Figure B-1l. Coulter Counter Particle Size
Distribution for Selected
Calcines



Weight Per Cent Less Than Diameter

A 600°C, 2 Hours
0 800°C, 2 Hours
O 1000°C, 2 Hours
100
20 _|
80 _|
70 |
60 _]
50 _]
40 _
30 |
20 |
10
T T T T T 7 11
2 3 4 5 6 7 8 9 10

Particle Diameter (Microns)

' . Figure B-2. Coulter Counter Particle Size
: Distribution for Selected
Calcines
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Weight Per Cent Less Than Diameter

100 4
30.
80
70

€0 _|

40 ]

30 ]
20 _

10 ]

/A 500°C, 8 Hours
g 700°C, 8 Hours
O 900°C, 8 Hours

T { T T T T T
2 3 4 5 6 7 8 9 10
Particle Diameter (Microns)
Figure B-3. Coulter Counter Particle Size

Distribution for Selected
Calcines
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Weight Per Cent Less Than Diameter

/A 600 C, 4 Hours

O 800 C, 4 Hours

01000 C, 4 Hours
100 —
90 -~
80 4
70 4
60 o
50 4
40 ~
30 4
20 4
10

T T I T I T 71T 717 1
2 3 4 5 6 7 8 9 10

Particle Diameter (Microns)

Figure B-4. Coulter Counter Particle Size
Distribution for Selected Calcines
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Particle Size Distributions from Micromerograph Data
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Weight Per Cent Less Than Diameter
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Figure C-1.

Particle Diameter (Microns)

Micromerograph Particle Size
Distribution for Cr(OH)3 Gel
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Weight Per Cent Less Than Diameter
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50

40
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A 600°C, 2 Hours

O 600°C, 4 Hours
O 600°C, 8 Hours

i I i | [ 1 1 1
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Particle Diameter (Microns)
Figure C-2. Micromerograph Particle Size

Distribution for Selected
Calcines -
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Weight Per Cent Less Than Diameter

100

30

80
70
60

50

40

30

20
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/A 600°C, 4 Hours

O 800°C, 4 Hours
O 1000°C, 4 Hours

T | | T 17 1 71T
2 3 4 5 6 7 8 9 10
Particle Diameter (Microns)
Figure C-3. Micromerograph Particle Size

Distribution for Selected
Calcines
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Weight Per Cent Less Than Diameter

100
90
80
70
60
50
40
30
20

10

A 500°C, 8 Hours
g 700°C, 8 Hours

© 900°C, 8 Hours

T ] ] S SR S B
2 3 4 5 6 7 89 10

Particle Diameter (Microns)

Figure C-4. Micromerograph Particle Size

Distribution for Selected
Calcines
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Weight Per Cent Less Than Diameter

100

S0

80
70
60
50
40
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A 1000°C, 2 Hours
g 1000°C, 4 Hours
O 1000°C, 8 Hours

Figure C-5.

I 1 | B S
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Micromerograph Particle Size
Distribution for Selected Calcines
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APPENDIX D.

X-ray and DTA Patterns for Commercial Gel
and Synthesized Cr(OH)3
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APPENDIX D.

The synthesis of a crystalline Cr(OH)3 material
was conducted following the procedure outlined by Roy
and Shafer (27). Chromium hydroxide was fcrmed by
3 and NH4OH with an excess of ammonia.

The precipitated hydroxide gel was centrifuged,

reacting CrCl

decanted and sealed in a rubber balloon. This balloon

was pressurized in an isostatic cavity containing
glycerine as a pressure-transmitting fluid at a pressure
of 12,000 pounds per square inch for 72 hours. The
material was then removed and allowed to air-dry. X-ray
diffraétion and differential thermal analyses were run

on this material and are compared to the analyses of the
commercial hydroxide gel, as shown in Figures (D-1 through

D—-4).
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Figure D-1.

X-ray Diffraction Pattern
for Cr(OH)3 Gel
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Figure D-2.

X~ray Diffraction Patterxrn
for Synthesized Cr(OH)3
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Figure D-3.

DTA Curve for Cr(OH)3 Gel
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Figure D-4.

DTA Curve for Synthesized

Cr(OH)3
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APPENDIX E.

Table E-1.

Analysis of Variance of Linear Regression
of Arrhenius Plot for Crystallite Growth Rate

Source of Degree of Sum of Variance F-Ratio Significance
Variation Freedom Squares

Lineax - :

Regression 1 .6574 .6574 1095 a = .001
Residual 2 .0012 .006

Total 3 .6586 ————

The regression analysis explains 99.8% of the variance at a 99.8%
confidence level.
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APPENDIX E.

Table E-2.

Analysis of Variance of Linear Regression
of Arrhenius Plot for Decomposition Rate

Source of Degree of Sum of Variance F-Ratio Significance
-Variation Freedom Squares

Linear

Regression 1 .2053 .2053 20 a = .05
Residual 2 .0205 .01205 —-—

Total 3 .2258 ———- -

The regression analysis explains 90.7% of the variance at a 99.5%
confidence level.



APPENDIX F.

Error Analysis

A

/ The uncertainty in the furnace temperature was

{
:

believed’to be the major source of error in the cry-
stallite growth and decomposition studies. Uncertain-
ties in measuring the crystallite diameter and in
measuring the weight of a sample at any given time
were also possible sources of error in determining
the activation energies for crystallite growth rate
and decomposition rate, respectively. The errors in
these activation energies were obtained by differen-
tisting tﬁe Arrhenius equation for those two rate
processes.

These expressions were inserted into the probable
error equation:

P = & (%/-(‘)z(rx)2 + (lzl‘)z(rz)2 + e . . ] /2
as given by Daniels and Alberty (34). Assuming a temp-
- erature uncertainty of five degrees and an uncertainty
of 10 Angstrom units in the crystallite diameter, a
.fandom error of #1.36 kilocalories per mole results for the

crystallite growth rate. Assuming the same uncertainty

in temperature and an uncertainty of 0.1 milligrams in
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sample weight, a random error of *2.34 kilocalories per

mole results for the decomposition process.
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