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ABSTRACT

The deformation behaviour of polycrystalline compacts of
Mg(OH), during dehydroxylation has been studied in an attempt to
evaluate the nature of strain that can be introduced into the compact
during the reaction. A study of neck-growth between tips of single
crystals of Ca(OH), and between two hemispherical tips of Mg(OH)2
compacts showed both deformation and interaction at the contact point
during the dehydroxylation reaction. Load-dependent deformation of
the compacts gave a total strain proportional to the one-third power
of the applied stress. The creep deformation of Mg(OH)Z compacts
during dehydroxy-lation was also studied under isothermal conditions'.
The overall creep behaviour can be divided into three stages. The
initial stage is initiated by the dehydroxylation reaction. During the
second or steady state creep stage the highest creep rate was obtained.
The steady state creep ratg was determined as a function of temper-
ature. pressure, and relative denéity of the green compact. The

results are represented by:

. A O -17500 _ -1
e =" e, + "““"““Y exp “RT t

Particle sliding was considered to be the most probable mechanism

for creep during the second stage.
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CHAPTER 1

1. Introduction

1.1 Reactive Hot Pressing

Several workers have recently (1-4) shown that the hot press-
ing of the decomposible compounds such as Mg(OH),, etc. during
the decomposition reaction resulté in high density products. The
process utilizes a transient''reactivity'' resulting from either chemi-
c;l decomposition (1-4) or a polymorphic phase transformation (2
to obtain dense, high strength ceramic bodies at comparatively low
temperatures and pressures, usually below 1000°C and 10,000 psi.
The process h:.=1->sA all the advantages of conventional hot pressing: low
porosity and hgnce high strength in the pi‘oduét, fine grain size since
recrystallizatiqp and grain growth are minimized by the compara-
tively low temperatures, and accurate dimensions of the product, as
well as requiring lower temperatures and. holding times than the
conventional h;)t pressing process.

The pr'ocess has been applied to many ceramic systems.
Chaklader and McKenzie (4) pressed sevel;al natural clays as well as
synthetic hydrogides of aluminum and magnesium. Unstabilized

zirconia was densified(®) by cycling it through the monoclinic

o :
.%‘l :(?o < tetragonal phase transformation, and up to 99. 8% of theo-
C .

6)

retical density was obtained. Another application( was to the

production of cermets of alumina with iron, copper and chromium. The

low temperature required for the decomposition of boehemite (600°C)
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resulted in a minimal formation of interfacial phases which could
reduce the strength of the product.

Morgan and Schaeffer (7) have reported = work on the
fabrication of magnesia by a process they call "pressure calcintering'",
which is essentially identical to reactive hot pressing; The.y conducted
a series of investigation of thé process, analysing such effects as the
nature (chemical history) of the précursor and the effect of impurity
c'ontent on densification.

Chaklader and Cook (8) have also studied the hot pressingl
characteristics of the Mg(OH)i—h MgO system, as well as boehmi’:ce

and two clays.

1.1.1 Hypotheses for Reactive Hot Pressing

In the earlier papers they s)ugge sted that the formation of
strong, dense c;)mpacts by reactive hot pressing might be associated
with an "enhancéd reactivity'! during or just after a phase change,
which is known 4_2;s the '"Hedvall Effect”.. (9) The precise nature of this
reactivity has not been established, although Chakiader has made the
following state.frients regarding the mechanisms of reactive hot
pressing:( 4 )

'"The idea of using the high reactivity of a solid during a
decomposition r-é'é,ction or a polymorphic phase change (the Hedvall
Effect) for densification stems from the following hypotheses and

observations:
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(2) Broken bonds and unsatisfied valence links exist
both on the surface and in the bulk of particles undergoing a decompo-
sition reaction; these bi‘oken bonds and links may be available for inter-
face reaction leading to interparticle bonding.

(b) Very transient instability of the atomic position during
a reaction can produce a transienﬁ plastic state which may be utilized
for densification''.

The first proposition is easily accepted. It is well knowrn
that bonds of strelngth é_omparable to the bulk tensile strength of the
material are. forﬁed by clean metal surfaces in frictional contact in
high vacuum where. surface contamination is prevented. Contact areas
are obtained from electrical resistance measurements. While the
néture of chemical bonding in ceramics is qﬁite unlike the metallic
bond, it i.s easy tp understand the possibility of bond formation where
clean oxide surfaces are brought together intimately on an atomic
scale. It is the necessity of producing suitable contact that precludes
the production of frictional bonding in ceramic systems. Plastic flow
is required to bring finite areas into contact, and under low temperafure
conditions sufficient flow is not possible. Thérefore it can be seen that
the formation of Iinterparticle bonds of finif.e strength depends upon some
mass transfer rriechanism, such as plastic flow or diffusion. It is to be
expected that thé large evolution of water vapour (or some other gas;
would have a purging effect, reducing possible surfgce contaminants .to

such a low level that bonding can take place freely between contacting
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asperities.

The second pfopostion, concerning a transient transfor-
mation plasticity*, is more important. To see exactly how plastic |
flow enters the densification process it is useful to consider the
possible means of densification of a powder compact subjected to
pressure at an elevated temperature (hot pressing).

1.1.2 Theories of Hot Pressing

The behaviour of a compact through a history of die filling
in a gravitationai field, vibratory compaction, applied pr.essure,
vdensification up to the point of closed pore formation, and finally
mechanisms of. pore elimination can be foliowéd. The factors which
control the compaction of avpowder to a dense body are manifold:
particle size, particle size distribution, particle shape, the mech-
anical properties of the material - i.e. its susceptibility to fracture
or flow, or its _work hardening rate if-plastic flow occurs, the aniso-
tropy of mechaf;ical properties, the melting point, surface energy
and finally the rates of self diffusion and of grain growth. Some of

these properties are obviously interrelated.

* Transformation plasticity is taken to denote an anomalous
propensity for plastic flow, manifested by low flow stress and
usually by iarge '"ductility'’, accompanying a solid-solid phase
transformation or decomposition reaction.
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When a powder is placed in sofne container (say a die) the
density obtained will be quite low since irregularly shaped particles
may form bridges, or powder with a range of particle sizes may
segregate, giving rise to less efficient packing than if tk.le sizes were
thoroughly mixed. (This segregation will not be altered by sub-
sequent operations and therefore will not be considered further).

If subjected to either vibration or pressure, particle rearrangement
will occur, filling large voids. Vibration will quickly produce a pack-
ing density characteristic of the particle shape and size distribution.
Application of pressure will cause densification by fracture and flow
of the particlgs, depending on the strength and ductility of the
particles. Only a very soft material can densify completely by the
flow mechanisArr;, and no useful ceramic material can by fabricated to
high density by flow alone on a commercial basis. The constraint
offered by surrounding particles probably prevents densification
beyond the point at which a line contact between three or more particles
is formed. From this point mass transport by bulk diffusion, surface
(i. e. grain bouﬁdary) diffusion, or by evaporation - condensation is
probably a moxA‘vé important factor than plastic behaviour, in most
ca-ses Nabarro—.Herring (diffusional) creep may'be operative, although

(10) . The elimination

this mechanism is not considered a likely one
of trapped gas 'flforn pores may be a problem since the pressure will

eventually counteract the available driving force (reduction of surface
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energy plus applied pressure) unless the gas is soluble and there-
fore can diffuse through the structure. Thé aensification of MgO
by pressure calcintering of Mg(OH), has beenAshown to occur in two
stages. Approximately half the observed densification occurs
simultaneously with the dehydroxylation of the brucite. The remainder
of the densification takes place from about 550°C until the final
density is reached, usually at about 850° to 900°C. Similar be-
haviour has been observed by Chaklader and Cook(8). This is shown
iﬁ Figure 1. Morgan and Schaeffer (1) have suggested that the firs}t
stage of densific;tion is a result of a slip mechanism based on their
observation of the formationv of a (111) texture in magnesia résulting
from the first stage. This departs from the theory earlierbpropounded

(2)

by Morgan and Scala who suggested that crumbling of the precuréor
brucite flakes .i.nto’tiny periclase {(MgO) cubelets was responsible for
the initial densification.

The second stage is probably due to diffusional transpoft or
grain growth processes. This is confirmed by the fact that no
additional textural development has been observed during stage II.
The previously determined properties of the experimental system

are summarized in section 1. 4.

1.2 Objectives of this Investigation

The purpose of this investigation is to study the flow
characteristics of powder compacts of Mg(OH), during the dehydroxy-

lation reaction and thus to provide evidence of transformation
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FIGURE 1 Compaction of Mg(OH), as a function of temperature.

(After Chaklader and Cook, B (8) and Morgan and Scala, A 2.
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plasticity. If a flow process is operating during the déhydroxylation,
its presence should.aid in understanding the enhanced densification
observed during the reactive hot pressing of a decomposible
compound.

An attempt has also been made to explore the possibility
of bond formation across the interface between two single crystals
while decomposing under load.

1.3 Choice of Experimental System

When this study was first being considered it was felt that
some material available as nétural or easily grown single crystals
would make a suitable precursor. Calcite is an obvious choice, as
very large and ‘quite pure single crystals are commercially avaiiable.
Unfortunately , however, the decompos‘ition of calcite does not give
a coherent CaQO layer on the calcite surface , as has been demon-
strated by several workerg%l)Thus, as expected, early experiments
with this material were unsuccessful.

The second choice was the system Ca(OH), (Portlandite)

- CaO, as smgll crystals of Ca(OH);, are quite ea.sily grown (12),
This system has the disadvantage that boéil the product and precursor
transform rea'cﬁly to calcium ca,rb‘onate‘ upon exposure to moist-air
containing CO2, i.e. the laboratory atmo:l-:phere‘, making han&ling
difficult if contamination is to be avoided.

Therefore, in order to study quantitatively the nature of

transformation plasticity cold compacts of synthetic magnesium
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hydroxide powder were produced. These compacts were subjected
to compressive creep deformation (at low stresses) during the
dehydroxylation reaction, under varying conditions. Magnesium
hydroxide was chosen for these experiments as it has several
advantages over other possible choices: the structural relationship
between precursor and product is simple, the crystal structures
themselves are simple,and the reaction kinetics and morphology are
quite well understood. The materials are also relatively easy to
handle (al’chough magnesia with high surface area .'rehydrates
in moist air) ana finally magr;esia is a useful refractory. The relevant
properties of this system are considered in the next section.

1.4 Properties of the Experimental System

The beha\_rioqr of the Mg(OH)2 - MgO system has been the
subject of considerable investigation, mainly because of the influence
of the conditions of decomposition on the subseéuent hot pressing or
sintering behaviour of the product phase. "'Active" MgO is produced
by the calcination of Mg(OH)2 at low temperatures, which produces

high specific surface areas, as will be seen later.

1. 4.1 Physical and Chemical Properties

Table'i summarizes some important properties of the pre-
cursor-product“}.)air. The decomposition Mg(OH)Z —MgO + Hzo
occurs at temp:e.:ratures in excess of 30006, and is essentially complgte

(except for the ‘removal of absorbed water) at about 400° C.
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TABLE I

PROPERTIES of Mg(OH)> and MgO

Brucite Periclase
Mg(OH), MgO

Formula Weight 58. 34 40. 32

Ratio ‘ 1 : 0. 691

: 1. 449 : 1

Specific Gravity 2. 385 3. 58 (20)

Structure Hexagonal Cubic

Type Cdi, NacCl

Lattice Parameters ag = 3. 1478 ag = 4. 213X(21)
co = 4. 7698

Bond Lengths 0-0 3.13, 2.988 0-0 2.98%(22)
Mg - 6 0 2.16& Mg - 60 2.10&

AHR +19 Kcal/mol at 600° K
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Decomposition of single crystals has shown (13-15) thét a pseudo-
morphous product is obtained, with only a few percent shrinkage
from the original dimensions. The product crystal is only 47 volume
percent MgO, and is comp.osed of an aggregate of very small
(about 100 R}, (15)) crystallites having a definite crystallographic
relationship to the brucite.

1. 4.2 Structural Aspects of the Decomposition

Brucite (Mg(OH)p) has a CdI, type structure, with the hydro-
xyl - ions arranged in hexagonal (close packed layers) in hcp stacking
sequence. The Mg'H' ions are in octahedr;l sites between every second
pair of OH layers. The arrangement is shown schematically in
Figure 2. This' ;tacking of OH layers results in a pronounced basal

. cleavage and in tl;.e characteristic ! platy' Sl%lnape of the hydroxide
(Figure 9 ). “

Periclasg (MgO) has a NaCl type (cubic) structure ,

(Figure 2), conéi:sting of oxygen ions in cléée packed layers, forming
the (111) planes, with Mg in all the octaheic.iral sites.

A numbe"zj of investigators (13-15) ﬁéve considered the
structural relationships involved in the deh;rdroxylation reaction.

The most recent and authoritative work is that of Gordon and Kingery
(15), which consis‘t:'s of electron and optical n}'.icrosc:Opy, and a kinetic
study. The mechanisms proposed by various'-éuthors are summarized

in Table II, which includes both morphological and kinetic aspects.
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Brucite | a)

oe

(edge view of
(000N planes,
along-{1120)

direction )

Periclase ®)

)

— |-A

" FIGURE 2 a) Structure of Mg(OH)Z - Schematic representation
b) Structure of MgO - Schematic representation



" TABLE II . SUMMARY OF MECHANISMS AND KINETICS OF MgLOH)% DEHYDROXYIATION

Authors Mechanism or Model Type of Kinetics Activation
Energy, kcal/mol

Kingery and 1) Nucleation and growth process, with First order for
-Gordon : coherentnucleation, resultant large small particles,
strains and fissuring. thick single crys-

2) A small amount of decomposition causes tals more complex.

large changes in the physicicl state of the

crystal, having a considerable effect on the

subsequent process and product. The model

explains: a) the structural relationship. b)the 38 - 43
product crystallite size. c) the cracking

process, and d) the d-spacing range.

}
Anderson and An interface reaction, described in terms of 19 - 27 w
Horlock ) a contracting disc along the basal plane. '
Gregg and Described weight loss data satisfactorily in
Razouk terms of the contracting sphere model. 12 - 27

Zhabrova and Showed that their data could be described
Gordeeva equally well by the contracting sphere or
- unimolecular decay law.



-14-
The list is not exhaustive, but includles the most recent and significant
work in this field.
Various decomposition studies performed in the eiectron
microscope have shown the crystallographic relationship developed

(13"15). One set of

between the periclase and the pvarent brucite
the (111) planes of the periclase are normal to the c-axis of the
brucite. In add‘ition, the{110) direction of the periclase is
parallel to the (1 lO) direction of the parenﬁ brucite.

Gordon and Kingeryvconcluded ‘that the decomposition of
b rucité is most likely a nucieation and growth process in which
coherent nucleation of MgO results in large coherency strains ?.nd
cracking, in the very early stages of weight loss as shown in
Figure 3 . This cracking is a major change in the physical state of
the cr&stal, and has a pronounced effect on the subsequent process
and products. This model explains: a) the observed structural re-
lationship, b) the small crystallite size of the product, c) the observed
cracking process, and d) the observation of a range of d-spacings
during the decomposition process. .

Anderson and Horlock(#) found that the reaction proceeded
from the edges of the brucite platelets (for large single crystals
approximately 1 by 3 mm), producing a''polycrystallization'' subse-

quently attributed to the coherency strain by Gordon and Kingery.

The former authors found that the major part of the decomposition



Brucite

OH
Mg Mg Periclase
OH 0
[O + HZO] Mg
OH 0
Mg Mg Mg
OH 0
[o ' HZO] Mg
OH O
Mg Mg
OH

FIGURE 3 Goodman's (13)

proposed mechanism for the dehydroxylation, showing collapse
‘normal to the closed-packed oxygen planes in the formation of periclase.

-Gl -
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originated at the '"edge'' of the platelets, an observation contradicted
by Gordon and Kingery.

Goodman (13) was the first worker to use an electron
microscope to study this decomposition, but he did not observe the
initial cracking reported by the others. He was tﬁe first to recognize
that the OT layers remainea substantially undisturbed during the
decomposition: This required diffusion of water (or its ionic
components) between the .O: layers, as schematically represented in
Figure 3. Goodman proposed an atomistic mechanism that was
essentially horﬁqgeneous. In this mechanism, he considered that
H720 was uniformly removed. from all parts of the decomposing crystal
(though not necessarily at the same time) by a two stage process.
Water would first be formed by reaction between hydroxyl ions,
causing the first observed shift in lattice parameter, andthen even-
tually escape between the oxygen layers of the partially decomposed
crystal, as shown in the Figure.

Although Gordon and Kingery did not make specific comment
on the mass traijlsport necessary for decomposition, Ball and Taylor
(16) point out that the movement of the prc%duct water would be
extremely likely to causé disruption of the material. They felt that
the observed befxaviour was described better by the concept of an
inhomogenous solid state reaction, operating as follows:

The decomposing crystal would develop donor and acceptor

regions (Figure 4) between which diffusion of Mg++ ( ionic



o(H
Mg
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Donor

+ 2H,0

Products

FIGURE 4 Ball and Taylor's proposed inhomogenous mechanism for the dehydroxylation,

showing donor and acceptor regions, and the diffusion of Mg++ and H+.
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radius = 0. 784, compared to about 1. 75 for water) and H' would
occur as shown. The dono'r regions (probably adjacent to free sur-
faces or cracks) would eventually be completely destroyed. The
close packed OH™ layers of the acceptor regions would become close

packed O~ layers, with the addition of sufficient Mg't to form MgO.

1.4.3 Kinetics of Decomposition

The decomposition kinetics have been extensively investigated
but no general agreement as to an exact mechanism has been made.
Failure to obtéin agreement has been attributed to variations in the
material, experimental conditiorlxs, and in the size of the sample
used (15),

Gregg and Razouk (17) interpreted their data by means of a
contracting sphere model:

(kot)
(1 —d )1/3 =1 =

R
obtaining activation energies of 12 to 27 kcal/mole for Mg(OH),
powders, and 27.6 kcal/mole for brucite.

Anderson and Horlock (14) used a contracting disc model:

(kzt)
(l-o\)l/Z:l—' R

and obtained activation energies of 27.6 kcal/mole for powder,

and 23. 6 kcal/mole for two types of brucite.
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(18) had earlier shown that no

Zhabrova and Gordeeva
single model could unequivocably be used: They fitted their data

successfully to a contracting sphere relationship and to a uni-

molecular (first order) decay law of the form
ln (1-&) = kit + constant

in which ky is a nucleation rate constant and & is the fractionai
weight loss.

Gordon and Kingery (15) concluded that their data could best
be interpreted using the unimolecular model, because of the complete
disruption of the starting material early in the decomposition. Large
crystals probably show mixed control as the fragmentation may
be incomplete, making both contracting disc and the first order
mechanism opefative. They also concluded that the effect of Wate“r
vapour back pressure was considerable causing discernable variation
of rate with sample size, and from worker to worker with various
conditions. Horlock, Morgan and Anderson (19) studied the effect
of water vapour on the decomposition, showing that the. rate of weight

ioss is much higher in vacuum than in water vap our atmosphere.
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CHAPTER II

2. Experimental
2.1 Apparatus

The apparatus, shown in a schematic view in Figure 5, was
constructed to permit the decomposition of various systems in a con-
trolled atmosphere, since it was felt that gaseous atmoséheres,could
produce considerable effects during and following decomposition. The
design was intended to have fairly general applicability in the area of
neck growth, sintering model studies, and for that reason incorporated
some features not absolutely essential to the work forming the present
study..

2. 1.1 Furnace and Load Frame

The specimens themselves were mounted in a loading frame
(Figure 6) which was removeable from the furnace for specimen mount-
ing. The load frame was fabricated from Inconel X-750. The pushrod
slid in boron nitride bushingsf gave fairly low values of coefficient of
- static friction (about 0. 05 when clean), permitting the use of small loads
for studies with single crystals. The various '"grips'' slid onto the
pushrod and anvil, permitting ready change from one type of specimen
to another.

When in position in the furnace the load frame was enclosed
by a resistant element consisting of 10 turns of No. 6 A. W. G. Chromel

wire, operating at 10 volts. The furnace had a power rating of one
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kilowatt with this winding. The heater was insulated from the water
jacketted vacuum chamber by concentric silica tubes separated by
corrugated stainless steel radiation shields, which provided reasonably
efficient insulation with minimum surface area, permitting easy pump-
down to high vacuums.

2.1.2 Vacuum System

The furnace chamber was fitted with two 2 inch diameter
Pyrex windows, permitting viewing of the specimen when in position in
the furnace. The sight path was through 3/4 inch holes in the furnace
insulation and between turns of the heating coil.

The pumping system consisted of a 2 inch Edwards EO2
oil diffusion pump with liquid nitrogen trap and bugterfly isolation valvé,
backed by a Balzers Duo. 5 mechanical pump. Coarse and fine bleed
valves permi’cted-admission of any desired gas or vapour into the chamber,
and by balancing bleed rate against pumping rate any desired pressure

5 Torr could be obtained fairly easily.

between 1 atmosphere and 1 x 10"
Vacﬁum gauging was by means of an Edwards Piranni-
Penning gauge unit.
2. 1.3 Photography
Specimens in the furnace were photographed with one of two
different lens systems, depending on the magnification required. A
conventional 135 mm Telephoto lens with extension tubes i)ermitted

magnification slightly in excess of 1;:1, and higher magnifications were

provided by Leitz Optics, having a magnification of about 4 x . Thé
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specimens were photographed in sihouette, being backlighted by a

microscope illuminator. The camera was a 35 mm single lens reflex.

2.1. 4 Loading and I?isplacement Measurement

The pushrod of the loading frame was contacted by a spring
loading device. Substitution of different springs permitted loads from
10 grams to about 3 kilograms for the present experiments. This
system had an inherent load variation with displacement but for the
small displacements involved it was not felt that the variation would be
significant. The springs were selected to minimize this effect. A
piece of hardened 0. 030 diameter drill rod passing through a slightly
undersized hole in apiece of 1/8 inch thick neopren e rubber provided
a means of transmitting the motion outside ;:he vacuum system. The
rod was smeared with vacuum grease and provided a very low friction
force which was almost exactly balanced by the ram force of ‘_che dial
indicator, about 20 grams, and was only used for loads in excess of
100 grams and so did not provide a large sourcé of error in the load.

The displacement was measured in two ways; by an inductive
displacement travnsducer connected to .a Phillips strain gauge bridge
and Heathkit strip chart recorder, or directly by a Starret dial
indicator (0. 0001 inch per division), connected in tandem with the trans-
ducer. Use of tile transducer- recorder combination was terminated
after experience showed that correction for»the drift of the recorder
involved more difficulty than manual recording of the dial indicator

readings.
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2. 1‘. 5 Furnace Temperature Control and Power Supply

Temperature measurement was by means of Chromel-Alumel
thermocouples. These were either connected directly to a compensated
potentiometer controller (Honeywell Servotronik or Versatronik) or
conﬁected to a Pye Potentiometer or Heathkit recorder with an icewater
(0°C) cold junction. Most of the experimental work with xna,gnesiumi
hydroxide was done using three thermocouples (Figure 6) of No. 32
A.W.G. wire. For the experiments two of the thermocouples were in
contact with the specimen ;nd grip (Nos. 1 & 2) while the third was free
to measure radi'é.:nt temperature w;1thin the‘furnace. Thermocouples
1 and 2 were generally in agreement within 5 degrees Centigrade, while
the third was as much as 20 and 30 degrees different, depending on the
particular thermal conditions.

For some of the early experiments temperature was
measured by means of a 1/8 inch O. D. Inconel sheathed thermocouple,
placed inside the fixed grip. This_ obviously was not representative ‘of
the specimen temperature except under isothermal (steady state) con-
ditions, but it was used for temperature control during linearly in-
creasing temperature runs.

The power to the furnace windings was supplied by 2 KVA
Powerstat. which was used in conjunction with the controllers to provide

optimum control at a particular temperature setting.
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2.2 Experimental Technique

2.2.1 Growth of Ca(OH) (Portlandite) Single Crystals

The Ca(OH), single crystals used were grown by the inter-
. diffusion of solutions of potassium hydroxide and calcium chloride
by a technique due to Dave and Chopra (12) | modified slightly as
follows:

A 100 ml beaker was placed inside a 600 ml beaker,
Figure 7, and the two were filled with CO, - free distilled water
(prepared by bubbling nitrogen through distilled water) just above the
top of the 100 mll Beaker. In this work the solltions were introduced through
two stopped funne.ls through fine glass tubin.g extensions rather than by
Pipette as suggeséed in the reference in order to pfeven'c turbulence
and premature mixing of the solutions.

When the distilled water had been added and the funnels
. filled with saturated solutions of KOH and CaClp molten paraffin wax
was poured onto ‘the distilled water to a dei);ch of about 1/4 inch to prevent
contamination by atmospheric gases. 50 ml of the KOH solution and
40 ml o.f‘ CacClp v’viats admitted to the beakers. In two or three days
Crystals starteci't’o appear on the outside of the small beaker and the
inside of the larger one. In four days growth was essentially complete
and the wax was lifted out and the crystals carefully removed from the
walls of the beaker by scraping them off with a stirring rod equipped with
a rubber scrape‘r. The crystals were rinsed with distilled water and

then stored in tightly capped jars. Each run produced about 500

small crystals. Only a small number of them were suitable for
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FIGURE 7 The apparatus used for growing Ca(OH), crystals.
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experiments as many were either very small, quite imperfect or broken
fragments of larger crystals. The crystals had obvious hexagonal
morphology and fractured very easily on the basal planes. Typical
defects were pockets of trapped solution, or ''pipe'' extending some
distance into the crystals from the root end.

The crystals were not analysed as purity was not felt to be
of great importance at this stage of the investigation, but Dave and
éhOpra (12) quote 99. 65% Ca(OH), and 99. 6% of the theoretical calcium

in their crystals.

2.2.2 Experiments on Tip to Tip Contact

A. Ca(OH)» Crystals

For these experiments the camera set-up with 4 X mag-
r;ification was used to view and record the behaviour of the crystals.
During these early experiments the linear ternpérature programmer
waé not availéble so the heating rate was uncontrolled, giving a temp-
erature - time profile similar to that shown in Figure 8.

The procedure of selection and mounting was tedious as the
useful crystals were typically very small; less than 1 mm in diameter
a;xd 2 to 3 mm lohg. Crystals of good size and shape were selected
from their storage jar, examined under a microscope (50X) to ensure
suitable tip shapg, then lightly etched in 10*4 N Hydrochloric acid solution;
followed by rinsing in distilled water to give a fresh surface, then
rﬁounted, lpaded; é.nd evacuated as quickly as possible to miniﬁize surface

transformation to CaCOs3.
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Mounting the crystals in the load frame was done with a
commercial furnace cemenﬁ ""Sairset'" as this érovided a suitable mount-
ing for the crystals inasmuch as it was quick setting, strong and yet
easily removed from the grips after a run.

After the system had been év#cuated to a vacuum of about
0.02 Tory the furnace power was switched on and the run commenced.
Photographs were taken before, during and after the decomposition,
wﬂich could be followed easily, as the pressure in the furnace was to

some extentbproportiohed to the decomposition rate.

2.2.3 Preparation of Mg(OH)LCompacts

B. Mg(OH)p Compacts

To s‘tu‘dy qua‘litatively both flow and bond formation, pairs
of :hemispherical t;pped pellets were placed in the load frame and de-
co:mposed under va;rious loads. Details of specimen preparation are
give‘n in the following section.

For deformation studies under compressive loading,
Mg(OH)? compacts.wer'e prepared from Alcan magnesium hydroxide
(Alcan Ltd., Mont%i;eal, Chemical Products D'iviéion). This material
contained impurit‘ies as follows: MgO-96%—AIZO3+Fe2 03-1. 5%,
CaO+Si02-2. 5%, A-(a'ﬂxfter ignition).

The particle size and shape was determined in an electron
inicroscope by suépending a small amount of the powder in a dilute HC1
solution, then pla;"cving a drop of this suspension on a grid with a carbon

su{pport film and allowing the water to evaporate. The powder is shown
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a) Before dehydroxylation

b) After dehydroxylation at 450°C

FIGURE 9 Electron micrographs of the Mg(OH), powder.
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in Figure 9. The mean particle dimension in the basal plane was
estimated to be 1500& and the average thickness was about 250 &. Surface
erea was approximately 15m2/gm.

The powder was pressed into compacts in a 0. 190 inch
ciiameter die made from Atlas Keewatin steel, with plungers of drill
rod. Both die and plungers were hardened and tempered, the die to
Rc60 and the plungers to R 55. The die was used successfully to
100,000 psi with Mg(OH)2, although galling occured at much lower
éressures with MgO in a sim'}lar die. The bore had a very slight taper
(rabout 0.0005 inches/ inch), wh.ichlfacili.tated removal of the compvacts.
It was felt that experiments with the tip to tip contact of decomposing
bodies might demonstrate both flow and bond formation with this material
end to this end 2 number of compacts were pressed from Mg(OH)? ueing
a ram shaped to give a hemispherical end on the pellet, (shown 1ateriin
Figure 13). |

The compacts were produced using a floor model Instron
Machine which wes_ calibrated‘ so that the chart read directly in pounde
per square inch. By using the load cycle control it was possible to
obtain very repreducible specimen density.

T.he.ioressing érocedure was aslfollows:
: ‘l) TheA'die was loaded (with pre-weighed charge).
2) The die was placed in the machine and preloaded to about

100'-psi by means of the manual crosshead traverse.
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3) The specimen was pressed undér a constant crosshead
speed of 0. 05 inches/min.
4) The crosshead motion was stopped at a predetermined load.
5) The load was allowed to relax with constant cros shéad posi-
tion for 5 minutes.
6) The load was released at 0. 05 inches/minute, and the
specimen pressed out at 5 inches/minute.
The specimens were then weighed, measured for length
and diameter and stored in stoppered vials until needed for experiments.
Practiical conéiderations limited the densities available for
study. It was fouﬁd that below a relative density of 0. 40 the specimens
were too fragile tp be handled easily, while above 0. 70 they tended to
develop circurnfe%ential cracks upon removai from the die.
The c{ompleted specimens were 0.1905 to 0. 191 inches
(4. 839 to 4. 851 mm) diameter, and approximately 0. 32 inches (8. 13 mm)
lbng. Figure 10 shows the relationship between' fractional density and. the
pressure used in éompacting the specimens. The consistency of denéity
was excellent; thé'v-range of densities observed was about + 0. 4% at
5,0‘70 relative density.

2.2.4 Deformation of Mg(OH)> Cylindrical Compacts

Several different approaches were taken to the problem of
characterizing the creep behaviour of the magnesium hydroxide compacts.
In all cases the specimens were placed between the flat surfaces of the

anvils or grips and the full load applied at room temperature.
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The types of experiments undertaken were as follows:

i) Quasi-uniform Heating Rate

Thé first series of runs were made to explore the reproduce -
ability of the experiments, énd to detérmine the éffect of load on thei
‘creep behaviour under these conditions. The heating rate was obtained
bvy using a fixed setting of the powerstat, giving the heating ?ate shown
in Fivlgure 3.

i1) Al I‘é'éthé rmal'’ Runs

In orde;r to facilitate the determination of an activation
energy for the deformation,. most of the experiments reported here
were done un&er | viéothermal conditions. The maximum heating rate
available was usgd to bring the specimen and load frame to the test
temperatﬁré, and'this was done within 10 to» 12 minutes of the start of
‘heating. The average heating rate was 40°C/minute, with an almost
linear rate of 26°C/minute from 320°C to 405°C (the maximum temper -
ature used in these experiments), as, shown in a time -temperature
};rofile, Figure ll Temperature was recorded continuously during
alll experimental runs. Periodic checks of ’;he recorder calibration
was made during'.the runs.

The rmal expansion correction Was necessitated by the rather
rapid rise in terﬁperature, which caused uneven thermal strains in the
different parts df. the loading frame. Two thermal expansion runs were
performed for éaﬁh run or pair of identical runs for given té'rnperature'

and load conditions, using a dummy quartz specimen. The expansion
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data were subsequently used for correcting the deformation data.

The thermal expansion correction was also verified using a travelling
microscope (Appendix III).

The variables considered in this series of experiments
were temperature, load (compressive stress) and specimen bulk
density. Other factors which could conceivably be experimental
variables, such as particle size, shape and chemical purity were held
constant. _.The specimens were loaded into the load frame, then into
the furnac.e, and the system way sealed and pumped down to about
1l0'2 Torr. The run was usually éommenced as soon as pumpdown
vs;as complete, but extended holding periods at low pressures (as long
as 46 hours) had no discernable effect on the creep curve.

Temperature measurements during this group of runs were
rﬁade using the thgr'mocouples described earlier, but several additional
runs were made With a thermocouplé inserte.d along the specimen axis
to measure temperature at the centre of the specimen, as described in
the following section.

2.2.5 Temperature Distribution in Specimens

The creep tests were p‘erfOr‘mevd "isothelf‘mally". However,
since the Specimc-_:n was taken to the temperature fér creep study as
fa;st as practically possible, there was a perjod é.t the beginning of each
eXperiment durir;g which large thermal gradients existed. There are

two ways of determining the temperature distribution in the speciment
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during the experiments: By theoretical consideration of thermal
diffusivity, or by experiment;,l determination of the temperature of
the center and on the surface of the s.pecimen. |

A. precise theoretical analysis was not possible because
‘of the lack of data necessary for such calculations. However, a pre-
liminary order of magnit.ude calculation. was made using the method
o.fl Carslaw and Jaeger (22), This. calculation, which indicates that
an interior temperature of approximately 0. 97 of the surface tempera-
ture will be reached in 8 to 10 minutes is presented in Appendix I.

'The temperature distribution during the creep study was
also determined e%perimentally. A thermocouple (No. 3) was inserted
at the center of the specimen from one end, as shown by the.dotted line
in Figure 5. The temperature was measured continuouély on the surface
(using thermocoup.l<es 1 and 2) and at the centre. Experimeﬁtally
determined tempe‘;ature pfofilgs for two surface températures,
345° and 408° C ar;e shown in Figure 12. After a very large temperature
gradient in the initial stages, a sfeady state, having a differential of
from 10° to 120C between the surface and the centre temperature was
reached, within 10 to 12 minutes of the start. of heating. Thus, for
ki;1etic analysis, it'was possible to assume the specimen to be at some

'"steady state'' ternperature characterised by'the mean temperature.
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CHAPTER III

3 Results_

3.1 Calcium Hydroxide Single Crystals

As discussed earlier only a very few specimens of
single crystal calcium hydroxide were obtairned with suitable properties
for deformation study in tip to tip contact. Experiments were performed
with single crystals 3 to 4 mum long, about 1 mm in diameter, and of
hexagonal cross section. The specimen pair was placed under a load
of I0 grams and decomposed. This load corresponds to a contact
préssure of about 0.5 kg/m'mz, based on the final contact area.

Fig'ufe 13 shlows a series of photographs of a ;;articular
pair of crystals before, during, and after dec;)mposition. Due to the
irregular geomefry of the contact and the virtual impossibility of
duplicating the cur"{ature of the tips, no attempt was made to analyse
the neck growth data quantitatively. However, the phenomenon of neck
growth during decc;,mposition is clearly demonstrated in this series of
» photographs. Mic:rosc‘:opic examination of the contact faces of the crystals
after the neck grc;jwth experiments indicated fusion had taken place.

This was the firs't"‘indi.cation that deformation could take place in the

presence of applied stress during the decomposition of hydroxide.

3.2 Tip to Tip Contact of Magnesium Hydroxide Compacts
Following a similar procedure, ‘Mg(OH), compacts with
hevmispherical tipé. were decomposed while loaded into contact (Figure 14).

Deformation of the contact area resulted, as can be seen. Considerably
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Before decomposition

After decomposition

FIGURE 13 Growth of contact area during the decomposition of
Ca(OH)2 tips under load.
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more interesting was the explicit evidence of bond formation which is
provided in the form of a small piece of one tip left on the other; when
the tips were broken apart following the decompositioa (Figure 15). This
showed that the adhesion between the two tips was at least as great as the
cohesion within them.

3.3 Deformation of Magnesium Hydroxide Compacts

After the initial experiment just described, attempts were
made to study quant.itatively the deform;.tion behaviour of magnesium
‘hydroxide co.mpa.cts. during dehydroxylation, both at a uniform héating
rate and under isothérrnai conditions. The experiments at uniform
heating rate under different loads were carrie::vd out to determine the
extent of deformation obtained, and to establish limit on loads, temperature,
and density which could be used in subsequent stubdies. These experiments
also sho@ved the re}ati%’re amount of shrinkage and load-dependent de-

formation which were produced under these conditions.

3. 3 1 , Unif_o_lf.m Heatip_g_B__a._t_g

The specimens used in this ser_iés of tests all had a nominal
relative bulk de'{i:sity of 0. 50 (Table III). A set of temperature-dé-
formation cﬁfves (ftor this series of runs is shown in Figure 15. The
.curves show a tendency to increasing maximum slope and increasing
total defor.mation&vith increasing load.

The ’vt_'otal deformation obtained during decomposition was

*

measured from th’é initial and final length at the end of the decomposition,
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a) B_efore 'decompo sition

b) After decomposition

4 a2

FIGURE 14  Growth of econtact a¥ea diting decomposition of Mg(OH)j

Cempact tips unde¥ lead:
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a) Crater in one tip

b) Material removed from the crater ad-
hering to the other tip.

FIGURE 15 Evidence of bond formation during the decomposition of
Mg(OH)2 compact tips under load.
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TABLE III

SPECIMEN

49
50

38
39

45
46

42
43

40
41

47
48

33
34

52
53
54

LOAD,

kg kg/cm2
0.10 0.54
0.10 0.54
0. 35 1.9
0. 35 .9
0. 66 3.58
0.66 3.56
0.88 4.78
0.88 4.78
.2 6.53
.2 6.53
1. 63 8. 76
1. 63 8. 76
2.06 11. 2
2.06 11. 2
2.5 13. 6
2.5 13. 6
2.5 13.6

aL (%)

Lo

w

PN

o =

.62
. 69

.56
.08

.78
. 69

.15
.20

. 65
. 96

.22
.47

.72
. 90

.26
. 85
.10

$0, “em

.19
.20

.19

.19

1.19
.20

.18
.19

.19
1.18

1. 19
.19

.20
. 20

.21
. 20
. 20



47
as shown in Fig\ire 16. This total deformation was then coaverted to
percent total strain and is plotted against load in Figure 17. A log-log

plot of this data (Figure 18) suggests a relationship of the form

- n
€Lt e°1'+ Ko

where n is approximately 1/3, and the extrapolated change of length
under zero load was calculated to be 0. 3%.

3.3.2 "Isothermal'' Deformation (Creep)

As previously discussed, the optimum relative density
thz;mt could be easily achieved by cold pressing was 0. 50 of the density of
magnesium hydroxide. For this reason most of the experiments under
isothermal conditions were carried out using compacts of 0. 50 relative
devnsity. All creep curves presented have been corrected for thermal
ex-l)ansio.n of the 1oaciing frame as outlined in Section 2. 2.4, (ii). The
compressive load was applied to the cold specimen, and maintained
thi‘oughout the test. A typical time deformation curve is shown in Figﬁre
19, along with the specimen surface temperature and pressure in the
vacuum chamber.‘ The apparent relationship between the pressure of
the water vapour produced by the.decomposition (as noted from the
'varcuu,m gauge on the system) and the deformation is notable; the pea.k:
of the pressure curve coincides in time with the region of maximum slope
(maximum creep rate) of the deformation curve. The significance of this

result will be discus sed in more detail later.
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(a) Effects of Temperature on Deformation

The first series of runs were performed using a load
2.50 kg (13. 6 kg/cm?) at different temperatureé in the range of 3400
to 405° C. At least two runs were made for a given set of experimental
conditions , to test reproducibility. Four pairs of representa‘give time -
deformation curves are shown in Figure 20, and time-temperature de-
fofmation data are tabulated in Appe‘ndix II (a).

The second series of runs were performed with a load of
1.1 kg, (6.0 kg/cm?2), and the same temperature. was used in the
prévious series. ‘Four pairs of curves for tﬁis series are shown in
Figure 21, and data are presented in Appendix II (b).

(b) Effect of Stress at Constant Temperature

Following the same procedure outlined above, isothermal
créep tests were performed to determine the effect of load on deformation,
us:1ng specimens of 0. 50 relativé density. A temperature of 360°C was
chosen for this study as it allowed a maximum range of loads to be used
without fracture Qf the compact. Five stresses between 0. 55 and 13. 6

2

kg./crn were used for these experiments. The results are plotted in

Figure 22 and recorded in tabular form in Appendix II (c).

(c) Eiffect of Green Density
Previous creep studies of porous ceramic bodies have

shown that the creep rate varies with the relative density of the

cornpact(24 ). In order to determine the effect of the green density of
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FIGURE 20 Deformation versus time for specimens cf 0. 50 relative density, at "isothermal' temp-
eratures as shown. Stress 6.0 kg/cm?.
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the compact on the deformation behaviour, a series of experiments
were carried out under isothermal conditions. For this series a tem
perature of 360°C and a load of 9-‘25kg/cm2was used. As the specimens
could be produced with relative densities in the range 0. 4 to 0. 7,
‘compacts having densities in this ranlge were used. As expected,

the variation in green aensity signifigantly affected the creep behaviour
as can be seen in Figure 23. The creep data are also presented in

tabular form in Appendix II (d).
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CHAPTER IV

4 Discussion

4.1 Shrinkage Versus Creep

The first consideration requiring clarification is that of the
nature of the deformation observed. It must first be established that
’;he deformation prodﬁced during the.deco:mposition of magnesium hy-
&roxide compacts under load, either with a uniform heating rate or
under isothermal conditions, is not due simply to mass loss associated

with the decomposition. The reaction involved in decomposition is -
Mg(OH), — MgO + H2O0

and this results in a therretical weight loss of 30. 9% of the initial
specimen. It can easily be shown that a fully dense specimen of brucite
WOuld if fully transformed to periclase occupy only 47% of its original
volume. Thus, there is a net volume reduction of 53% associated with
this decomposition. However, it is well established (15) that the de-
:composition of brucite produces pseudomorphous relics with only slight
dimensional chiange.

It was therefore necessary to experimentally determine the
;:xtent of shrinkage directly associated with mass loss so that this could
=be differentiated from the creep deformation resulting from the exter-
_;1a11y applied stress (during dehydroxylation). However, with the

apparatus used, a finite load on the specimen was required to ensure
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the function of the measuring system, so direct measurement of shrink-
age without load in the experimental :setup was not possible. Therefore,
several specimens were deco:mpdsed under the same conditions of temp -
erature and vacuum in the furnace of the creep apparatus. The cyiindrical
épecimens were set vertically on a foil pan to ensure that unrestricted
shrinkage cquld occur during decomposition. The dimensional chanées
éf the specim‘en’s, ‘heated at temperature{;s in the range of 300° to 5000 C,
Were detef.mined with a conver;tional micrometer (sensitivity 0. 0001 1n ).
As the specimens. were quite fragile after decomposition, precise
shrinkage measurement was difficult. However, the results indicated
that the shrinkage was less then 0. 4%.

The results presented in Section 3. 3. 1, for the deforr‘riatiqn'
(I).f magnesium hydroxide compacts subjected to varying loads and de-
composed under a uniform heating rate also support this estimate of
the shrinkage. The extrapoiated value of total strain at zero load was
calculated to be 0. 3% on the basis of the experimental data. This value
compares 'favourably with that obté.ined by direct shrinkage measure -
ments.

Thus this shrinkage, due to the mass loss only, can be
-considered insi'gni,ficant in comparison with the 6 to 8% linear dimeﬁ_
sional change obsefved duriﬁg the creep study. No attempt has been
irnade to correct the creep curves for the shrinkage, which is smaller

than other potential experimental sources of error. This observation firmly

establishes for the first time that the material can be deformed plasti-

éally during a decomposition reaction.
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4.2 Weight L.oss Versus Creep

The shape of the creep curve (as opposed to the shrinkage
curve) is similar to that of the weight loss curve determined thermo-
. graphically.r. This is shown clearly in Figure 24, where a creep cu.rve
and a weight loss curve prepared undér identical heating ;onditions
are compared. A load of 6. ng/cmz and‘ a linear heating rate of
250C/min were used, on compacts having the same relé.t__ive density
(0.50). A shrinkgge curve is also included forcomparison. with the ob-
served deformation. The conditions of decomposition differed slightly
in that the therrpogravimetrié analysis was carried out in a nitrogen
étmosphere. This may explain the non-coincidence of the creep and
weight loss curves in Figure 24.

4.3 Stages of Creep

The creep curve is of sigmoidal form (Figure 25 and
Figure,:s 20 - 23), with three apparent stages. These can be tefmed:

§,t_aﬁe_i |

The initiation period, where a rapid increase of creep ré.te

occurs.

Stage II

A period of rapid creep, which in several cases appears
to approach linearity.

§t_ég§_ll_1._

A decay region, during which the rate decreases rapidly

and appears to approach zero asymptotically.
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Time
FIGURE 25 Stages of Creep
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The first stage appeé.rs to be initiated by the dehydroxylation
reaction. This is shown in Figure 19, where the beginning of Stage I
coincides with the rise of pressure in the vacuum system. This stage
‘appears to last for the first 10 to 20% of the total creep. In the second
stage, the creep rate is highest. During this stage the temperature
of the surface and the inside of the specimen reached a steady state
thermal condition, with a differential of 10° to 12°C throughout the
decomposition, as discussed in Section 2. 2.5, and shown in Figure 12.
This stage of the defor.rnation ‘coincides with the most rapid evblution
of water vapour ﬁrom the specimen, and h‘e.nce thé highest system
pressures. The tendencir of the s'ystem pressure to form a sharp peak,
as shown in Figure 19, depends upon the te.rhl)erature of the run,
(specimen surface tem.perature). At 3859 and 4059C the peak is quite
pronounced; temperatures vof 3400 and 3600 produced a broader and
flatter pressuré curve, as is expected, if the creep is directly related
to the decomposition. Several more time—d.eformation -pressure re-
lationships afe shown in Figures 26 andg? . These demonstrate
Elearly the relationship between the system pressure and deformation.

The relafionship between the system pressure and the
rate of mass loss accompanying dehydro%ylation is in principle a
;imple one. The pumping rate is probably a function of the absolute
éystem oressure, and if the exact pumping rate is known it should be

possible to determine reasonably accurately the rate of mass loss during
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the dehydroxylation. From this, the mass loss versus time curve could
be obtained by integration.

This approach is complicated, unfortunately, by the
variation of such parameters as the pumping rate, which depends to some
exfent on the mechanical condition of the backing pumpl , the type of gas
previously pumped, the system temperature, and other factors. These
factors are probably controllable, however, and the measurement of
system pressure represents a potentially ﬁseful tekchnique for correlat‘ing
mass loss with mechanical deformation during dehyaroxy.lation in this’
type of experiment,

In order to characterize the observed creep quantitatively,
different aspects of thé time -deformation curve should be considered.
The beginfling of Stage I seems to be related airectly to the onset of
dehydroxylation, and the extent of this stage varies with the tempera-
ture, load and density of the specimen as can be seen in Figures 20 - 23.
Lé'wer temperatures, and consequently lower rates of dehyciroxylation
pr\oduce a more prolonged initiation period.

" The duration of Stage 1I varies with the temperature and
aplplied load. At higher temperatures and loads, and lower densities,
a }ohger and pearly linear Stage II is obéerved. At lower temperatures,
higher deﬁsities and lower stresses, the Stage III decay region seems
tovform a larger portion of the curve. Ih all cases, however, the slope

of the curve (maximum creep rate) is strongly influenced by variations

§
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in stress, density and temperature .

The pérameters selected to characterize the creep
phenomenon are, therefore, the total creep strain developed under
isothermal coaditions and the maximum rate of creep. The total
deformation was measured followi‘ng the procedure shown in Figure . 16,
and the maximum creep rate was determined from the slope of a line
cirawn tangent to the steepest part of the creep curve. The creep rate
is expressed as inches/inch/minute (or minute - 1).

ThesAe two parameters are somewhat arbitrarily defined.
but as is shown in the following sections, they provide a basis for
a;nalyzing quantitatively the creep behaviour.

In the following sections, the effects of temperature, stres.s
and relative density on the maximum creep rate and the total observed

strain are considered.

4. 4 Creep Rate
4.4.1 Effect of Temperature’

To determine the activation energy for the creep process,
the maximum creep rates have been plotted against reciprocal absolute
tfemperature‘ in Figure 28. The Arrhenius plot of both'sets of creep
rates, determine;i using specimens of relative bulk density 0. 50 and
stresses of 6.0 aﬁd 13.6 kg/cmz produced an activation energy of
1“7. 5 kc.a.l./.mol. The specimen properties, temperatures, stresses and

creep rate are summarized in Table IV.
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TABLE IV

TEMPERATURE DEPENDENCE OF ISOTHERMAL CREEP

Nominal Relative Bulk Density = 0. 50

SPECIMEN

81
83
76
75
82
79
80
7
78

85
86
96
97

101

102
99

100
84
98

TOC

- 340

340
360

360

360
385
385
405
405

340
340
340
340
360
360
385
385
405
405

L3

e

. -1
min

24.
22.
43
42.
39.
66.
70.
90.
100.

16.
17.
20.
20.
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70.
60.
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4.4,2 Stress Dependence

The observed maximum creep rate is plotted as a function
of stress in Figure 29. The stress dependence is essentially linear,
showing pseudo-Newtonian behaviour, with an apparent intercept on
the rate axis, i.e. finite rate at zero stress. A direct proportionality
.between creep rate and stress is generally attributed to viscous flow,
grain boundary sliding or Nabarro-Herring creep. Details of possible
mechanisms of creep during dehydroxylation will be discussed later.

The data is summarized in Table V.

4 4.3 Densi;y Dependen’ce

The rﬁaximu:m creep rate varied strongly with the green ;tlensity
of the specimen. A similar density dependence was also observed by
Ciloble(v24 ) for the creep of alumina at elevated temperatures.

To explain the depsity depehdence of creep rate, the effective
stress acting wij:hin the specimen must be considered. In a particuléte
gompact, the effective stress acting on contact area A, (oﬁ a cross
section of the cjornpact), and the stress are related by -

. O" eff = O applied
A

Any increase in the relative density increases the contact
area (assuming constant packing geometry) and thus reduces the
effective stresé, The contact area in a powder compact of spheres after

deformation and the relative density of the compact are related by (25)
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TABLE V

STRESS DEPENDENCE OF ISOTHERMAL CREEP

Isothermal Creep Stress Dependence
T = 360°C Nominal relative bulk density = 0. 50
STRESS - e - e
SPECIMEN kg/cm®  min !x10% % _?o

103 0. 54 20.9 3.16 1. 214
104 0. 54 19. 9 3.48 1. 214
105 0. 54 17. 7 2.53 1. 212
101 6.0 27.6 5. 39 1.208
102 6.0 30. 0 5.38 1. 214
108 9.25 30. 6 | 6.58 1. 212
109 9.25 31.2 6.27 1.220
106 3.53 24.9 5.02 1. 205
107 3,53 24. 7 4. 70 1 212
75 13. 6 42,9 7.25 1.203
76 13. 6 43. 4 7.25 1.208

82 . 13.6 39.0 6. 86 1 196
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-

where 9 and PO are the relative densities at any face of radius
a and a =0, respectively, and R is the radius of the deformed sphere.
2
This means that ? e« a~ or contact area, for a constant initial packing

density. Hence,

o—effd 1

This relation may also be obtained by considering the solid area frac;tion
in a plane cut through the specimen, the stress effective on this area,
and the relative density of the specimen. A similar conclusion was

also drawn by Fl"yer (26 ), Fina‘lly, since the strain rate is proportional

fo the stress,
e & 1/?

The experimental validity of the relation is shown in Figure 30, where
the creep rate ?s plotted as a function of 1/9 . The data of Coble and
Kingery (A24 ) fqr the creep behaviour of Al,O3 of varying relative
densities are also plotted. It can be seen -that this relation satisfies
Both sets of data. ‘This result implies that the density dependence of

the creep rate arises from the stress concentration on the grain bounda-

ries or the contact area between the particles because of the porosity

in the specimen.



€ (in/in/hr) X 107!

N

Cobles Data
on Al,05 .

oo

1 L i 1 1 1 !

-4 -8 22
170

#IGURE 30 Density dependence of maximum creep rate,.

26

€ (in/in/hr)X10%



- 74 -

TABLE VI

DENSITY_DEPENDENCE OF ISOTHERMAL CREEP

Stress 9.25 kg/crn2

Temperature 360°C.

NOMINAL e e

T
~ RELATIVE
SPECIMEN 370 DENSITY min~!x10* ¢

129 0.963 0. 40 44.9 collapsed
130 0.972 *  0.40 51. 3 collapsed
124 1.072 0. 45 41.2 7. 62
125 1. 073 0. 45 40. 7 7.05
108 1.212 0.50 306 6. 58
109 1. 220 0. 50 31.2 6.27
120 1. 313 0. 55 31.4 5. 96
121 1. 317 0. 55 29.2 - 6.04
116 1. 425 0. 60 25. 5 5. 42
117 1. 430 0. 60 24.3 5. 59
132 1. 537 0. 65 21.3 5. 02
133 1. 535 0. 65 20.2 4. 87
136 1. 702 0.70 - 19.1 = 4.28

137 1. 700 0.70 20. 1 4.21
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It should be pointed out that the actual density of the compact
at the instant of maximurﬁ creep rgte is not the same as the green
density, since a certain amount of decomposition (and hence mass loss)
has taken place at the time the maximum creep rate is meAasured.

The fact that the density dependence may be described by as simple

a relationship as & o« 1 shows that: 1) e is independent of weight

loss during StageA II,or‘ 2) the maximur? rate occurs at a certain fraction
c;f the total weight loss in all cases.

The creep rate during Stage II appears to be relatively
;onstant, even thoﬁgh the system pressure variation shows that the
reaction reaches maximum rate and diminishes very rapidly, indicating
that the dehydroxylation rate has the same behaviour. This suggests

| strongly that the creep rate may be independent of the extent of de- -

hydroxylation as long as the reaction is actually in progress.

4;. 5. : Total Creep Strain

The t.otal pet;cent strain is summarized for é particular set
of conditions in each of the tables mentioned in the preceding section.
(:Tables IV - VI). The effectg of temperature, stress and green density
upon the total strain will now be considered. |

4.5.1 - Effect of Temperature

The total strain in plotted in Figure 31, for two different
stresses (6.0 and 13. 6 kg/cmlz) and a range of temperatures. A least
équares fit performed on the data gave lines through both sets of points

having a zero slope. That is, the total strain developed is independent
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of temperature.

4.5 2 Effect of Stress

The total percentage strain under isothermal coné:'litions
is also plotted as a function of stress in Figure 32. In order to find
t‘he stress dependence of the total strain, a log-log plot of the data
is made (Figure 33). The equation which adequately represents the

data is found to be e = e +k o.r} where the value of the power

T or
n is approximately one third. egqgy 1is very small, and so can not be
determined from this plot. This behaviour is strikingly similar to
that observed earlier (Secfion 3.3.1) for total,strain at a uniform

heating rate.

4, 5.3 Effect of Density

The values of itotal strain observed following isothermal
creep at 360°C, for a constant stress of 9. 2 kg/crnz, are plotted against
density in Figure 34. T.he data have also béen tested on a log-log plot,
(V:)n which a line drawn through the point gives a slope of approximately
;1, sﬁggesting a reciprocal relationship. The data are therefore plotted
against 1/?‘ , as shown in Figure 35. The experi’rn'ental scatter in
the sedata makes it impossible to determine with certainty the form of
the relationship.

However, as the strain rate was shown to be inversely
prOportional to the density, it is likely that the density dependence of
the total strain under isothermal conditions also arises from the effective
stress acting on the compact, making the reciprocal relationship more

probable.

i
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4. 5.4 Phenomenological Behaviour

The relationship observed between total strain and

stress, i.e.

e A of , wheren = 1/3

T

is similar to the dependence of the cold compacted density of the

material, which gave
P" ;
g = go ., with also =g 1/3

The similarity of the stress dependence suggests some possible
mechanistic relationship, perhaps particle sliding, but no theoretical
argument can be advanced for this power law. A similar power

law dependence of density on streés has also been reported by

(30)

Smith , also on the basis of experimental data.
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4, 6 Postulated Mechanisms of Creep

4.6.1 Physical Changes Accompanying Dehydroxylation

In order to postulate a mechanism for the observed creep
it is necessary to consider the changes which accompany the de-
composition. As discussed in the Introduction, the dehyldroxylation
ci)f Mg(OH);, forms particles of MgO, approximately 100 R diameter.
Calcination of the Mg(OH), used for this study (specific surface area
15m2/gm) in the temperature range 350° to 400°C has produced
§urface areas of up to 250‘m2/gm on the product MgO. 'I.‘his corresponds
to free cubes of average 66 R to a side. This calculated size is in good
agreement with X-ray line broadening experiments on thé same material,
calcined between 400° and 500°C, which produced a particle size
fange of 60 to 75 (27,

Samples of the Mg(OH)2 have been examined l;efore and
after dehydroxylation in the electron microscope. The rﬁagnesium
hydroxide pO'v;rder was placed on carbon support films on copper grids,
‘;hen calcined in a vacuum furnace (10'5 Torr) at temperaltures from
3509 to 500°C. The samples were then examined to determine the
extent of visible change at various temperatures. At the temperatures
used for this study (below 450°C) the hexagonal brucite platelets retained
their characteristic shape, although completély transformed to MgO.

These experiments served to confirm that the behaviour
of this material was qualitatively similar to that observed by others

(Section 1.4) on materials from different sources.
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4,6.2 Activation Energies of Concurrent Processes

It is interesting to compare the activation energy obtained
here for the creep process with the activation energies of other processes
~ which may occur concurrently during dehydroxylation. Although this
approach may not reveal the exact mechanisms involved in the de-
formation process, it is a basis for comparing quite different pheno-
mena. Such comparison may lead to a hypothetical mechanism for tk:1e
deformation observed in this investigation.

The dehydroxylation itself is the most important process
associated with the creep, as the creep process observed is activated
by the decomposition reaction. The most authoritative work on the de-

(15)

h'ydroxylation kinetics is that.'of Gordon and Kingery , who have
shown that the activatioﬁ energy of the process varies with the specimen
éeometry, primarily due to the back pressure of the water vapor created
by the dehydroxylation. The activation energy for the dehydroxylation,
v;rhen corrected for thé specimen geometry appears to be in the range

(;f 38 to 40 kcal/mol. This activation energy is more than double that

_ determined for the creep process, which indicates that although the
decompOSition reaction initiates the deformation, the rate controlling
mechanism for the creep is probably different from that of the de-
ﬁydrpxylation. Thé observation that the creep rate during the

second stage is independent of the rate of dehydroxyla’gion' lends support

to this argument. (Section 4. %. 3).
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Studies of the rehydration of MgO prepared by the calcination
of MgCO3 at 1000°C were carried out by Layden and Brindley(28).
These studies indicated that the temperature dependence of the
reaction rate constant may be described by an Arrhenius - type
relationship with an activation energy of about 16 kcal/mol. The exact
nzlechanism was not determined, but it was felt most likely that the
overall rate was governed by the rate of an interfacial reaction. This
c'ould presumably itself be diffusion controlled.

A grain growth study of MgO prepared by the calcination
of Mg(OH), has been performed by Kotera, Saito and Terada(zg).
Working in air in the temperature range 500°to 900° C they found an
activation energy of 17 kcal/mol for the grain growth, using material
prepared from precipitated Mg(OH),. On the basis of the low activation
energy of the process and the time exponent of grain growth (t" ,n = 1/6),
Kotera et al suggested that the rate may be controlled by surface dif-
fusion.

The good agreement between the activation energy of the
grain growth process as determined by Kotera et al, and that of the
creep process investigated heré suggests th?,t the rate controlling

mechanisms for these two processes may be the same.

4.6.3 Viscous Flow and Grain Boundary Sliding

The stress dependence of the maximum creep rate is
linear, suggesting that the mechanism of the deformation may be

either viscous flow or grain boundary sliding (interparticle sliding).
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Grain boundaries in the proper sense do not exist in a particulate
compact of the type used, so pérticle (equivaient to grains) sliding is
considered to be synonymous here. Grain boundary creep is generally
important only at temperaturgsabove 0.5 T,,. This suggests that some
form of increased atomic mobility must be present for this mechanism
to be operable at the temperatures used in this study.

4. 6.4 Possible Mechanisms Qf Deformation

From the foregoing it appears that the creep deformation
;)bserved during the decomposition of Mg(OH), may be diffusion con-
trolled, as the activation energy of the creep process is similar to
those of grain growth and rehydration. On the other hand, it is pos-
sible that the deformation occurs byv some other means. For example,

(33)

it has been dern_o-nstrated recently that a loose particulate compact
of a mixture of tungsten and oxalic acid can be densified during the
Hecomposition of the oxalic acid, apparently withoﬁt any chemical
reaction between the two materials. In this case the enhanced densi;
fication of the fungsten powder was attributed to the effect of gas
’phase lubrication.

At present it is difficult to choose between these two
mechanisms:

a) Deformation controlled by diffusion, and

b) Deformation controlled by gas phase lubrication.

This system is further complicated by the fact that the
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Mg(OH)2 disintegrates into very fine crystallites of MgO ( about 70 R ),
thus creating a large number of new interparticle contact areas. for
sliding. In addition, the possible contribution of slip to the observed

deformation must be considered.

4.6.4.1  Slip Mechanisms
As near theoretically dense bodies have been produced
just above the decomposition temperature, the deformation of indi-
'vidual crystallites must occur during the hot pressing process at
higher stressesv, indicating that the freshly formed MgO is plastic.
This plasticity may be @anifested even at low stresses,
giving rise to some or all of the creep deformation observed in this

(31) showed that fully dense polycrys-'

‘s‘tud.y. Hulse, Cople? and Pask
£allin§ Mgb ( of a certain and grain size ) can yield plastically

at as low as 400°C. (at 35, 000 psi ). They also showed that the yield
stress on the {100} (1 10> slip system of single crystal MgO is approx-
imately 10,000 psi at 400°C. In the present investigation the particles
are not constrained in the same manner as grains in a solid body,

and the individuai contact areas may be very small, giving rise to
very high stress concentrations. bAlso, the fréshly formed MgO
i)articles may be highly defective as a result of the type of structural

rearrangement involved in the decomposition. A combination of all

these effects may contribute to the creep deformation observed.
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4.6.4,2 Stacking Rearrangement

Another possible stress dependent mechanism of de-
formation of the particles may stem from the effect of stress on
the rearrangement of the stacking sequence necessary for the
transformation from the hexagonal to the cubic lattice vconfiguration.
In considering the transformation of Mg(OH), to MgO, none of the
previous investigators have studied in detail the required change
of stacking sequence. Two basic models have, however, been
cproposed for the removal of water vapor from the material during
‘the reaction.

The model suggested by Goodman(l3) for the transfor-
,:mation, as shown in Figure 3, ne.cessitates a structural collapse
:normal to the basal oxygen planes due to the removal of whole
iayers of oxygen (hydroxyl) ions. Because of experimental dif- -
ficulties none of the investigators have been able to determine the
extent of the dimensional change normal to the basal planes. How-
ever, if such a collapse occurs, it is i)ossible that the presence of
an external stress having a component parallel to the oxygen planes
can cause deformation during the dehydroxylation.

Alternatively, if the decomposition proceeds by the in-

(16)

homogeneous mechanism of Ball and Taylor , Figure 4, a stacking
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sequence rearrangement is necessary at some time during the
reaction. It can be shown that the necessary rearrangement can
occur by the passage of a partial dislocation of the form 1/6 [Ell]
between every second oxygen layer. To provide the necessary
stacking rearrangement without gross shape change of the crystallite
the succession of shifts would be in the sequence 1/‘6 (ill?,

1/6 (lél} ("b") and 1/6 (112) (""c'') on successive planes.

An arbitrarily chosen plane requiring shift from ABAB
to ABCA could make the required change with a, b or c. In the
pfesence of an applied stress the shift would be in the direction of
that stress.

One property of the deformation could be related to this

rearrangement. The observed dependence of strain rate on stress;

where éo is the intercept with the rate axis, and A is a constant,
could result from the fact th;at a small external stress could cause
the sequence of partial dislocations to change from abc etc. to another
sequence causing gross strain.

This hypothesis has not been developed in detail, as
there is no direct indication in tﬁis study that deformation of the

particles themselves is actually occurring.
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V. Summary and Conclusions

5.1 Contact deformation and bond formation have been de-
monstrated in experiments in which tips of single crystal Ca(OH),

and cold-compacted Mg(OH), powder were decomposed while loaded

in contact.

5.2 Compacts of Mg(OH)2, of 07_5(? “r‘e‘lAzAa.‘tivg density have ibeen
décomposed under vgt_rﬂying compressive léads. The shrinkage acjt%orn’?é— :
nying dehyaf'oxj}lation in the aﬁéence c'>flload was less than 0.4%. A
lc;ad—dependent' deformation of up to 7% at 13.6 kg/cn’l2 (the maximum
sfress used) has been observed. The dependence of total strain on sfress,
a:"c uniform heating rate takes the forms

n

er = e.1.+ ko

where e is less than 0. 4% and n is é,pproximately 1/3.

oT
These obsérvations firmly establish for the first time
tflat this material can be deformed plastically during a decomposition
reaction.
5.3 Thé creep behaviour of the compacts was explored, for
different isotherfnal temperatures, st_re'sses and relative densities.
The compressive creep curve is of sigmoidal form, similar to the
thermogravimetri-c curve for the same material. The creep curve
has three stages;

Stage 1 - an initiation period, with rapid increase

of creep rate.
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Stage II - a period of nearly linear rapid
creep.
Stage III - a decay region, with rapidly decreasing

rate, apparently approaching zero
asymptotically.
5.4 The maximum creep rate (slope of the creep curve)
has been measured, and its dependence on temperature, stress and
density deterrﬁined.

The creep rate shows a terhperature dependence of the
Arrhenius form, with an activation energy of 17. 5kcal/mol. This is
approximately one-half the best published value for the activation
energy of dehydroxylation, so the mechanisms of the two processes
are thought to be different.

Comparison of the activation energy with those of grain
growth and rehydration (17 and 16. 1 kcal/mol, respectively) suggest
that the creep process may be diffusion controlled.

The cr‘eep rate has a linear relationship with applied
stress ., in the stress range examined ( . 54‘ to 13.6 kg/c,mz), énd an
apparent finite creep rate at zero stress:

;- e t AC

A full explanation of this behaviour has not been developed,

but it may relate to stacking sequence rearrangement during de-

htydroxylation.
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The creep rate has been shown to be of the form
e & 1/5’
This has been explained in terms of an effective stress
acting on interparticle contacts. The interparticle contact area is
proportional to density. giving the above result.

The final form of the creep rate equation is:

e = éo + AC exp (- 17,500 ¢ -1
? RT
5.5 The total creep strain developed under isothermal

conditions has also been determined. The total strain has been found
to be independent of temperature. Its variation versus stress is of the

form

n
e_. = et e«

T oT
where n is‘ again épproximately 1/3 “and e,p less than 0. 5%. The

density dependence appears to be of the form

er A l/?

5.6 The creep mechanism is postulatea to be interparticle
sliding, probably similar to grain boundafy sliding in solid materials.
However, it is possible that deformation of the particles occurs, pro-
bably by a mechanism associated with stacking sequence rearrangemént,
although this work does not permit the-formulation of a rigorous hypo-
thesis. It has, however, shown that load -dependent deformation cah

occur during dehydroxylation of Mg(OH)Z.
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VI Suggestions for Future Work

6.1 In order to establish more definitively the relationship
between weight loss and creep, experiments should be devised to
measure simultaneously, and accurately, the weight loss and dimen-
sional change.

6.2 The effect of specimen size has not been studied, and
experiments with varying diameters might permit extrapolation to
zéro diameter, and hence elimination of any back water vapour pres-
sx:u'e effect due fo the compact size.

6.3 As the Mg(OH), particles in the compacts undoubtedly
show a strong texture, due to their platy shape and the uniaxial pres-
sing, it would be interesting to explore the >effect of textural orien-
tation on the deformation. Thié could be done by using specimens
pressed sideways,

6.4 The effect of water vapour pressure on the deformation
c;)uld also be studied. This. might sérve tc; clarify the mechanism.

6 5 The range of stresses used could be expanded, particu-
lairly to lower stresses, so that the true form of the stress dependence
at very small stresses could be determined. This would probably
réquire optical measurement of dimensional changes.

6.6 The activation energy for the creep process should be

compared with one accurately determined for the dehydroxylation of

the same material.
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APPENDIX I

!

TEMPERATURE DISTRIBUTION WITHIN THE CYLINDRICAIL SPECIMEN

In order to assess the possible time lag between the
specimen's surfa.ce and its centre, an approximate calculation was per-
formed using a method due to Carslaw and Jaeger (23),

Values for the thermal conductibity and specific heat were
first estimated, as experimental values for Mg(OH), were ﬁot available
in the literature. The specific heat may be obtained in several ways.
One estimate, based on compérison with values (20) for CaO, Ca(OH)y,
and MgO is 0. 30 cal/gm©C. Values for the specific heat of MgO from

(32)
Wicks indicate a value between 0. 30 to 0.40 for Mg(OH),, based on
0. 265 cal/gm°C for MgO. A value of 0. 35 cal/gm°C was selected for
the calculations. ”

The thermal conductivity was estimated on the basis of
thbe published values for MgO, which range from about 0. 08
(cal/sec/cmz/ °C/em)for pure, dense MgO, to 10-4 for pOWdered‘M‘gO.
The relative bulk densities used in the experime/nts were somewhat
greater than expected for loose powders, but it was felt that the reduced
pressure (10'2 Torr) would compen;ate, and a value of K=10'.4 was
sélected.

The method used permits the calculation of temperature
as; a function of time, the thermal diffusivity (K/y) and a reduced radips

for an infinite cylinder subjected to a step increase in its surface

temperature. The step increase is indicated by V on Figure 36



- 95 -

and the local temper;a.ture at any time t l;y v. A typical steady state
temperature of 400° is plotted on the left haﬁd margin.

It can be seen that a temperature in excess of 390°F is
reached at the specimen centre (v/R=0) in 8 to 10 minutes. This was
feit to justify conducting the experimeut and obtaining experimental veri-
fication of the specimen tempe }'ature during the tests.

It should be noted that the heat of reaction (endothermic)
has not been taken into accoupt in this caliculation. Since it was found
in the early tests that the maximum reaction rate did not develop u.ntill.
api)roximately 5 n.ainutes after test temperature (405°C) had been reached
(about 12 minutes from the start of the run), it was felt that the major
endothermic reaction took place after the quasi-uniform temperature
distribution haé been achieved. Temperature measurements in the
centre of the specimen during the test eventually confirmed the pre-

dicted temperature distribution.
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APPENDIX II

CREEP DATA - "ISOTHERMAL'!' CONDITIONS

The data is presented in tabular (columnar) form as time
from the start of the run (minutes), specimen surface temperature
(T'Ié C), and shrinkage from the initial length in inches X10-5
(hundred thousandths). Duplicate runs are presented bin the same table
for comparison. The specimen particulars and run load are also
presented. Initial length is given in inches and specimen density in
gm/cm3.

The specimen numbers are included on the Figures in
Se,ctic)n 3, so that direct comparisons may be made. All the data
presented have bee.n corrécted for thermal expansion by the method shown
in Ap.pendix II1. ’i‘he runs are grouped in the manner in which they
were presented 1n '.Section 3.. One set of four duplicate runs has been
included (Nos. 8'5,: 86,96, 97). All runs were started with a system

pressure of from 10 to 50/4 Hg, depending on the rate of reaction

(temperature).
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APPENDIX II (a)

Specimen 81 83
l, 0.3174 0. 321
o 1.206 1. 206

Temperature 340°C Stress 13. 6 kg/cm2
Nominal relative density 0.50

. Time T°C Specimen No. Time T C Specimen No.
Min. Min.
81 83 81 83
0 40 0 0 31 340 1504
1 49 2 0 32 1564 1438
2 55 ¢ -2 33 1620 1506
3 125 29 -74 34 1674 1565
4 194 44 -1 35 340 1727 1626
5 240 64 18 36 1783 1691
6 280 70 32 37 1835 1749
7 308 85 44 38 _ 1884 1809
8 336 106 70 39 1932 1860
9 340 125 98 40 340 1976 1909
10 340 152 127 41 2017 1951
11 179 155 4?2 2058 1996
12 207 174 43 2092 2036
13 242 199 44 2125 2072
14 282 224 45 340 2160 2105
15 340 334 265 46 2189 2136
16 385 312 47 2216 2165
17 458 376 48 2239 2188
18 526 433 49 2264 2211
19 608 497 50 340 2296 2243
20 340 686 558 51 2315 2248
21 763 629 52 2259
22 840 703 53 2348 2279
23 918 785 54 2364 2283
24 - 999 . 863 55 340 2386 2294
25 340 1070 934 56 2393
26 1148 1003 ‘
27 1220 1069
28 1297 1144
29 1371 1211
30 340 1438 1292
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APPENDIX II (a)

Specimen 75 76
1o 0.318 0.3178 .
fo 1.208 1.203

Temperature 360°C Stress 13. 6 kg/cm?
Nominal relative density 0.50

Time T°C Specimen No. Time T C Specimen No.

Min. Min.
75 76 75 76

0] 40 0 0 31 360 2164 2095
1 40 0 0 32 2204 2152
2 75 -7 7 33 2243 2210
3 145 13 0 34 - 2264

4 200 28 -12 35 360 2284 2278
5 244 31 -13 36 2296 2291
6 283 27 -12 37 . 2310 2305
7 312 14 -2 38 2316 2321
8 344 16 -2 39 2346 2339
9 362 70 40 360 2364 2355
10 360 113 41 2378 2369
11 360 190 -130 42 2385 2376
12 360 302 192 43 2392

13 360 416 275 44 2399 2386
14 360 539 361 45 360 2397
15 360 ' 459 46 2423 2410
16 816 580 47 2435 2419
17 708 48 2439 2423
18 1050 850 49 2426
19 1163 998 50 . 360

20 360 1270 1099

21 1374 1246

22 1493 1459

23 1590

24 1669 1546

25 360 1755 1631

26 _ 1845 1726

27 1913 1793

28 1986 1880

29 2067 1968

30 360 2116 2032
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APPENDIX 1II (a)

Specimen 79 80 77 78
1o 0.3165 0.317 0.3166 0. 3195
Qo 1.202  1.206 1.204  1.199

Temperature 385°C, 405°C Stress 13. 6 kg/cm2
Nominal relative density 0.50

o}
Time T C Specimen No. Time T°C Specimen No.

Min. Min.
19 80 77 78
0 40 0 0 0 40 0 0
1 .40 4 0 1 45 0 0
2 60 3 -1 2 102 0 0
3 125 7 -3 3 191 23 -5
4 205 5 20 4 255 45 17
5 255 - 2 32 5 300 58 22
6 292 -3 25 6 334 60 32
7 320 -16 33 7 360 37
8 350 -21 39 8 384 74 47
9 369 0 58 9 400 117 62
10 382 50 118 10 - 407 187 94
11 386 155 229 11 405 301 174
12 385 299 390 12 405 404 347
13 385 460 566 13 405 770 620
14 385 640 758 14 405 1045 928
15 385 831 956 15 405 1310 1223
16 1011 1120 16 1573
17 1199 1296 17 1798 1723
18 1265 1448 18 1991 1911
19 1517 1588 19 2128 2077
20 385 1643 1717 20 405 2202 2204
21 1767 1845 21 2258 2271
22 1858 1946 22 2282 2306
23 1950 2036 23 2400 2333
24 2073 2100 24 2360
25 ' 385 21064 2152
26 2156 2131
27 2187 2200
28 2214 2224
29 2234 2244

30 385 2262 2272
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APPENDIX II (b)

Specimen 85 86 96 97
1o 0.3182 0.3150 0.3135 0.3148
Qo 1.204 1. 211 1. 217 1. 216
Temperature 340°C Stress 6.0 kg/cm?
Nominal relative density 0.50 '
" Time T°C Specimen No. Time TOC Specimen No.
Min. Min.
85 86 96 97
-0 49 0 0 0 40 0 0
1 40 3 0 1 40 -2 1
2 . 84 -3 -2 2 84 1 -2
3 165 -3 -16 3 165 -1 -19
4 228 -5 -14 4 228 -11 -42
5 285 -4 -17 5 285 -18 -52
6 320 -4 -32 6 320 -15 -62
) 340 -1 -42 7 -340 -4 -68
8 340 18 -41 8 340 31 -61
9 340 32 -25 9 340 58  -35
10 - 340 61 -7 10 340 78 -14
11 88 25 11 96 11
12 114 32 12 111 29
13 155 45 13 120 66
14 200 55 14 132 78
15 340 149 81 15 340 157 - 104
16 292 116 16 179 136
17 342 152 17 216 196
18 402 191 18 256 . 237
19 452 234 19 300 296
20 340 509 283 20 340 349 352
21 ' 556 333 21 387 413
22 605 384 22 437 483
23 654 441 23 494 547
24 704 499 24 550 611
25 340 756 549 25 340 608 678
26 819 605 26 659 . 741
27 858 659 27 715 799
28 921 720 28 74 857
29 974 773 29 840 907
30 340 1030 829 30 340 904 976
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APPENDIX II (b) cont.

Specimen 85 86 96 97

Time T°C Specimen No. Time T°C Specimen No.

Min. Min.

85 86 96 97

31 340 1080 883. 31 340 970 1040
32 1119 929 32 1030 1091
33 1168 974 33 1087 1140
34 1216 1024 34 1144 1182
35 340 1266 1073 35 340 1192 1220
36 1317 1117 36 1243 1257
37 1360 1160 37 1304 1295
38 1415 1200 38 1334 1328
39 1459 1235 39 1379 1363
40 340 1497 1277 40 340 1422 1398
41 1531 1317 41 1456 1423
42 1564 1361 42 1493 1453
43 1594 1395 43 1528 1474
44 1636 1431 44 1558 1494
45 340 1680 1461 45 340 1589 1507
46 1699 1492 46 1610 1518
47 1728 1525 47 1636
48 ‘ 1753 1542 48 1659 1537
49 1776 1565 49 1680 1545

50 340 1821 1592 50 340 1703 1560
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APPENDIX II (b)

Specimen 84 98 99 100
1 0.3169 0. 3140 0.3145 0. 316
52’ 1. 210 1. 219 | 1.217 1.209
Temperature 385°C Stress 6.0 kg/cm2
Nominal relative density 0.50 :
Time T C Specimen No. Time T°C  Specimen No.
Min. Min.
84 98 99 100
0 40 0 0 0 40 0 0
1 40 1 0 1 40 0 1
2 (5 1 0 2 62 -5 0
3 153 10 -11 3 144 -24 -9
4 217 28 -12 4 714 -29 -3
5 270 44 -12 5 263 -31 -3
6 300 55 -14 6 297 -40 -6
7 331 59 -27 7 329 -48 -4
8 355 64 -19 8 354 -49 11
9 375 80 -9 9 371 -39 37
10 390 105 23 10 388 -11 82
11 405 164 86 11 385 30 142
12 405 291 197 12 385 85 225
13 405 462 348 13 385 169 321
14 405 667 543 14 385 283 437
15 405 877 733 15 385 411 563
16 1087 921 16 521 687
17 1305 1091 17 664 814
18 1430 1250 18 931
19 1553 1389 19 895 1045
20 405 1653 1499 20 385 1011 1152
21 ' 1717 1545 21 1115 1259
22 1747 1599 22 1206 1348
23 1773 1625 23 1304 1423
24 1803 1655 24 1380 1490
25 405 1821 1675 25 385 1441 1546
26 1825 1697 26 1490 1599
27 1837 1708 27 1531 1624
2.8 1852 1729 28 1573 1651
29 1867 1741 29 1592 1671

w
o
w
(o]

405 1877 1747 385 1617 1702
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APPENDIX II (c)

Specimen 103 104 105

10 0. 316 0. 316 0. 3167
?o 1. 214 1. 214 1. 212
Temperature 360°C Stress 0.54 kg/crn2
Nominal relative density 0.50
Time T°C  Specimen No. Time T°C Specimen No.
Min. Min.
103 104 105
0 40 0 0 0 40 0
1 40 0 0 1 40 0
2 78 -5 -5 2 78 -5
3 148 -9 -11 3 148 -17
4 214 -5 -18 4 214 ~14
5 267 -23 -19 5 267 -30
6 302 -37 -43 6 302 -48
7 322 -52 -63 7 322 -65
8 354 -57 -63 8 354 -65
9 360 -50 -58 9 360 -61
10 360 -47 -50 10 - 360 -60
11 ' ~-40 -43 11 . -60
12 -25 -25 12 -59
13 -9 12 13 -47
14 4 47 14 -34
15 360 26 96 15 360 -17
16 44 143 16 -4
17 91 196 17 32
18 135 256 18 74
19 191 305 19 119
20 360 245 365 20 360 164
21 306 428 21 211
22 374 493 22 272
23 440 558 23 341
24 502 617 24 384
25 360 570 676 25 360 443
26 636 740 26 500
27 705 800 27 562
28 768 856 28 608
29 818 918 29 659
30 360 862 964 30 360 698
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APPENDIX 1II (c) cont.

Specimen 103 104

Time T°C  Specimen No. Time

Min. Min.
103 104

31 360 407 1006 31

32 940 1042 32

33 ) 966 1076 "33

34 984 1099 34

35 360 1004 1119 35

105

T°C

360

360

Specimen No.
105

732
759
786
804
824
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APPENDIX II (c)

Specimen 101 102 106 107
Ly 0.3176 0.316 0.3194 0.3165
90 1.208 1. 214 1. 205 1. 212
Temperature 360°C Stress 6.0, 3.5 kg/c:m‘2

Nominal relative density 0.50

. Time T C Specimen No. Time T°C - Specimen No.

Min. Min. . v
101 102 106 107
0 40 0 0 0 40 0 0
1 40 0 7 1 40 0 0.
2 95 -3 1 2 75 -4 - -4
3 172 -28 -20 3 145 -29 -29
4 218 -24 -33 4 200 -51 -49
5 267 41 -46 5 244 -70 -72
6 307 -57 -79 6 283 -88 -87
7 335 -84  -110 7 312 -102 -94
8 360 -99  -129 8 344 -80  -100
9 360 -91  -138 9 362 -75 -88
10 360 -86  -134 10 360 - -67 -85
11 -70  -129 11 360 -50 -66
12 -43  -105 12 360 -24 -39
13 -4 -74 13 360 6 = -5
14 50 -33 14 360 49 46
15 360 107 16 15 360 98 102
16 195 94 16 159 168
17 263 152 17 220 242
18 345 231 18 294 319
19 33 316 19 371 397
20 360 525 414 20 360 460 479
21 617 508 21 543 553
22 703 602 22 614 627
23 783 696 23 686 699
24 869 795 24 . 766 782
25 360 953 884 25 360 835 853
26 1028 975 26 898 916
27 1098 1055 27 954 978
28 1176 1145 28 1036 1047
29 1247 1224 29 1096 1104
30 30 360 1143 1152

360 1308 1294
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APPENDIX II (c) cont.

Specimen 101 102 106 107

Time TOC  Specimen No. Time T°C  Specimen No.
Min. Min.
101 102 106 107

31 360 1359 1359 31 360 1194 1199

32 1410 1419 32 1248 1248
33 - 1458 1473 33 1290 1283
34 1500 1523 34 1327 1329
35 360 1538 1564 35 360 1359 1349
36 1568 1592 36 A 1405 1391
37 1598 1616 37 1434 1411
38 1644 1636 38 1463 1430
39 - 1771 39 1481 1447

40 360 1793 40 360 1498 1464
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APPENDIX II (d)

Specimen 136 137
lo ' 0. 3045 0. 3035‘
Se 1. 702 1. 700
Temperature 360°C Stress 9.2 kg/cm2

Nominal relative density 0.70

Time T C Specimen No. Time T°C Specimen No.

Min . Min.
136 137 136 137
0 40 0 0 31 360 417 523
1 40 -2 1 32 477 582
2 162 -6 -7 33 533 638
3 132 =22 -29 34 590 698
4 192 -33 -51 35 360 643 755
5 240 -43 -71 36 717 820
6 277 -56 -94 37 765 873
7 307 -42  -129 38 821 928
8 336 -111  -162 39 871 966
9 360 -134 -194 40 360 924 1014
10 - 360 -152 -122 41~ 976 1055
11 : =163  -232 42 1020 1090
12 -164  -235 43 1061 1124
13 -165  -232 44 1097 1157
14 -159  -226 45 360 1133 1185
15 360 -148  -213 46 1166 1211
16 -135  -197 47 1198 1237
17 -122  -176 48 1223 1256
18 -107  -152 49 1244 1274
19 -84  -119 50 360 1263 1287
20 360 -64 -87
21 -39 -50
22 -13 -7
23 19 45
24 56 98
25 360 93 146
26 139 207
27 194 271
28 2438 331
29 } 303 392

30 360 361 458
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APPENDIX II (d)

Specimen 132 133
1o - 0.309 0. 3108
D) 1.537 1.535
Temperature 360°C Stress 9.2 kg/cm2
Nominal relative density 0. 65
Time T°C Specimen No. Time T°C Specimen No.
Min. Min.
132 133 132 133
0 40 0 0 31 360 736 727
1 42 0 3 32 797 791
2 186 -7 -5 33 854 850
3 156 -25 -17 34 920 908
4 218 -39 -24 - 35 360 978 964
5 262 -54 -31 36 1048 1031
6 298 -74 -57 37 1103 1080
7 335 .97 . -87 38 1150 1127
8 360 -120 -110 39 1200 1177
9 360  -135  -132 40 360 1248 1221
10 360 -150 -144 41 . 1291 1264
11 - -154  -155 42 1326 1301
12 : -152  -155 43 1364 1336
13 -146  -153 44 1391 1363
14 -138  -145 45 360 1418 1389
15 360 -122 -132 46 1442 1418
16 -105  -107 47 1467 1446
17 -80 -75 48 1481 1475
18 -65 . -34 49 1495 1484
19 0 - 15 50 360 1506 1501
20 360 42 63
21 93 117
22 145 175
23 209 235
24 270 294
25 360 331 351
26 398 411
27 468 4717
28 536 539
29 601 596

30 360 670 662
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APPENDIX II (d)

Specimen 120 . 121
1, - 0.3189 0. 3148
Qo 1. 313 1. 317

Temperature 360°C Stress 9.2 kg/crn2
Nominal relative density 0.55

Time T°C Specimen No. Time T°C  Specimen No.

Min. Min.
120 121 120 121

0 40 0 0 31 360 1536 1329
1 40 0 0 32 1589 1390
2 80 -8 -6 33 1632 1445
3 155 -26 -10 34 1676 1499
4 210 -317 -17 35 360 1712 1550
5 . 246 -59 -26 36 1758 1608
6 276 -76 -46 37 1784 1648
7 300 -95 -T2 38 1802 1691
8 326 -177 -98 39 1824 1713
9 - 354 -125 -109 40 360 1843 1740
10 363 -114 -114 .

11 360 -99 ~108 : A
12 360 -67 -91

13 360 -22 -63

14 " 360 40 -19

15 360 111 36

16 200 91

17 290 166

18 391 258

19 495 336

20 360 597 434

21 : 692 518

22 793 618

23 890 712

24 995 801

25 360 1068 883

26 1161 964

27 1252 1047

28 1322 1121

29 1404 1191

w
(]

360 1472 1258
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APPENDIX 1II (d)

Specimen 129 130 108 109
'10 0. 3142 0. 3104 0.3165 0.3132
?o 0.963 0.972 1. 212 1. 220
Temperature 360°C Stress 9.2 kg/cm?
Nominal relative density 0.40, 0.51
Time T°C Specimen No. Time T°C Specimen No.
Min. Min. '
129 130 108 109
0 40 0 0 0 40 0 0
1 40 0 0 1 40 0 0
2 .86 -8 -8 2 80 -11 -10
3 160 6 -7 3 157 -13 -11
4 215 14 -3 4 219 -7 -13°
5 254 6 -1 5 262 3 -18
6 292 -2 -8 6 300 -17 24
7 320 -12 -13 7 334 -25 -36
8 348 5 10 8 360 -33 -39
9 . 360 45 38 9 360 -15 -36
10 360 101 79 10 - 360 -1 21
11 360 185 171 11 33 4
12 360 290 246 12 87 47
13 - 360 414 394 13 160 102
14 360 545 541 14 237 171
15 360 682 697 15 360 315 262
16 822 865 16 443 350
17 967 1019 17 498 451
18 1110 1174 18 603 555
19 .- 1251 1325 19 704 659
20 360 1381 1464 20 360 802 751
21 1510 1594 21 908 848
22 1639 1718 22 1008 945
23 1763 1832 23 1110 1039
24 1872 1967 24 1199 1122
25 . 360 1976 2120 25 360 1280 1200
26 2067 26 1362 1275
‘ 27 1445 1352
28 1524 1419
29 1593 1479
30 360 1660 1535



~ 112 -

APPENDIX 1II (d) cont.

Specimen 108 109
Time T°C Specimen No.
Min.
108 109

31 360 1725 1590

32 1783 1643
33 1833 1688
34 1881 1732
35 360 1915 1766
36 1948 1798
37 1980 1826
38 2005 1852
39 2030 1874

40 360 2050 1889
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APPENDIX II (d)

Specimen - 124 125
1, 0. 3275 0. 3120
Qo 1.072 .073
Temperature 360°C Stress 9.2 kg/cm2

Nominal relative density 0. 45

Time T°C Specimen No. Time T°C Specimen No.

Min. Min.
124 125 124 125
0 40 0 0 31 360 2137 1989
1 40 0 1 32 2186 2031
2 86 -8 -6 33 2223 2068
3 160 0 -1 34 2260 2099
4 214 4 5 35 360 2292 2120
5 254 -2 7 36 2334
6 293 -9 -2 37 2357
7 320 -19 -8 38 2374
8 347 -8 -7 39 2395
9 360 10 8
10 360 52 20
11 117 52
12 216 111
13 320 180
14 446 271
15 360 587 369
16 718 600
17 854 601
18 986 728
19 1103 861
20 360 1213 985
21 1325 1105
22 1439 1218
23 1548 1332
24 1642 1438
25 360 1734 1532
26 1810 1631
27 1892 1725
28 1950 1799
29 2021 1858
30 360 2088 1924
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APPENDIX 1II (d)

Specimen ' 116 117
1 0.3142  0.3130
$o 1. 425 1. 430
Temperature 360°C Stress 9.2 kg/cm2

Nominal relative density 0. 60

Time T°C Specimen No. Time T°C Specimen No.

Min. ) Min.
116 117 116 117
0 40 0 0 31 360 1074 1002
1 40 0 0 32 1136 1062
2 78 -8 -8 33 1195 1119
3 150 . -19 -15 34 1249 1178
4 208 -33 -14 35 360 1302 1235
5 256 -32 -16 36 1380 1304
6 294 -42 -29 37 1413 1360
7 326 -75 -51 38 1456 1410
8 350 -98 -67 39 1501 1464
9 362 -69 40 360 1540 1512
10 360 121 -73 41 1579 1557
11 360 122 -66 42 1600 1590
12 360 114 -53 43 1725 1623
13 360 101 -40 44 1641 1647
14 360 -7 -24 45 360 1657 1674
15 360 -46 -3 '
16 -2 28
17 65 65
18 106 111
19 173 164
20 360 241 216
21 s 313 279
22 389 346
23 472 416
24 : 552 491
25 360 624 558
26 : 705 637
27 787 713
23 863 786
29 935 853
30 360 1005 926
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APPENDIX III

Accuracy of the Thermal Expansion Correction
The data from tfxe experimentai runs were corrected for
the thermal expansion of the loading frame by the subtraction of a
correction obtained from runs made using a dummy quartz specimen
to obtain the expansion curve for the frame alone. The corrections
were averaged and subtracted from the indicated creep deformation
values, 1i.e.
L(t) = L'(t) - c(t)
where L(t) = the actual length at time t, L' (t) = the indicated
length and g(t)_ = the average change in léngth developed during the
thermal expansion runs. |
The correction has been verified by two methods:
1)  Comparison éf the total strain, (with a
Micromet'er) as determined by direct
jr-nea'surements of the specimens before
and after dehydroxylation.
2) Direct mea;.urement in the furnace
using a travelling‘microscope.
(Cathetometer).
The first method gave an apparent accuracy of about
0. 001 inches for deformations of from 0. 010 to 0. 020 inches, indic-

ating that the measurements are correct to one part in ten or twenty.
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Figure 37 compares the deformation curve, as corrected by the
normal procedure with lengths measured with the travelling micro-

scope. The two are in agreement to within 10%, which is felt to be

satisfactory.
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~ : .
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FIGURE 37 Comparative values of the deformation measured by the normal a

microscope.

pparatus and a travelling
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