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HIGH TMERA‘I’U'RE MECHANICAL BEEAVIOR OF
MgO--CaO'MgO'S1 (071 MATERIAIS

William E. Snowden
Inorganic Materials Research Division, Lavrence Radiation La.boratory,
) and Department of Materials Science and Engineering,
College of Engineering, University of California,
Berkeley, Ca.llfornla
- ABSTRACT
The mechanical beha.v:.or of polycrysta.lline Mg0 containmg small
amounts of Ca0e MgO-S:.Oz was stud.led in compression over the temperature
range 1200°-1450°C. The behavior cbserved in stress-strain tésts was’
reiated to the degree of distribution. of the silicate phase, and to the
tempei'atﬁre. From creep experiments it was determined that deformatlon

at 1200°C was due to the motion of dislocations within the Mg0O grains,

while at higher temperatures deformation was controlled by viséous flow

‘of thé boﬁndary phase,

The dependence of the creép rate on stress and temperature was
determined by éva.luating fhe stress exponent' and apparént activatiQOn
energy fc;:r creep. The stress exponent was found to decrease from a
value of 3.6 at 1200°C _tb a value of 1.1 at 1450°C; indicating that
changes in the mechanism controlling deformatioﬁ occurred as. the tempera-
ture was increased. Over the sa.mebra.nge of temperatures the apparent
activation ener@ for creep was found to increase from 10k kcal/molé to-

240 kcal/mole. Where two.creep mechanisms having different activation -

energies are known to operate, an increase in the apparent activation -

energy for creep as the’ temperature is increased has been predicted.
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I. INTRODUCTION
Selected cera.nuc materials have traditionally found extensive use

in appllcatlons where strength and dure.blllty at high temperatures are

, Acntlca.l. The brlttle nature of most of these materials, however, has

precluded their use under load at high temperatures where the poss:.-’

'_b1]_1ty of catastrophlc fallure is increased. In such ;nsta.uces some

. controlled amount ‘of ductility is desirable. Consequently; :viscous

flow, ple.stic deformation, and creep are all major criteria_ for ‘struc-
tural applications of ceramics at high temperatures.

While va.ry:l.ng amounts of ductility have been observed in a number

'of smgle pha.se ceramic materials, the failure of most of these ma.teria.ls

to satisfy the von _Mise_s conda.tlon that five independent slip systems

. must be operative to produce a general state of deformation in poly-

crystals prevents much yielding. . However, a eignificant degree of

plastic flow has been observed in cubic ionic single crystals at room
temperature, particularly MgO, as well as in polycrystalline material at
higher temperatures where the stress levels required to activate the

va.rious slip systems are reduced. At these higher temperatures stress-

1nduced cl:unb and hlgh dlslocatlon mobility inhibit cleavage fracture,

a.nd ductlllty 1s enhanced. The contrlbutlons .of other deformatlon

'mechanlsms may be equa.lly important at high temperatures as well..

The high temperature mechanlcal behavior of single crystal and
polycrysta_lliile Mg0 has been investigated in considerable detail. How-
ever, the effects of a second phase on the mechanical properties at high

temperatures remain unreported.. While the deformation characteristics

" 'of & number of practica.i refractory systems have been investigated, the

systems studied were. genere.lly too complex to provide fundamental ex-

piahati'on of the particular deformation mechanisms invoived.’

The prmc1pe.l purpose of thls work wvas to develop a model. system,
of a second phase, amomt and nature of distribution, on the high

investigation was to incredse understanding of the stress-strain and

creep behavior. of practica.l,: more complex systems at elevated tempera-

tures.

2=

temperature mechanical behav:i.orl of MgO materials. The‘ objective of the

'consistlng of CaO MgO‘SlOz and MgO, whlch was used to study the effects »
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II. THEORY AND LITERATURE SURVEY

A. Stress-Strain Behavior

The mechanical behavior of Mg0 single crystals has been the subject
of a number of :i.nvestig.c.n;;i.'tms.1-8 Testing has been accomplished in ten-
sidn, transverse bending, and compression. In all of these studies, the

behavior of MgO single crystals was related to the relative ease of dis-

location movement at various temperatures. Effects of strain hardening‘_

vere considered. It was also determined that the presence of impurities
and environmental effects play a major role_in determining whether a
crystal will be brittle or ductile.z. Increasi_hg impurity ccncentration
increased strength but reduced ductility as the impurities actgd as
barriers to dislocation mo.tion.6

While the mechanical behavior of single crystal MgO can be de-

scribed solely through consideration of dislocation effects, the mechan-

ical behavior of polyerystalline Mg0 at high temperatures is more diffi-
cult to predict due to various other 'defc}rma,tion mechanisms which may
operate in polycrystals. In addition to dislocation_ mechanisms such as
dislocation glide and climb, deformatlon may be significantly influenced
:ry grain boundary mgratlon, by the stress directed dlffuslon of vacan-
cies either through the crystal lattice or along grain boum_ia.ries, by

grain boundary siiding or by grain boundary separation. The behavior .

of 'polycrysta.lline material is further complicated by wide variations in .

merostructural features such as amount and distribution of impurities,
total porosity, pore size and distribution, grain size and shape, and
;x:ain boundéry characteristics. Thus material characterization is most

important in attempting to determine the dominant deformation mechanism

in polycrysj.a.lline MgO.

‘resist separation or ‘shearing. Langdon and Paskl,zrt>

<4

The mechanical behavior of polycrystallime MgO at elevated tempera-
tures has been extensively studied under various conditions. A number
of imfest_igva.torsg-rj have obtained results from stress-strain tests and
have rela.ted'varia_tions in yield stress, ductility, fracture mode, and
streﬁgth at fracture to specific microstructural features in attempts to
determine the predominant deformatlon mecham.sm. Stokes and L19
attrlbuted the behavior of polycrystalllne Mg0 tested in tension to the
avulablllty of moblle dlslocatlon sources and concluded that a mere
change in grain size did not in itself affect ductility. Vasilos et

al.lo studied the load vs. deflection characteristics of polycrystalline

Mg0 tested in transverse bending and concluded that a dislocation

mechanism was responsible for deformation at high temperatures. That
deformation occurs by dislocation glide and climb for recrystallized and
hot-pressed megnesia has also been reported by Day and Stokes,l:L although
the effects of grain boundary sliding due to poros:.ty were noted.

Copley and Paskl2 studied the stress-strain behanor of five types of
pélycrysta.lline Mg0O in compression at temperatures up to 1400°C. They
concluded that ductility is possible in compression provide.d that slip
c.an be initiated homogeneously, the resistance to dislocation motion is
not too greaf, and the grain boundaries a.z;e sufficiently. strong to

. extendéd these
studies on polycrystalline Mg0 and emphasized the importance of tile

nature of the pore structure and grain boundary impurities to the stress-

_ strain behavior of the specimens. Finally, Evans et a.1.513 studied the

strength in bernding of polycrystalline Mg0 and concluded that fracture
vas initiated by plastic flow over a wide range of temperatures, but
that abbve 1300°C the fracture process was camplicated by the onset of

grain boundary migration.

S 4
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B, Creep
While tests of short duration have been useful in studying the

mechanical behavior of polycrys_t_a.liine Mg0, most of the reported inves-

" .tigations of high-temperature deformation involve the behavior of speci-

A number of models t;rhich describe material deforma.tion
occurrlng as a result of any of the Processes mentloned prewously have -
been proposed Comparison of experlmental data with predictions a.rlslng
from these models is genere.lly made to determine the- predomna.nt defor-

ma.tlon mechenlsm du.r:.ng creep. Before the results of such studies on

polycrystalline MgO are discussed, a brief review of creep theory will

. be presented.

1. Creep Theog

strain rate.

. temperature of a material.

"Creep" may be.defined as the time-dependent plastic flow which
occurs in a material subjected to a constant stress for. a prolonged
perlod of time. Three distinct intervals are evident in typical creep

(straln vs. tlme) curves. Prlme.ry creep represents the interval in

-which the structure is changing and is characterized by a decreasing

Durlng seconda.ry creep, the overall substructure remains

essentlally ‘constant and a steady-state creep rate is observed Finally

a rap:.d increase in 'the straln rate is noted during tertla.ry creep when -

the structure belngs to break dow-n, ultimately resulting in crack forma-
tion ‘and fracture.

Creep is a thermally activated process and is of particular impor-
ta.nce at temperatures greater than approximately half of the meltlng

For plastic deformatlon occurring as the

. result of several mechanlsms operating s:.multa.neously, the steedy—state

creep rate may be expressed as:

-6-

A £ (o,T,8)e U/RT (1)
gep 14 - :

_where é repre_sents theib steady-statecreep rate, Ai»is a constant, fi

represents the functional dependence for the i"th process, 0_ represents
| the applied stress, T represents tne absolute temperature, Q represents
- the apparent actlvatlon enery for creep, R is the gas constant and S

is &8 structure pa.rameter whlch varles w1th grain size, substructure, and

porosity.
Since one mechenlsm 15 usua.lly dominent, the steady-state creep

rate is often descrlbed by an equatlon of the form

é= A One-Q/RT 7 ‘ . | ) (2)

: where n is the stress exponent and A' is only approximately constant for

any given stress due to a shght dependence on temperature.lh W'hlle

Mukherjee et al.ls have noted that this equatlon is neither dlmens:l.onally
or experlmentally correct values for n and Q determined by 1ts use are
often presented a.s endence that a partlcular mechanism is the rate-
controlllng process for creep. Where dislocation processes are likely .
to domnate creep behavu)r, it ha.s been report‘.ed.]~5 that the creep rate
is more accurately described by an equation of the form

wr @70 (3)

€ = A
where G represents the shear modulus, b represents the Burgers vector, .D
represents the diffusivity, k is the Boltzma.nn constant, and A and n are

dimensionless constants. The diffusivity D can be expressed as DO-Q/RT,
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vhere Do is a constant and Q is the activation energy for creep. Good
agreement between the apparent activation energy for creep and .the

activation energy for self-diffusion has been reported for many

nmaterials.,

A power-law creep relation similar in form to Eq. (3) was con- _

sidered by Weertman16 in developing a theory of creep occurring as a

result of dislocation climb. Stress exponents 'between 3 and h were pre-
~dicted. Later it was reported that & stress-exponent of 4.5 could be
‘ expected for a dislocation glide and climb process controlled by
clim"b.l7 Naba.t-rol8 has recently developed a theory of steady-state
creep io which dislocation climb tskes place without _accompanyiné glide.
The stress exponent predicted is 3 or 5 depending on whether dislocations
are soui'ces and sinks for vacancies or the rate controlling process is
diffusion along dislocation cores. None of these models: based on dis-
_locatlon motlon show any grain size dependence.
: The effects of vacancy diffusion on hlgh—-temperature creep may be

significant in many materials under certain condltlons. That - self-
diffusion within the grains of a polycrystalline solid can cause the
solid to yield to an spplied stress was first noted by Nabarfo.lg A
model by which creep deformati_on might occur as a result of this diffu-
sion was developed 'by' Herrir_lg.?o

The creep rate of a material which

defoi'ms_ as a result of the Nabarro-Herring mechanism can be expressed as

Qo
azkT

€=a D (L)

vhere ! represents the atomic volume, @ represents the grain size, and

a is a constant approximately equal to 5 in a uniaxial tensile or ‘com=-

pressive test. D represents the lattice d_ift‘usion coefficient for the

-B8-

rate-controlling atomic species. For Nabarro-Herring creep the pre-

dicted strese—exponent is wnity and the creep rate is seen to vary

inversely with the square of the.grain size.

For diffusion-controlled creep where deformation is the result of
diffusion along grain boundaries, Coble21 has shown that .the creep rate
varies directly with the first power of stress, as in Nabarro-Herring -

creep, but inversely with the third power of grain size.. The creep rate

may be expressed 3.522 )

e ='=‘hé (%)3(%) Dgb (5)

vhere Dgb is the.diffusion coefficient along grain boundaries. _
vSince tﬁe 'diffueion coefficients are known to vary exponentially
vitﬁ temperature, and since the cceep rates vary inversely with powers.
of grain size, it is expected that creep by tl}e Nabe.rro-Herring and .
Cobie meche.nisms will be most important at very hlgh temperatures for

materials having a small grein size. Nabarro-Herring creep,' however,

will predominate over high-temperature dislocation-dependent mechanisms

only at low stress levels.22 The activation energy for Nebarro-Herring
creep in a pure material is expected to be the same as that for lattice
self-diffusion.

Another possible mechanism by which creep occurs in polycrystalline

materiaels is that of grain boundary sliding. While it might be expected

that sliding would obey a Newtonian viscosity law, with strain rate pro-

portional to the first power of stress, it has been reported22 that in

cases of macroscopic sliding the stress exponent may have a value of 2
23

as a result of stress concentrations along the boundaries.- Langdon

has recently developed a theoi’y of creep deformation by grain boundary

t!- B

]
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'sliding in which sliding occurs by the movement of dislocations along

the boundaries by a combination of climb and glide. The strain rate is
predicted'to be proportional to the second power of stress and inversely
proportional to the grain size. These expectations, however, are some-

what different than those predicted by Gifkins,zu who developed a model

of creep in which grain boundary protrusions move along the'boundary by

dlffu51on controlled sliding and are accommodated by dlffu51on around
trlple points. The predicted stress dependency for deformation occur-

ring in this manner is wmity, and the grain size dependency may vary

- significantly from that determinedl ty Langdon. Since grain boundary

slidi_ng ultimately results in cavitation in grein boundaries, followed

Lby frécture, it is expected that the contributions of sliding to creep

will be greatest at low stresses and for specimens having a small grain

"size..

2. .Creep in Polycrystalline MgO

The creep of polycrystalline MgO at high temperatures has been ex-
tensively investigated under a variety of conditionms. As with Mg0
single crystals, deformation studies have been made in tension, compres-

sion, and transverse bending; Vasilos et 51.25 studied the deformation
of hot-pressed Mg0O tested in transverse bending and observed a linear

strain rate-stress relation.

‘at 1200°C was Th kcal/mole, which is in reasonsble agreement with the

activation energy for self-diffusion of oxygen in Mg0 of 62.4 kcal/mole
g . . 26 ' '
reported by Oishi and Kingery. It was concluded that deformation was

the result of Nabarro-Herring or grain boundary diffusion processes.

"However, in specimens of larger grain size (750u) evidence of dis-

location motlon in specimens strained 1-2% at 1500°C was noted.

The measured activation energy for creep . -

=10=

In a similar but expanded investigation, creep behavior was

stuhied as a function of grain size.27 It was found that the creep rate

-2.5

was proportlonal to the first power of stress and G ~ "7, where G.

represents the'grain size. The sctivation energy for creep was found to

be 5k.1 kcal at approximately 1200°C end was independent of grain size

in the range 5-20u. Creep was attributed in part to a sfress—direCted
diffusional mechanism; and-discrepancies.betveen observed and caicnlated
creep rates predicted by the Nabarro-Herrlng equation were related to
the observed formation of a dlslocatlon ‘substructure.

28,29

Hensler and Cullen studied the creep behavior of poly-

i crystailine MgO'in compression over a temperature range of 1200-1500°C.

For spec1mens deformed up to 30% no change in grain shape was observed.
The stress exponent was determined to be 2.6 * 0.6, and the measuredv
activation energy for creep was 111 * 12 kcal/mole. It was»reported
that no model currently available for creep mechanisms was completely
applicable to the results obtained, although deformation was concluded
to be the result of extensive grain boundery sliding.-

The effects of simultaneous.grain growth on the creep of po}y-
crystalline Mg0O tested in transverse bending has been studied by Tagei
30 ' '

and Zisner. An'analytical method for separating the growth effect
from'effects due to creep vas devised. While slip lines were observed
in.deformed specinens, it waes estimated that dislocation climb con- .
tributed less than 25% to the total creep strain. It was concluded that
while creep in polycrystalllne Mg0 is a composite phenomena, deformation

occurs primarily by a viscous mechanism of the Nabarro-Herring type. It

was determined that the presence of impurities accentuated the diffusion.

~ controlled nature of the creep process, presumably by pinning dis-

locations and inhibiting grain growth.3;
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The creep of polycrystalline MgO tested in compression at 1200°C
was recently 1nvest1gated by Langdon and Pask.B_2 The creep rate was
found to be independent of grain size, and a stress-exponent of 3.3 was

calculated. An activation energy for creep of Sl 5 kcal/mole was
determlned which is in good agreement with the a.ctivation energy for
self—difms1on of ~oxygen in MgO cited prev:.ously It was concluded that
: the mechanlsm of d.isloca.tion climb was the rate-controlling process for
creep of polyerystalline MgO at 1200°C.

- C. Deformation in More Complex Systems

In addition to the abundance of information available related to
the deformatlon of single—crysta.l and rolycrystalline Mg0, a great many
studies have been made of deformation and fracture in practlca.l refrac-
tory systems. An mderstanding of the complex phase relatlons in these

systems is most important before reasonable explanatlons of. mechanlcal

beha.vior can be made.

typical of practica.l refractory systems have been reported. 33-35 The
.growth of 1nd1v1dual phases in the presence of g liquid at hlgh tempera-
tu.res a.nd the effects of composition on the degree of solid—solid bond-
ing have been of prime interest.

Ford et'al.36 measured the strength of chromemagnesite : refractories
_m the temperature range 1290~-1575°C. Strength improved as the extent
'of d1rect bondlng between the magnesite grains and between the chromi um-
splnel and magnesite grains incressed. Beker and Schroth 7,'ha.ve obtained
simila.r‘results. The nature of the liquid rhase, however, vas found by
Kriek and Seée.l38 to be equally importa.nt in determining the high-
temperature strength of MgO materials. The lowest strengths were noted
for a Ca0/Si0; ratio of 1.0, and the strength re'a.ched.a. maximum when the

ratio was equal to 2."0.

A number of studies of the complex microstructures. .

-12~

The creep of periclase re_f‘ractory bricks (95-98% Mg0) tested in

. compression over the temper'ature range 1200-1400°C has been studied by

Kreglo and Smothers.>’ The stress exponent varied from 3.8. for a 9h.7%.

Mg0 brick to L. 5 for a 98.2% Mgo brick. The activation energy for the
98 2% MgO brick was determined to be 62 kcal/mole. It was concluded
that the predonuna.nt mechanism of deformation may be some type of dis-
location motion. i . v .

Finally, an analysis of the deformation of a f_irebrick has been
made by Hulse and Pask. 0 Experimental results indicated that.the flow
process is controlled by the amorphous phase in some complex way. The -
apparent activation energ for creep increased significantly w1th
temperature, p0551b1y due to an 1ncrease in liquid content and. to the
onset of some more complex flow process.- It was concluded that a full
understandlng of the flow process in such materla.ls will requ_u'e greater

study of the 1nterrelationship between character of the materials .ang the

pa.rameters of stress, temperature, and time.

»

[=Y
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" ITI. EXPERIMENTAL PROCEDURE

A. Specimen Preparation

The tvio-,-pha.se system selected for study of mechanical behavior at
elevated temperatures consisted of a composition equivalent to varying
amounts of Ca0*Mg0+SiO; (monticellite) and MgD. The .selection of this

system as_ a model was due to the nature _of the liquid-solid phase

'equlllbrlum at high temperatures and in part also to its specific

appllcablllty to practical refra.ctory systems. At temperatures greater
than approxunately 1500°C the system consists of a liquid sﬂ.ica.te phase
saturated with MgO. At lower temperatures monticellite crystallizes and

two solid phases are present. The possible range of test temperatures

-is thus similar to that for which polycrystalline MgO has been exten-

sively studied.
Specimens required for mechanical testing were fabricated in

several different ways in order to obtain dense materials with varied

microstructural characteristics. Reagent grade Mg0, .CaC04, én_d Si0,

were .used‘ in' the preparation of specimens. Chemical analyses of these
powders are listed in the appendix. _

Mixtures of'_MgO, CaCO3, &nd Si0; were prepa.red using amounts of

eaoh material calculated t'o yield final compositions of MgO containing
' 5% 10% and 15% CaO+Mg0+Si0, by we1ght. The materlals were dried in s

-vacuum oven at 150°C and then dry mixed for 2k hours by tumbling., The

mixed powder was placed in a graphite die and eold pressed at 1000 psi.

’ Thls was followed by vacuum hot pressing. Specmens were heated to

1_000°C_ and h_eld at that tempera.tu.re for 2 hours to permit CO2 gas formed

. by the decomposition of CaCO; to escape. A load of 3000 psi was then
_Aapplied_and maintained constant during continued heating to 1250°C.

After pressing at temperature for 30 minutes the load was released and.

-14-

the specimens cooled to room temperature.

The compacts prepared by hot pre551ng were heated in air to 1550°C
in a quench furnace, held for 2 hours, and rapldly cooled. A number of
specimens received an »additional 2 hour anneal at 1L00°C during cooling.
All specimens vere -stored in a dessicator prior to cutting and testing
to minimize surface reacti_oos with moisture in the air. These specimens
were designated Type I. - |

An a.ltemative method of sample preparation for the two-phase

materials involved the use of prereacted Ca0+Mg0+Si0,; powder. A mixture

of MgO, CaCO3, and SiO, calculated to yield a single phase of monti-

cellite upon reaction was prepared by dry mixing. This powder was ‘ghen
plaoed 1n a platinum crucible and heated to 1650°C in a gas/air Bickley
furnace. Rea.ction proceeded for 16 hours before the material was cooled
to room temﬁerat_ure, crushed to a fine powder (-1L0 mesh), and examined

using optical microscopic techniques and X-ray diffraction. The .only -

crystalline phase which could be detected was Ca0*Mg0+Si0,; examination

of the powder us?’.ng a polarizing microscope failed to reveal the
preéence of a glassy phase. The density of the powder was determined
to be 3.08 g/cm® using a helium gas pyncnometer. |

A mixture of 85% MgO and 15% Ca0+Mg0+8i0; was prepared by dry i -
ing as before usi_ng the prereacted monticellite powder. »The hot press-
ing and sintering steps were identical to those emp’lboyed in the
fabrication of specimens from mixtu:es containing free CaCO3 and SiOz- |
with no annealing step on cooling. However, compacts contalnlng approxi-
mately 10% and 5% montlcelllte made with the prereacted Ca0+Mg0-Si0,
powder were prepared using a technique involving e):trusion of a liquid

phase at high temperatures as reported by St‘.oops.hl Hot pressing a

mixture of MgO and 15% Ca0.Mg0.5i0, at 1650°C resulted in achieving the
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" desired composition by contz;oll.ed -extrusion of the liquid phase. Hot
pressing the same composition at 1550°C for 30 minutes resulted in only
a small loss of liquid. The pressure during hot pressing was maintained
at 3000 psi. All specimens formed using the prereacted Ca0*Mg0°SiO,
vere designated Type II. ‘

In order that the mechaxncal behav:.or of the Mg0-Ca0*MgO- SlOz
materials mlght be compared to the beha.v:.or of nominally pure MgO
similarly prepared, a number of Mg0 compacts were made. One set of
specimens (Type I) was prepared by hot pressing at 1250°C in vacuum,
followed by annealing periods at 1550°C and 1450°C in air similar to
those received by Type I specimens containing CaO-MgO°Sin. A second
set of specimens (Type II) was p}'epared by vacuum hot pressing at‘ 1450°C
with no additional treatment.

B. Specimen Characterization

‘I‘he density of all specimens was determined using a displacement
technique, with mercury as the displacement medium. The density of MgO
single crystals as determined b& this tech.ni‘que wé.s 3.580 g/cma. This
value was used in the calculation of theoretical densities for the two-
phase matgrials end in the determination of relative densit‘ies‘ for the
Mgo specimens.

All specimens containing Cab'MgO'SiOz vere studied using standard
X-ragy diffraction technique;c,. Thg X~ray diffraction databAwas of é. semi-
quantitative nature and.was Qui'te useful in compgu'ixig Ca0*Mg0+Si0; con-

tent for different specimens. Hov.rever; attempts to determine the rela~

tive extent of crystallizatiion of Ca0*Mg0*Si0; in gquenched and annealed

specimens using X-ray diffraction data were not successful.
A small section was cut from each specimen and mounted for micro-

* Pl
scopic examination. Specimens were ground flat using a series of
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_ Buehier emery papers and a diamond wheel. Polishing was completed on a

Syntron vibrator with 0=A1203 in H20 or with a—Aleg in a solution of
kerosene, glycerine, and H,0 to 1_ninimize rglief poli'shing. The speci-
mens of pure Mg0 were etched for approximately 5 minutes in a 50°C
solution of 0.. Su A."I.Cla. to accentuate grain bmmda.rie_s. The polished'

sections wére studied usiﬁg a reflected 1light microscope, and tbe micro-

structural features of each type of specimen were noted. The 'average

grain size of Mg0 grains for each specimen was determined from. photo~
micrographs using a cross-sectional area technique vhlch took into
account the area occupied by the second phase. It was assumed that the

volume ‘fraction of the second phase in each material was equal to its

fractional area in a polished section.

C. Mechanical Testing

Specimens for use in mechanicsal testing were cut from the fired

compacté using a diamond blade. All specimens had a length to width

.ratio of approximately 2:1 and nominal dimensions of 0.600 in. x 0.300

in. x 0.300 in. Specimens were polished using & series of ‘Buehler emery
papers and then mounted in a spec1al ,j:l.g and sanded on both ends to in-
sure tha‘c the ends were flat, parallel to each other, and perpe_nch_cu,la.r
to the 1oading axis,

Ail meché.nical testing was done iix compression using the com-
pres51ve deformation equlpment previously described by Hulse a.nd Copley

(Apparatus III)  High-strength Lucalox Al,0,; buttons were placed

'between the specimen and the loading rams, and a thin sheet of platinum

foil was placed between the specimen and the A1,0; buttons to prevent
reaction at high temperatures. Strains were determined during testing
by measuring the displacement of two small divot holes located in the

side of the A1,03; buttons. Pointed sapphire rods were seated in these
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divot holes and connected to the pivot arms of the strain-measuring

- device. The strains vere measured using a linear variable differential

transformer excited by a Déytronic Differenfi&l Transformer Unit.

Stresses were measured using similar equipment.

Strein-strain tests were performed on all specimens in the tempera-

ture i-a.nge 1200-1400°C. A Pt/Pt-10% Rh thermocouple located adjacent to

the sample was used to measure the temperature during testing. Tempera-

‘tures were held constant to within * 1°C of the reported values. A con-

stanf loadiﬁg rate of 55 1'b'/ﬁi1i. (approximately 600 psi/min. for the
spepimens used) was emﬁloyed.v ' Amplified signals froﬁ the Daytronic
Differential Transformer system$ were fgd into‘the chennels of a X-Y
recorder and a continuous plot of load and engineering strain during the
t'es_.tf was obtained. The repértéd stresses were calculated from the
initial cross-section of each specimen.A The reported strains are true
strains, true. strain beijng defined as the natural ioga.rithm of one plus
the 'eﬁgineering strain. A1l stress-st;-ain tests were carried to frac-
ture skince:theT rate of deforﬁa‘c;ion was generﬁlly too high onceryielding
had .occurred to prevent failure.

Creép studies were conducted using the Type II specimen containing

"approximately 5% CaO-Mg0*SiOz. The stress dependency of the creep rate

was determined as a funétion of temperaturé from 1200-1450°C using an
incremental stress technique. The apparent activation energy for creep
was determined over the same range of tempe'ratures using the incremental

temjperature technique described by Dorn.k3 In addition, creep curves

" obtained at constant stress were measured in the temperature range 1200-

1k00°C. The étress was maintained constant by inéreasing the load at

-intervals of 0.01 ehgineering strain to compensate for the increase. in

sampie ‘crosk-sectional area during the course of a test. The incremental
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.changes required were calculated assuming constancy of volume and neg-

lecting any bar;eling that';nay have occurred. The total strain during

_creep was measured as in the stress-strain tests and continuously
recorded -usi_rig a recording potentiometer. Overall strain sensitivity

was * 5 x lO-h. Most specimens were strained approximately 10% before

the test was stopped. - Good agreement was noted between the recorded
strains and the total deformation found by measuring each specimen.

after testing.
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IV. RESULTS AND DISCUSSION

A. Specimen Characterization

In the development of materials suitable for study of mechanical
behavior at high temperatures, a number of methods of sample fabrication
were studied before those methods previously noted were adopted. The
principal problems encountered involved the formation of homogeneous
structures and the elimination of porosity. The procedure followed for
Type I specimens was perhaps the most acceptable method of preparation,
although care had to be taken to insure that no CO2 gas remained after
hot pressing. The method of liquid extrusion at 1650°C was also an
excellent means of sample preparation, but the process was difficult to
control and unacceptable at temperatures closer to the incongruent melt-
ing point for CaO+Mg0+Si0, of 1492°C.

A number of photomicrographs of polished sections of the specimens
used in this study are presented in Figs. 1-4. All specimens containing
Ca0°Mg0°*8i02 were translucent after firing and appeared to be essentially
pore free. The absence of detectable porosity is undoubtedly due to the
rapid densification rate of materials sintered in the presence of a
liquid phase. A theory of liquid phase sintering has been developed by
Kingeryllh which can be applied to densification in this system. Densi-
fication occurs as a result of a solution-precipitation process due to
greater solubility of the solid (}g0O) in the liquid (silicate) phase at
points of grain contact.

The measured densities of all specimens used for mechanical testing

are presented in Table I. The density noted for both Type I and Type II

XBB 715-2116
polycrystalline MgO is 99.1% of the value obtained for single crystal T
. : . 5 s Fi 1. Photomicro hs of polycrystalline MgO specimens
Mg0O. Examination of the photomicrographs of these specimens shown in lgure Oeo?l(zoigagnd Typle) I}Ir.ryAl013 etch? P s

Fig. 1 reveals the presence of a small amount of porosity within the
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XBB T15-2115

XBB T15-2113
i 2 P i h i ini : :
Figure szzéfggrap T;p :fIs%:z;?ei:idc%;:lﬁng 5% Figure 3. Photomicrographs of Type I specimens containing
23 g 10% (top) and 15% Ca0-Mg0-8i0,.
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XBB 715-211L

Figure 4. Photomicrographs of the Type II specimen contain-
ing 15% Ca0-Mg0+510,.

)

Table I. Theoretical and measured densities
for all specimens studied

Density (g/cm?)

Composition Type I Type II Theoretical
100% MgO 3.551 3.550 3.580
95% MgO 3.498 3.496 3.552

* 5% CMS

90% Mg0 3.L459 3.450 3:525

+ 10% CMS

95% Mg0 3.420 3.428 3.499

+ 15% CMS

100% cMS 3.08 3.05

grains of the Type I specimen. The porosity present in the Type II MgO

specimen is not so evident and must be concentrated along grain

boundaries.

The measured densities presentéd in Table I for all specimens con-
taining Ca0+Mg0+5i0, are seen to be significantly lower than the theo-
retical values. The theoretical values were calculated assuming a
density of 3.08 g/cm® for Ca0+MgO+Si0, as determined using the powder
reacted at 1650°C. While the-density of this silicate material is
generally reported in the literature as 3.2 g/em®, calculaticn of the
density from the lattice parameters measured by Sshama and Hytonen,hs
and by Roy,h6 gave a value of 3.05 g/cma. This value is in good agree-
ment with the value of 3.08 g/cm3 used in the calculation of theoretical
densities for the two-phase materials.

For all of the materials containing Ca0*Mg0+*SiO2, the measured

densities were approximately 98% of the theoretical values. Since the
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specimens were translucent after firing, and since there is no evidence

of porosity in the photamicrographs shown in Figs.. 2-l, the differences

_' in density noted must be due to the presence of & third undetermined

pha;se. To ascertain what. thié phaée must be, consideration 'qf. the phase

changes teking place during .firing is in order.
Ricker and Osbomw.have noted that Ca0+Mg0-5i0; melts incon_gruently_
" &t 1492°C to give MgO and a liquid phase, together with a small emount »

of merwinite (3Cab-MgO'2Si02) which disappears at approximately 10°C

higher. At temﬁera‘tur-es ‘up to approximately 1690°C, an equilibrium

between MgO and silicate lif;uid saturated with MgO is esteblished. On
cooling, then, merwinite precipitates out of solution at approximately
;502°C and reacts with MgO to form CaO’MgO’SiOz at 1492°C. The liquid

remaining must simultaneously react with Mg0 to produce additional

Ca0*Mg0+Si02.

In firing MgO, CaC0Oj3, and SiO2 to form mnticellite, the reactions
that take place during cooling occur at many sites and the formation of
Ca0+*Mg0+5i0, can proceed rapidly to completion. Thus no second phase

vas detected in the material reacted at 1650°C and rapidly cooled. How-

" ever, when a composite material containing Caﬂ*MgO'SiOQ and MgO is

heated to. temperatures as high as 1550°C or 1650°C, the excess Mg0
present following melting diffuses through the liquid and deposits _6nto
the surface of neighboring MgO grains. On cooling, the reaction between

Mg0 and merwinite must therefore occur primarily along grain boundaries.

- The formation of Ca0O*Mg0+SiO; at these boundaries results in reaction

_ba.rri’ers which inhibit complete crystallization of monticellite.

Using standard X-ray diffraction techniques all éamples were

analyzed to determine the phases present. The only crystalline phases

which could be detected were Mg0 and CéO~Mg0'Si02. It was therefore

" been shown by Smith
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concluded that the unknown phase resulting from incomplete re;ction on

cooling must be of a glassy nature. It was the presence of this glass

which resulted in the lower values for density of specimens containing

,Ce.O'_MgO;SiOZ repoﬁed in Table I.

The épatial distribution of a liquid phase relative to solids has
l‘8'150 depend only on the equilibrium dihedral angle.
As the equilibrium dihedral angle appro#ches _(_)°, the degree of penetra- »
tion between solid grains by the liquid increases until the liquid
extends along all the‘ grain interfaces. Soli'd_ greins then exist as
islends in a continupus liquid phase. Various aspecfs of phase dis-
tribution in ceramics have beeﬁ presented by Wl:xi'l'.e.h9
In the system _MgO—Cab°Mg0°SiO; en equilibrium dihedral angle of 25°

has been reported. 50

v Thus, while it is expected that the liquid phase
present above 1502°C will penetrate between fhg solid grains to a con-
siderable degree, a significant amount of Mg0 grain-gfain contacts must
remai;x at equilibrium. Examination of the photomicrographs of materials
containing 5-15% Ca0*Mg0+5iOz shown in Figs. 2 and 3 indicate that this
va.é precisely the case. However, it is uﬂcertain whether the heat treat:
ments each spécimen received were sufficient to esteblish ec;uilibrilm;
i’he degree of solid-solid (MgO) contact for each specimen was

51A

determined using a method described by Stephenson and White.
number of straight lines were drawn on the photomicrographs .of each
specimen and the number of intersections made by these lines with each

of the two types of boundaries was noted. The area of solid-solid

interfaces to the total area of all interfaces was then. determined as -

Area of solid-solid interfaces = Nss
Total area of all interfaces Nss + N

sl
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'whene Nss is the number of intersectionms with MgO-MgO grain boundaries and
Nsl is the number of intersections with MgO-Ca0*Mg0+Si0, boundaries..
The ratios determined are presented in Table II.

Table II. Average grain size and degree of Mg0 grain-grain
contact for the specimens studied

N
o SS

o : _Average Grain Size . ) Nss+ .Nsl o
Composition ' Type I = Type II . TypeI Type II
©100% Mgo0 1.0 12.8 1.0 1.0

' 95% Mgo0 29.6p - 3L.3u -~ 0.51 0.28

+ 5% CMS C ' o :

90% Mg0 25.2u - . 0.37 -

+10% CMS o

85% Mg0 22,1y - - 0.26 -

+ 15% CMS ‘ : : v

For the Type I specimens shown in Fig. 2 (top) and Fig. 3, it is

evident that as the amount of CaO*Mg0+Si0O; is increased, the degree of

SOlld—SOlld contact decreases. For 5% CaO Mgo Si0; the rat:l.os of solid-

solid (Mg0) area to- the total area of the boundanes was 0.51, while the

ratio decreased to 0.26 for specimens contalmng 15% of the second phase.

For the Type II specimens the distribution of the second»phase after.
fix;ing was' relatively uniform only for the specimen containing 5% ‘
.Ca'O'MgO'Sioz. ‘This specimen was formed by extrusion of the liquid phase
at 1650°C and the CaO'MgO Si02 content was estimated to be S/a based on
the density measurement, X~ray dlffractlon data, a.nd examination of

mi crostructure. The ratio of solid-solid interfacial area to the total

interfacial area for this specimen was found to be 0.28, or approximately

the same as that for the Type I specimen containing 15% Cal*Mg0°*5i0,.
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For the Type II specimens containing 10% and 15% Ca0+Mg0+Si0, the
distribution of the monticellite phase was very non-homogeneous . As
shown in Fig. b4, the CaO'MgO'Sloz content was very high in some aress .

while in other areas the content was very low. This effect was the .

" result of poor mixing of the prereacted Ca0*Mg0°Si02 powder with the Mg0

during the initial stages of fabrication. Extrusion of the liquid phase

&t 1550°C, as- for the sample containing 10% monticellite, or hot press-

ing at 1250°C 'follo;ed by. s‘intering at 1550°C, 's,s for the 15% specimen,
d.1d not perm:.t redlstnbutlon of the liquid as was obtained 1n the
specimen pressed at 1650°C where the liquid was less viscous. From
Fig. 4 it is a.lso apparent that equilibrium vas not established between
the solid and liquid phases since the solid grains are completely sur-
rounded by Ca0+*Mg0+Si0, in the regions of hlgh concentration. Due to

the non-homogeneity of the Type II specimens containing 10% and 15%

- CaO*MgO°SJ.02, it was not possrble to obtain a mean1ngfu.1 figure for the

ratio of solid-solid 1nterfac1al area to the total interfacial area.
The effects of the CaO- MgO'S:LOz phase on greun growth of MgO grains
have been noted for the va.rlous spec1mens. The average grain size for

each specimen is included in Table II. _ In the absence of CaO MgO'Sloz,

. the average grain sizes for the Type I and Type IT MgO specimens were

17.0u and 12.8p respectively. As the Ca0°Mg0+SiO, content was increased
from 5-15% in the Type I specimens, the grain size decreased frbm'29.6‘
to'22.lu. Slnce grea.n growth in the presence of the liquid is a solution

dlfﬁmlon—preclpltatlon process,52 any increase in the diffusional path

must result in a decrease in the growth rate. The effects of grain

growth retsardation in the presence of the 1i§uid phase is most evident
in Fig. L, where the grain size in the region of high CaO+Mg0°Si0,

concentratlon is seen to be much smaller than in the region of low
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concentration. Similar results of the inhibiting effect of the liquid o

52

on Mg0 grain growth in this system have been reported by Buist et al. -Table ITI. Stress-strain data for specimens of Type I.

B. Stréss-Strain Tests

- The stress-strain curves obtained for polycrystalline MgO and for .. . Composition Yield Stress Fracture Stress

Strain at Fracture

Mg0-Ca0+Mg0+5i0; materials are presented in Fig. 5 and Figs. 8-10 for

the various test temperatures; Type I and Type II specimens of similar»

(1) 1007 MgO .

composifion are bpresented in a single figure to facilitate comparison of ' 1200°¢

. 10,400

psi- - - 23,850 psi 13.2%
_ , , 1300°C 8,100 psi 16,400 psi 13.0%
the behavior of the two types of materials. In addition, the curves 1400°¢C .T+800 psi 12,500 psi >8.0%
have been replotted in Figs. 11-16 as a function of camposition at each (2) 5% Ca0O*Mg0+5i0, -
‘test temperature. The offset yield stress, the maximm stress before 1200°C 11,300 psi-- 13,640 psi o 2.32%
' v 1300°C 5,800 psi 7,500 psi . -2.40%
fracture, and the strain at fracture for each specimen of Type I and . 1k00°c 4,000 psi 6,630 psi : 2.20%
Type II are given in Tebles III and IV, respectively. . o ~ (3) 10% Ca0-Mg0+Si0, |
1. Polycrystalline MgO ' o ) 1200°C 14,000 psi 17,580 psi 2.68%
: _ v - 1300°C 7,900 psi 10,000 psi : 2.30%
The significance of the character of grain boundaries in influenc- - -1koo0°¢ . 4,500 psi 6,870 psi 2.20%
ing deformation of polycrystalline Mg0 be’coines evident upon examination (k) 15% Ca0*Mg0+8i0,
of Fig. 5. The stress-strain behavior exhibited by the two' types of MgO : 1200°¢C 16,400 psi 22,400 psi _ 5.20%
‘ : ' ‘ 1300°C 12,400 psi 16,500 psi 4.20%
in the temperature range 1200-1400°C is seen to be markedly different. -~ 1koo°c 8,000 psi 10,100 psi S 3.10%

The Type II specimens have & fracture stress much greater than .the

Type I specimens, 'Sut the Type I specimens exhibit much ‘more ,duc‘tility.
before fracture. At 120.0°C>, for example, fracture in the Ty'p‘é I speci-
: men.'occux_-re'd énly éf‘ter it had been deformed approximately 13%, and the
: mgxim@ stress was 23,850 psi. The Type II specimen tested at .1200°C
w.a.s.‘ able tél deform iess than 1% before it fractured at a stress level of
‘29,“600 psi. Similér con;éa.risons were noted for specimens testeq at
+1300°C and 1400°C. |

For the Type I specimens of Mg0O, which we-re;rhot pressed and then
.anﬁealed at 1550°C, it was observed that the p§rosity present was pri--_

marily within the grains. For the Type II specimens‘, which were not
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Table IV. Stress—straih data for specimens of Type II

Composition

Yield Stress

Fracture Stress

Strain at Fracture

(1) 1002 Mg0

(2)

1200°¢

©1300°C 120,000 psi
1k00°C 15,200 psi
5% Ca0+Mg0+5i0,
1200°¢ 15,500 psi -
-1300°¢C 11,400 psi

" 1koo°c

(3)

(b)

- “T,600 psi

10% Ca0-Mg0°+5i0,

1200°¢ 14,600 psi
1300°C . . T,000 psi
1ko0°C 5,800 psi -

15% Ca0*Mg0°+Si0,

* 1200°C 10,500 psi
1300°C 6,200 psi
1koo°c 6,000 psi

29,000 psi

29,600 psi
27,000 psi
24,500 psi

22,840 psi

18,560 psi -

10,580 psi

19,100 psi
10,400 psi
7,270 psi

12,8L40 psi
8,140 psi
7,080 psi

0.97%.
1.76%
4.90%

2.50%
o 4.18%
2.76%

2.73%
2.32%
2.22%

2.22%
2.32%
2.30%

l f i I | I | | I
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Figure 5. Stress-strain curves for the speciméns of polygfystalline MgO.
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annealed, pores were present primarily along the boundaries. It has
been shown that the presence of porosity along grain boundaries in MgO
inhibits dislocation motion and leads to separation of grain bound-
a.ries.l2b Fracture in specimens of this type is then essentially
brittle, occurring when the level of stress is sufficiently high to
propagate an existing flaw to failure. Figure 6 is a scamnning electron
micrograph of the fracture surface of a Type II MgO specimen deformed
approximately 1% at 1200°C. The fracture path is seen to be completely
intergranular, as expected from examination of the corresponding stress-
strain curve in Fig. 5. While the total strain at fracture for Type II
specimens tested at 1300°C and 1400°C was greater than that at 1200°C,
the fracture path was intergranular in all cases.

The ductility exhibited by Type I specimens of MgO can be attributed
to the stronger grain boundaries characteristic of these specimens.
Since the integrity of the grain boundaries is maintained during locad-
ing, the development of stress concentrations and the initiation of slip

on a number of slip systems results in yielding of the material at lower

stress levels than for Type II specimens. The yield stress at 1200°C

XBB T15-2110

for the Type II specimen, for example, was 29,000 psi, approximately

A Figure 6. Scanning electron micrograph of the fracture surface of a
equal to the stress at fracture. The yield stress of the Type I speci- 5 Type IIgspecimen of Mgogstgained ~1% at 1200°C. Inter—

ul . 2000
men at the same temperature was 10,400 psi, or less than half of the BRRE e
stress at fracture. The behavior of Type I specimens during loading has

been described by Copley and Pask.lea

As the applied stress is in-
creased slip occurs first on the {110} x110> slip systems due to their
lower resistance to dislocation motion. Long range stresses build up
in each grain and soon force slip on the {001} <110> slip systems.

Since five independent slip systems are then in operation, yielding

occurs in the polycrystalline materiel.
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For specimens deforming as the result of extensive dislocation
motion, work hardening generally occurs as dislocations become entangled.
Thus the increase in the strain rate after yielding is very gradual and
the stress level at fracture may be much greater than the stress level
required for yielding. In a stress-strain experiment the slope of the

stress-strain curve is related to the strain rate by the equation

o (2)(%)” ©

where O represents the applied stress, € represents the strain, and t
represents time. For a constant loading rate, a high slope indicates a
low strain rate, and a low slope indicates a high strain rate. In
Fig. 5 the effects of work hardening in the Type I specimens are re-
flected in the increase in stress required following yielding to cause
further increases in strain.

Since deformation in Type I specimens of Mg0O occurs as a result of

extensive dislocation motion, it is expected that fracture will even-

tually occur across the grains. Examination of the fracture surface

XBB T15-2111

shown in Fig. T of a Type I specimen of MgO deformed approximately 13%

at 1200°C reveals extensive grain deformation and indicates transgranular Figure 7. Scanning electron micrograph of the fracture surface of a
Type I specimen of MgO strained ~13% at 1200°C. Trans-
fracture. Similar observations have been made by a number of investiga- granular fracture. 2000X
12a

tors, including Copley and Pask, and Vasilos et al.lo for materials
possessing strong grain boundaries.

2. Mg0-Ca0°Mg0+*Si0, Specimens

The stress-strain relations for materials containing 5-15%
Ca0+Mg0+SiO; and MgO in the temperature range 1200-1L400°C are presented
in Figs. 8-10. For smaller amounts of CaO*Mg0+SiO; (Figs. 8 and 9) the

Type II specimens were significantly stronger than the Type I specimens,



= | | -38-

o o T T T T T T T T T T
4T T T T T T T T N IR B B R 1200°C
, 1200°C i N o |
| — == =1200°C
-
20} - 16 -
16~ - | _
o i o
x X
& o L -
= 12f - =
A 7
o - W sl -
o . 3
» ' '
8 : - = =<.1300°C b - -
. 7 = 400°C
= | / P - o . -
I / / 4 .
N B / TYPET == =
4 | / : ,
! TYPE T
| | / - - -
- | I ! 0.0! -
| | ! { | | !
) i I TS RN T S N T T S R T o 0 »
v : : ; S ' ' TRUE STRAIN
TRUE STRAIN | |
XBL714-6682 | - XBL714-6683

) . - . Figure 9. Stress-strain curves for specimens containing 10% Ca.O-MgO-SiO2
Figure 8. . Stress-strain curves .for specimgns containing 5% CaO~MgO-SiOz.
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Ca0-Mg0-S10,,.

~40-

although the general shape -of the curves was quite similar, For speci-
mens containing 15% Ca0*Mg0+5i0;,, however, it is evident from Fig. 10
that the Type I specimens ‘have greater strength over the range of tem-~

peratures used in this study.

The differences in mechanlcal behavior of Type I and Type IT specl-

‘mens contalnrng CaO *Mg0+5i0, become more apparent upon examination- of

Figs. 11-16. For the temperatures noted, the strength of Type I specl-
mens (Figs. 11-13) was observed to increase as the amount of second
phase present was increased. chever, the fra.cture stresses for the

specimens contalnlng 5% and 10% Ca0+*Mg0+5i0, were cons:.derably lower than

_ for Type I specimens of MgO at corresponding temperatures. For the 15%

specirens of Type I, the fracture stresses were apprcxima.tely equal to
those for the pure MgO speclmens at the corresponding temperatures.- The

behanor of Type II specimens (Figs. 14-16) contalnlng Ca.O°MgO-SJ.Oz

was somewhat dlfferent than that of Type I specimens. - As the amount of

'C&O’MgO'SiOz was increaséd, the strength of all Type II specimens was.

observed to decrease. The fracture strengths determined . for all Type II
specimens containing Ca0*Mg0+Si0, were significantly lower than. those
for Mg0 specimens of Type II at the .same temperatures. However, 1t may
be more rea.llstlc to compa.re these fracture stresses with those of the.

Type I specimens of MgO since the firing temperatures for Type II

specimens containing Ca0*Mg0°Si02 were higher than for the pure MgO

specimens of the same type. For this comparison, it was noted that the
5% CaO‘MgO°SiOz specimens have fracture strengths approximately equaling
those of pure MgO in the temperature range 1200-1400°C.

It was hypothesized that the differences in behavior observed for

the two typ‘es of specimens containing Ca0*Mg0+5i0, might be due to

variations in the amount of the silicate phase remaining uncrystallized

-
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after firing. Accordicgly, :1 number of attempts were made to alter the
_ 8lassy content of these materials. Analysis of specimens quenched‘ from
- 1550°C using density measurements and standard X—ray.difﬁ'action tech-
nigues failed to reveal any significant differences from specimens
'aqnealed at 1400°C for up to 40 hours. Therefore the reactions to form
CaOfMgO 'SiOé upon cooling were shown to occur rapidly, and the reaction

barriers which prevent complete crystallization of Ca0+Mg0+Si0, from the

liquid must exist as previously proposed. Fhrthermore,. the differences .

in behavior for Type I and Type II specimens must arise from effects of
Ca.O'MgO‘Sin distribution, and the correspendipg e'ffect_s on the con-
tinuity of the Mg0 structure.

While the fracture stresses for Type 1 materials contalnlng 5% and
-10% Ca0*Mg0*5i02, and for Type II meterle.ls containing 10% and 15%, were
mgnifica.ntly lower than for the Type I specimens of pure Mg0, it is
interesting to note that at 1200°C the yield stresses for all the speci-
mens containing Ca0*Mg0+Si0, were .higher-tha.n the corresponding yield
stresses in the Type I speciniens of MgO. Since yielding in the MgO
speclmens is dependent upon dislocation motlon, the. presence of
CaO'MgO'SlOz along grain boundaries must restrict that motion and there-
. by increase the stress required for yielding. As the dlstrlbutlon of
Ca0*Mg0+Si0; is made _more uniform, the 1nh1b1t1ng effect on Sllp must
become more pronounced.
- The values presented in Table II for the ratio of solid-solid
interfacial area to the total interfacial area for various specimens may
be considered to be a measure of the degree of uniformity of distribu-
tion of the silicate phese in the system beiﬁg studied. As the ratio
decreases, the wniformity of distribution of the silicate phase in-~

creases. This is evident upon examination of the photomicrographs in

-h8-

Figs. 2-4. For the Type II specimens containing 15% Ca0<Mg0+Si0, it was
impossible to-determine the area ratio due to gross variations in sili-

cate phase distribution. The yield stress for this specimen at__l200°C

.was only slightly greater than that of the Type I MgO specimens at the

- same temperature. For the 5% specimen of Type 1I, which had an area

ratio of 0.28 and the most wniform distribution of Ca.O_-MgO-SiOz,' the

increase in yield stress- compared -to that for pure Mg0 -wa.s‘-approximat'ely

:50%. Similar increases in &ield stress can be cited for Type I _speci-

mens. In the 5% speclmen of Type I which had an area ratio of 0.51,
the presence of Cao-MgO'SJ.OZ mcrea.sed the yleld stress approxlnately
10%. The 15% specimen of Type I, which had amn area ratio of 0.26 and - -
was -simi_la.r in appearance to the 5% specimen of Type II, had a yield .
stress approximately 57% greater than that for the Type I specimen of

The effect of sﬂ;cate phase distribution on the yield stress was
not so evident at temperatures of 1300°C and 11&00°C. For the two

speclmens having the most uni form distrlbutlon of the silicate phase

" (Type I - 15%, Type II - 5%), the yield stress continued to be greater
‘than for the MgO specimens of Type I For all other spec1mens contain-

ing CaO'MgO'SJ.Oz the yield stresses were lower than those determined for

MgO specimens .of Type I at corresponding temperatures. It is likely
that this observed decrease is due to yielding of the s111cate phase
following continued softening of the residual glass at higher tempera-
tures. As the uniformity of distribution of the silicate phase in-
creases, yielding can occur more uniforzrly throughout the specimen.
Consequently, the Type I specimens containing Sfé and 10% CaO-Mg0-5i0,
yield at lower stresses than do the non-homogeneous specimens of Type II

for temperatures where deformation of the silicate phese is important.
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. It remains unclear th this effect should not be equally important -in .
_the specimens having greatest uniformity of silicate phase distribution.

The strength of polycrystalline MgO at high temperatures has ‘been
shown to depend on the ease of dlslocat1on motion. Yielding in specimens
containing arboundary phase has been found to be related to the |
.uniformity of distribution of that phase over g vide temperature'range,
‘Tahd specificellv to the ease of'disloca+ion motion et 1200°C. The means
by vwhich fracture occurs at various temperatures in the specimens con-
p talnlng Ca0*Mg0°Si02 can be readily explained through further considera-
"tion of yielding for both Mg0O and MgO-CaO<Mg0*SiO, materials.

While the yield stresses of a number of specimens contalnlng
‘CaO'MgO'Sroz were greater than the yield stresses of Mgo specimens of
Type I at corresponding temperatures, it has previously been noted that
most of the speclmens fractured et lower stresses.” The Mg0 specimens
were observed to have relstively low vield stresses, but the loadébearing
capacity of the specimens increasednwith strain as the effects of work
hardening became more pronounced. The stress at fracture was therefore'-
muchbhigher.' The effect of work hardening is reflected in the gradual
decrease in the slope of the stress-straln curves shown in Fig. § for
Type I specimens of MgO, as noted prev1ously. The gradual change in the
slope of the stress-strainrcurves for materials. containing CaO5Mg0'Si02

tested at 1200°C (Figs. 11 and 14) are also indicative of work hardening,

although the degree of hardening is restricted by the boundary. phase and

its distribution, and by yielding of the boundary due to the presence of
8 residual glassy.phase. Consequently, the specimens containing
CaO'MgO‘Sioz'generally fracture at lower stress levels than the Mg0
specimens of ﬁype I; ahd the total strain at fracture is much less.

When the increase in the yieid strength due to the presence of the
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silicate phase is great (i.e., for the Type I 15% specimen and the

Type II 5% specimen), however, it was observed that the strength at

fracture may’ approach and even exceed that of pure Mg0O, although the
total strains at fracture are much dlfferent. The total strains
recorded for all specimens up to the p01nt of fracture are 1nc1uded in
Tables IIT and IV.

At higher temperatures fracture in spe01mens contalnlng CaO'MgO 5i0;
occurs follow1ng deformatlon of “the boundary phase. A rapid increase in
strain rate 1s observed follow1ng yleldlng in most of these materials,
partlcularly in Type I speclmens where the silicate phase is more
unlformly dlstrlbuted (Figs. 12 and 13). While stresses achieved ih the
15% CaO-MgO‘Sloz specimen of Type I, and in ‘the 5% Ca0*Mg0+S5i0, specimen
of Type II, were sufflclently hlgh to activate slip within the MgO
gralns_at all temperatures studied, the stress levels -achieved at 1300°C
and lhOQ°C for all other specimens containing Ca0*Mg0*Si0, were. too low

to cause extehsive dislocation'motioh. ‘Viscous deformation of the

15111cate phase along grain boundarles resulted in cav1tatlon and frac-

ture at low stresses.

For all‘specimens containinQVCaO-MgO-Sioz»fracture'VES'observed to
be.intergranular. However, examlnatlon of the fracture surface shown 1n
Fig. 17 for the Type II specimen contalnlng 5% Ca0- MgO 8102 tested at
1200°C indicates some evidence of transgranular fracture. - It is sug-
gested that this must result from deformatlon within individual grains
of MgO at stresses high enough to activate Sllp, even though the

boundary phase restricts the total amount -of plastic straining possible

before fracture.



Figure 1T7.

Scanning electron micrograph of the fracture surface of a
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Type II specimen containing 5% Ca.O-MgO-SiO2 strained 2.5%

at 1200°C.
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C. Creep

Creep tests for Type II specimens containing 5% CaO°MgO°*SiO2 were
conducted over the temperature range 1200°C-1450°C. The tests were
designed to give creep rates in the steady-state region of deformation
of approximately 10-7/sec. Thus as the test temperature was increased,
the stresses applied were reduced some predetermined amount. Creep
curves which illustrate the behavior of these specimens at several
temperatures are presented in Fig. 18.

At 1200°C, the initial elastic extension accompanying application
of the load was small, and it was difficult to distinguish a region of
primary creep. For strains greater than approximately 1%, the strain
rate remained constant during the remainder of the test. At 1300°C, a
relatively long primary region was observed and steady-state creep was
not established until the strain reached approximately T%. At 1400°C a
primary region of intermediate length (up to 2% strain) was observed
before the creep rate became constant.

Following the establishment of the initial steady-state in a number
of separate tests, the stress was changed and a new steady-state creep
rate was determined. A number of such incremental changes in stress were
made at temperatures of 1200°C, 1300°C, 1400°C, and 1450°C to obtain
data for the steady-state creep rate as a function of stress at a given
temperature. This data was used to calculate the stress exponent n dis-
cussed in Section II-B.

The value for the stress exponent at each temperature was determined
using a modified form of Eq. (3). The equation as presented was derived
for conditions where dislocation processes are likely to dominate creep
behavior. However, for the specimens containing Ca0°Mg0°SiO2 studied in

this work, stress-strain results have shown that the effects of
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Figure 18. Typical creep curves- for Type II specimens conta.m.ng S/a .
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dislocation motion on deformat_ion are significantly reduced as the .
temperature is increased and fhe boundary phase c’ontrols deformation. .
Under these conditions it seems that including the Bu.rgers vector b in .
the creep rate equation is not meenlngful _Perha_ps some other value for
length such as the width of the boundary phase'shou.‘l.d be substituted at

higher temperatures. Furthermore, Eq (3) was formulated for ‘single:

. phase materla.ls for whlch the shear modulus G is eas:.ly determlned. In

the system belng 1nvest1gated 1t is proba.bly prefera.ble to use values
for the shea.r modulus of the second phase as a funct:.on of temperature.
However, these values are: not knom, and they cannot be calculated with.
any degree of certalnty.

To overcome the uncertainty expected in values for G a.nd bounda.ry

width at various temperatures, a number of pa.rameters were comblned to

give a s:L_ngle temperature dependent constant A' which éould be' deter-
mined expenmentally Thus creep in the 5% CaO‘MgO‘SlOz specimen of

Type ITI can be descnbed as"
e - A.(%) e~Q/RT - (7).

ﬁhei‘e A' has dimensions of. (time)-l. Q repreeents the apparent activa-
tion energ for creep determined at the temperature T. The shea.r - |
modulus to be substituted in Eq. (7) uas that for denee polyerystalline.

the shear

modulus at various temperatures was calculated using the relation

_ -y
Gp/Gpgg = 1.065 - 1.98 + 107" T (8)

55

. G, and G

determined by Soga. et al. T 298 represent the shear modulus at
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the temperatures T and 298°K, respectively.
Experimental velues for the strain rate as a function of 0/G for
four different temperatures have been plotted in Fig. 19. From Eq. (7),

it is seen that the relation
log & = n 1og(G)+ log (a'e Q,M‘) _ ' (9)

represents a stralght line with slope n and 1ntercept log (A e-Q/RT)
From a8 least squares analy51s of the data obtalned at each temperature

~Q/RT

values for n and A'e were easily determlned.

The apparent activation>energy for creep was determined at seversal
temperatures in the range 1200;1h50?c using an igcremental temperature
technique, as noted in Section III-C. The steady-state creep rete of a
specimen sﬁbjected to a constant stress was determined following incre-
mental temperature changes of * 20°C For example, the apparent activa-
tlon energy for creep at 1300°C- was determlned from data obtalned by
periodic cycling between 1290°C and 1310°C. The apparent-aetivation

energy Q could then be calculated using an expression derived from .

Eq. (3):

(€1T1/6Gy)
R In — .
(€2T2/Gy) (10)

1/T2 - 1/,

Q:

where é1 and éz represent the strain rate at temperatures T; and T,,
respectively, and G1 and Gz represent the shear modulus at the corres-
ponding temperatures. Although precise values for G:1 and G2 were not

known, it was assumed that they were approximately the same for the

small temperature change. The ratio T1G2/T»G, was thus considered to be

Figure 19.
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Strain-rate vs. normalized strese for creep specimens
(5% C&0-Mg0- 5102) tested in the temperature range
1200-1450°cC.
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equal to one, and the apparent activation energy was actually .determined

from the relation _

Q__'_E_ll_l_éz.& ' ‘ (11)

. This result cen also be determined directly from Eq. (7) assuming that

the temperature dependent constant A' is not significantly affected by

a 20°C change.
An average value cbtained from several calculations was determined

for Q at each temperature.
-Q/RT

This value was then used to calculate the

constant A', where A'e was known from the least squares analysis of

the data shown in Fig. 19.

Values for the stress exponent n, the apparent activation energy for
creep Q, and A'are presented in Table V. In general, it was found that i

the stress exponent n decreased as the temperature was increased. The

.apparent activation energy for creep, however, was found to increase with -

temperature. Both of these results were consistent with expectations
of a changing deformation mechanism with temperatu.re for the ‘spe:cimens.

Table V. .Ca.lculated and'experimental values
for the parameters in the creep equation (Eq. 7)

Temperature . GT n ’ Q A'

1200°C 14.6 x 10° psi  3.62 10k kcal/mole 3.26 x 102%/sec
1300°C 14.2 x 10% psi _

o > 7000 psi : 3.81 130 keal/mole 2.71 x 102%

o < 7000 psi 1.01 130 kcal/mole 1.06 x 10!°
1koo°C 13.8 x 10° psi  1.30 215 kcal/mole  3.33 x 102%/sec
- 1ksp°c 13.6 x 10° psi 1.13 2k kcal/mole S 1.76 x 10%9 /sec
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At 1200°C the stress exponent n was found to be 3.6, indicating
that deformation may have been the result of some dislocation controlled
process. The value noted is consistent with the Predictions by -

16 '

Weertman™> of stress exponenets between 3 and 4 for creep occurring as

& result of dislocation climb. This result is a.lso in good agreement
with the value for n of 3.3 determlned by Langdon and Pask:’\2 for com-

pressive creep of polycrysta.ulne MgO at 1200°C, where deformatlon was

'concluded to be due to some form of dlslocatlon motion.

The apparent actlvatlon energy for creep at 1200°C was . found to ‘be
104 kcal/mole. While this value is much higher than the values deter- .

32

mined by Langdon and Pask~“ for creep of MgO at 1200°C, or by Olshl and

Kingery26 for diffusion of oxygen in MgO, it is in good agreement with

the results of Hensler and Cullen2’ (111 % 12 kcal/mole), and Tagai and

Zisnerst (104-106 kcal/mole), for creep of polycrystalline specimens.

Hensler and Cullen29

have noted that the value determined by Oishi and
K:Lngery may be too low to correspond to oxygen lattice diffusion.in high
purlty MgO. Furthermore, recent work by Na.rayanss suggests that the
value determined by 015h1 and Klngery must actually represent the activa-

tlon energy for (extrinsic) boundary diffusion. Narayan observed the

shrmkage of dlslocatlon dipoles in thin foils of Mg0O using transmlss:\.on

electron mlcroscopy and determined the activation energy for pipe

diffusion (diffusion along the core of a dislocation) to be 60.4

kcal/mole, which compares favorably to the value of 62.4 kcal/mole re-

ported by Oishi and Kingery. In a similar investigation, the activation

enery for bulk diffusion of oxygen in Mgo was found to be 110 kcal/
57 ‘This result is in excellent agreement with the value determined

from creep date in this work, and also with a value of 120 kcal/mole

for the actlvatlon energy for intrinsic diffusion of oxygen in
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polycrystalline MgO determined by electrical conductivity measurements.58

Further evidence that creep at 1200°C in the Type II specimens
containing 5% Ca0+Mg0+Si0, must be controlled by deformation within the
Mg0 framework is provided in Fig. 20. The photomicrograph of a specimen
strained approximately 10% at 1200°C reveals no deformation in the
boundary phase. The specimen is similar in appearance to the undeformed
specimen shown in Fig. 2. Since deformation occurring by some dis-
lcoation process within individual MgO grains requires a change in grain
shape, the boundary phase must undergo limited deformation to maintain
the integrity of the MgO-silicate interfaces.

At 1300°C the stress exponent n was found to have two distinct
values, as indicated in Fig. 19. For higher levels of stress (>7000 psi)
the stress exponent was found to be 3.8, or essentially the same as that
determined at 1200°C. For lower values of stress a stress exponent of
1.0 was found. The two values for n indicate that at 1300°C a second
deformation mechanism begins to play a significant role in the creep of
MgO-Ca0+Mg0+5i0, specimens. This may contribute to the long primary
region for creep at 1300°C shown in Fig. 18. The level of stress
(7000 psi) in the region of transition is approximately equal to the
yield stress of Type I specimens of Mg0 at 1300°C. It is also in good
agreement with an average yield stress for Mg0O single crystals deter-
mined from the results of Copley and Pask8 for <100> and <111> stress
axes. These observations suggest that at higher stresses the creep of
Mg0-Ca0+Mg0°5i02 specimens at 1300°C is controlled by dislocation
processes similar to those determined to be rate-controlling at 1200°C.
At lower stresses the stress exponent of 1.0 suggests that deformation
might be the result of a viscous mechanism, such as diffusion controlled

creep required for the Nabarro—Herring,20 Coble,21 or Gifkins2h models.
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~10% strain 1200°C

~12% strain 1300°C

~10% strain 1400°C
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Figure 20. Photomicrographs of specimens containing 5% Ca0-Mg0.51i0
strained 10-12% in creep tests. Sections normal to the
loading axis.
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- It is also possible, however, that the linear dependence of strain rate
on stress in this range is due to viscous deformation of the boundary
phase, with the sliding involved subject to a Newtohian viscosity law

9 has shown that grain

and not dependent on any diffusion process.‘ Ke
boundaries_under shear stresses behave viécously with strain rate
linearly proportional to stress. Examination of the photomicrograph
shown in Fig. 20 for a'specimeﬁ deformed 12% at 1300°C in anbincrementai
stress test indicates some evidence of deformation in the boundary -
phase.» The absence of cracks caused by grain boundary separation may be
interpreted as evidence of actual flow of the silicate phase. Therefore;
creep at 1300°C in specimens containing Ca0+Mg0*Si0; is probably the
result of viscous flow of the boundary phase when the stresses are too-
low to activate slip within Mg0O grains.

The apparent activation energy for creep at 1300°C was_deterﬁined
to be 130 kcal/mole. This value was found to be independent of sﬁress
in the range 6000-10,000 psi, although the range includes the region of
transition from a dislocation mechanism to a sliding mechanism during
creep. .The significance of a change in the apparent activation energy
for»créep as a result of a change in the mechanism controlling deforma-

' tion has been Aiscussed by Langdon.23 Although & single mechanism is )
usually rate controlling, if two or more mechanisms operate fhey may act
either sequentially or simultaneously. If two mechanisms operating
sequentially have different activation energies, there is a change in
the apparent activation for creep from a high value to a iow valué as
the temperature-is increased. If 'the two mechanisms operate simul-
taneousiy, héwever, the changé‘in the appareﬁt activétion energy for
creep is from a lower value té a higher value as the temperature is

. . ) . o . .
" increased. Thus the increase in the apparent activation energy for
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creep noted for specimens,containing Ca0+Mg0+8i0, indiéates that the -
two deformation mechanisms must operate simultaneously ét stresses high.
enough to promote slip within the MgO grains.

It is of interest to note that when the stress exponent n for creep
at 1300°C was cbtained using Eq. (2) an intermediate value of n was
found. - Values for log éz/él vs. log 02/0) were plotted,‘where the
ratios represent the ébserved chﬁnge iﬁ strain rate accompanying a change

in stress in an incremental stress test. The effect of_stress‘on.the

-mechanism controlling éreep at 1300°C so evident in Fig. 19 was not

detected and an average value for n of 2.8 was determined. The more

direct method of plotting log € vs. log (%) as in Fig. 19 was thus found
to give a much clearer indication of the deformation‘processes taking
place.

At 1400°C and 1450°C the stress exponents were found to be 1.3 and
1.1, respectively. This indicates that at these temperatures deformation
is largely the result of viscqus flow:.of the boundary phase. Similar .
values for n of 1.2 and 1.1 for creep of MgO containihg LiF as a liquid
phase_héfe been reported.éo Creep was concluded to be the result of
Newtoniaﬁ or pseudo-Newtonién deformation of the LiF boundary phasé.
Evidence of such deformation in'the_MgO—CaO’MgO‘SiOz specimens is re;»
vealed in fhe photoﬁiérogréph.of Fig. 20 for a specimen deformed 10% at
1400°C. The flow of the boundary phase is seen to be extensive. It
should be noted that this photomicrograph represents an area perpen-
dicular to the loading axis in a region close to the center of the
specimen where the local strains are expected to be greatest. 1In
regions of the specimen closer to the edges, the extent of viscous flow

of the boundary phase was not as great. As in the specimens tested at

1300°C, no evidence of crack formation vas observed. It was not
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possible at these temperatures to raise the stress to levels high
enough to aétivat_e slip within the MgO grains since the creep rate be~- -
came very rapid for stresses above approximately 5000 psi-at 1400°C and
© 3500 psi at 1450°C and the specimens soon fractured.:

| The apparent activation energy for creep at 1400°C was found to be
215 kcal/mole. At 1450°C this value increased to 20 kcal/mole.

Although these values are qulte high relative to the:value obtained at

1200° C, comparable va.lues have been reported for the apparent activation

energy of magnesm. firebricks deforming in the presence of a llquld
phtase.h0 - |
To check ithe values reported in Table V for the apparent activation

energy for creep obtalned u51ng data from incremental temperature tests,
data from other tests were con51dered Using strain-rate data pre-
sented in Flg. 19, the apparent activation energy was calculated from
Eq. (10) assuming & constant value for the shear modulus. At & stress
- of 10,000 psi, and using strain rate data at‘1200°C and 1300°C, the
apparent activation energy in the region where dislocationv mechanisms.
were found to control creep was determined to be between 90 kcal/mole
and 105 kcal/mole. - This is in good agreement with the value of 1014
: kcal/mole obta.med using the incremental temperature data.
of 2000 psi, and using values for the strain rate at 1400°C and 1L450°c, -
the apparent actj.vatien energy for creep was calculated to be spproxi-
mately 250 kcal/mole. . Tnis value is also in good agreement Wj.th values
obtained at 1400°C and 1450°C using the incremental temperature data,
where 1t was determlned that the creep process was controlled ’by viscous
deformatlon of the boundary phase, ‘

Values for Q obtained using strain-rate data at 1300°C (lower

stresses) and 1450°C were lower than expected.  This must be due to the

At & stress
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great differences in the structures of the material at the two tempera- - .

tures, i.e.,_the shear modulus of the‘boun_dary phase must change
e.ppreciably over the indicated temperatu.re range. The 1ower values for
the activation energy calculated from this data, then, suggest that the
error is due not to the part:.cular data used but rather to the incorrect
assumptlon that G remained- constant over such a 1arge temperature range.
Thus the incremental temperature techmque appears to be a valid means
of obtalnlng reasonable va.lues for the apparent actlvatlon energy for-

creep.

2
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V. SUMMARY AND CONCLUSIOKS

Speclmens of polycrystalllne Mg0 conta.uung up to 15% of a.silicate
pha.se were fabrlcated by vacuum hot pressing or hot press:.ng and anneal-
ing techniques. The 3111ca.te phase was distributed along MgO grain
boundaries, and consisted of crys'taliine CaOﬁgO’-Si_Oz (monticellite)
end smaJ.“l. -_amounts' of a residual glassy phase.

-The high temperature mechanical behavior of these specimens in
stress-strain teste was studied over the .tempera._tu.re range 1200-1400°C.
. The mechanical behavior was found to be dependentb on ,thvevdegree of uni-
fdmity of distribution of the boundary phase, particularly at 12‘00‘°C. ‘
At this temperature deformation occurred primarily as the result of
plastic deformation in the Mg0 framev}ork At hlgher temperatures de---
format1on was controlled by deformation within the silicate phase as
a.dditional softening of the residual glassy phase occurred. At all
temperatures the most favorable mechanical behavior was exhibited by
those specimens ha.ving the most uniform ﬁstﬁbution of Athe bciunda.ry
" phase. The behavior of Type I speclmens conta.unng 15% Ca0+Mg0+510,
was found to be essentially the same as that of Type -II specimens con-
te;ining only 5% Ca0*Mg0+Si0, where the amount of Mg0 g'rain-grain conta.ct
area was app}oximately equivalent for each type.

The iﬁxportance of the st:length of grain boundaries in determining
lthe high temperature mecha.nlcal behav:Lor of polycrystalline MgO was
studled in other experiments. ' Specimens hot pressed at 1450°C exhibited
relatively high strengths but limited ductility in the temperature
range 11200- 1400°C. Similar specimens which had also been annealed at
1550°C-yielded -at mﬁch lower stress levels but exhibii:ed a significant
ameunt o't.‘ plas.tic' deformation as a result of dislocation motion before

fracture.

~65~

Results. of creep tests for specimens containing V5% Ca0*Mg0+Si0,

-uniformly distributed have shown that at 1200°C deformation occurs as a

‘result of dislocatipn processes, such as dislocation climb. The stress

exponent at 1200°C was found to be 3. 6. The apparent activation ‘energy
for creep, determined using an mcrementa.l temperature technlque, was

1014 kcal/mole. This value is in good agreement with a number of values

- reported for creep of polycrystalline Mg0O, as well as for the bulk

diffusion of oxygen in Mg0 recently determined.

Creep at 1300°C was found to occur as a result of two deformation

-mechanisms. At higher stresses creep was controlled by dislocation

processes, and a stress exponent of 3.8 was noted. At lower stresses
creep was cont:“olled by viscous flow of the boundary phase and a value
of 1.0 was determined for the stress exponent. The apparent activation
energy for creep at 1300°C was 130 kcal/mole. The increase in activation
energy with temperature vas consistent with expectations thet such an
increase should be observed where two mecham.sms affecting deformation
operate simultaneously. A | v
o At 1)4.00°C and 1450°C creep of specimens containing V5% CaO'MgO-SiOQ
occurred as a result of viscoue flow of the boundary phase. The stress
exponents were found to be 1.3 a.nd 1.1 at these temperetures, respec—
tively. The apparent activation energy for creep was greater than 200
kcal/mole.

To check tﬁe values reported for the apparent activation energy

for creep determined using an incremental temperature technique, data

from other tests were considered. For creep occurring as a result of

dislocation processes the apparent activation energy was calculated to

be V100 kecal/mole. The activation energy for viscous flow of the

boundary pl:lase was calculated to be v250 kcal/mole. Thus the
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incremental temperature technique appears to be a valid means of
d_etermini_ng reasonable values for the apparent activation energy for

creep.
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2. The Chemical Analysis of CaCO3 Powder

- APPERDIX Baker and Adamson Reagent No. 1506

~ 1. vThe Chemical.Analysis-of MgO Powder

Baker and Adamson Reagent No. 1917 " Assay (CaC0,) - . ‘ 99.0
Substance S - Wt. % Insoluble in dilute HC1 ' 0.010
Assay (Mg0) (after ignition) - 99.0 NH,OH precipitate ' . : 0;010 _
Insoluble in giilute HC1 ' ' - 0.020 | - - Chloride (C1) ' | 0;001
Soluble in water ‘ ' Q.hO >0xidizing substance (as NOs) 0.005 -
Logs on igpitionr . ' 2.0 e | Sulfate (S0,) ..v 0.010
- Ammonium hydroxide precipitate 0.020 ' ‘ Ammonium (NH,) | _ 0.003
Chloride (C1) : _, 0.010 Barium (.Ba.) ' 0.005
Nitrite (NO;). ‘ o 0,005 Stronium (Sr) ' _ 0.10-
Sulfate and sulfite (as SO4) 0.005 Mognesium (Mg) | 0.02
Barium (Ba) 0.005 Potassium (X) ) - 0.01
Calcium (Ca) ' 0.05 - Sodi{m (Na) 0.10
Heavy metals (as Pb) | - 0.003" Heavy metals (as Pb) ) o 0.001:
Iron (Fe) . 0.010 Iron (Fe) | 0.002
Mangénesé (Mn) o . 0.0005 ‘ 3. $i0; Powder |
 Potassium (K) | | 0.005 Ottawa Silica Flour
Sodium (Na) ‘ - : 0.50 Subétance v : EE;_Z
Stronium (Sr) S  0.005 Sinéa (SiOvz') ’ | 99.8
Silica (Si0;) , ‘ : 0.040 Alumina (A103) | | 0.1
Iron oxide (Fe,0;) 7 . 0.02
Calcium oxide and magnesium oxide 0.1

(Ca0, MgO)
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