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ABSTRACT 

1-1
The mechanical behavior of polycx7stalline MgO containing small 

amounts of CaO•NgO.SiO2  was studied in compression over the temperature 

	

13 	
range 12000-1450 0C. The behavior observed in stress-strain tests was 

13 

	

15 	
related to the degree of distribution of the silicate phase, and to the 

	

16 	
temperature. From creep experiments it was determined that deformation 

	

19 	
at 12000 C was due to the motion of dislocations within the MgO grains, 

	

19 	
while at higher temperatures deformation was controlled by viscous flow 

of the boundary phase. 
29 

The dependence of the creep rate on stress and temperature was 
52 

determined by evaluating the stress exponent and apparent activation 
65 

enerr for creep. The stress exponent was found to decrease from a 

	

68 	
value of 3.6 at 12000C to a value of 1.1 at 150 0C indicating that 69 
changes in the mechanism controlling deformation occurred as the tempera. 

Tl 
ture was increased. Over the sane range of temperatures the apparent 

activation enerr for creep was found to increase from 104 kcal/mole to 

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

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

enerr for creep as the temperature is increased has been predicted. 
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I. INTRODUCTION 

Selected ceramic materials have traditionally found extensive use 

in applications where strength and durability at high temperatures are 

critical. The brittle nature of most of these materials, however, has 

precluded their use under load at high temperatures where the possi- 

bility of catastrophic failure is increased. In such instances some 

controlled amount of ductility is desirable. Consequently, viscous 

flaw, plastic deformation, and creep are all major criteria for struc-

tural applications of ceramics at high temperatures. 

While varying amounts of ductility have been observed in a number 

of single phase ceramic materials, the failure of most of these materials 

to satisfr the von Nises condition that five independent slip systems 

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

crystals prevents much yielding. However, a significant degree of 

plastic flaw has been observed in cubic ionic single crystals at room 

temperature, particularly MgO, as well as in poi,ycrystalhine material at 

higher temperatures where the stress levels required to activate the 

various slip systems are reduced. At these higher temperatures stress-

induced climb and high dislocation mobility inhibit cleavage fracture, 

and ductility is enhanced. The contributions of other deformation 

• 	mechanisms may be equally important at high temperatures as well. 

The high temperature mechanical behavior of single crystal and 

polycrystalljne MgO 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 a number of practical refractory systems have been investigated, the 

systems studied were generally too complex to provide fundamental ex-

planation of the particular deformation mechanisms involved. 
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The principal purpose of this work was to develop a model system, 

consisting of CaOMgO•Si02 and MgO, which was used to study the effects 

of a second phase, amount and nature of distribution, on the high 

temperature mechanical behavior of MgO materials. The objective of the 

investigation was to increase understanding of the stress-strain and 

creep behavior of practical, more complex systems at elevated tempera-

tures. 	- 	 -. 
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II. TBEORY AND LITERATURE SURVEY 

A. Stress-Strain Behavior 

The mechanical behavior of MgO single crystals has been the subject 

1-8  of a ntmiber of investigations. 	Testing has been accomplished in ten- 

sion, 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 

were considered. It was also determined that the presence of impurities 

and environmental effects play a major role in determining whether a 

crystal vifl be brittle or ductile. 2  Increasing impurity concentration 

increased strength but reduced ductility as the impurities acted as 

barriers to dislocation motion. 

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

cribed solely through consideration of dislocation effects, the mechan-

ica.l behavior of polycrystalline MgO at high temperatures is more diffi-

cult to predict due to various other deformation mechanisms which may 

perate in polycrystals. In addition to dislocation mechanisms such as 

iislocation glide and climb, deformation may be significantly influenced 

y grain boundary migration, by the stress directed diffusion of vacan-

ties either through the crystal lattice or along grain boundaries, by 

vain boundary sliding or by grain boundary separation. The behavior 

of polycrystalhine material is further complicated by wide variations in 

icrostructurni features such as amount and distribution of impurities, 

total porosity, pore size and distribution, grain size and shape, and 

rain boundary characteristics. Thus material characterization is most 

important in attempting to determine the dominant deformation mechanism 

[n polycrystalhine MgO. 

grain boundary migration. 
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The mechanical behavior of po],ycrystalline MgO at elevated tempera- 

tures has been extensively studied under various conditions. A number 

of 	 9-13  have obtained results from stress-strain tests and 

have related variations in yield stress, ductility, fracture mode, and 

strength at fracture to specific microstructural features in attempts to 

determine the predominant deformation mechanism. Stokes and Li 9  

attributed the behavior of poi.ycrystahline 14g0 tested in tension to the 

availability of mobile dislocation sources and concluded that a mere 

change in grain size did not in itself affect ductility. Vasilos et 

a].. 1°  studied the load vs. deflection characteristics of polycrystafline 

MgO 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 magnesia has also been reported by Day and Stokes, 11
although 

the effects of grain boundary sliding due to porosity were noted. 

Copley and Pask 	studied the stress-strain behavior of five types of 

poJ,ycrystalline MgO in compression at temperatures up to llO0 ° C. They 

concluded that ductility is possible in compression provided that slip 

can be initiated homogeneously, the resistance to dislocation motion is 
0 

not too great, and the grain boundaries are sufficiently strong to 

resist separation or shearing. Lazigdon and Pask 	extended these 

studies on poJ..ycrystalline MgO and emphasized the importance of the 

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

strain behavior of the specimens. Finally, Evans et al) 3  studied the 

strength in bending of polycrystahline MgO and concluded that fracture 

was initiated by plastic flow over a wide range of temperatures, but 

that above 1300°C the fracture process was conplicated by the onset of 
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B. Creep 

While tests of short duration have been useful in studying the 	 £ = Z A1f(a,T,S)e1'1 	
(i) 

mechanical behavior of poiycrystalline MgO, most of the reported inves- 

tigations of high-temperature deformation in'wlve the behavior of speci- 	
where C represents the steady-state creep rate, A. is a constant, f. 

mans in creep. A number of models which describe material deformation 	represents the functional dependence for the i'th process, a represents 

occurring as a result of any of the processes mentioned previously have 

been proposed. Comparison of experimental data with predictions arising 

from these models is generally made to determine the predominant defor-

mation mechanism during creep. Before the results of such studies on 

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

be presented. 

1. Creep Theory 

"Creep" may be defined as the time-dependent plastic flow which 

occurs in a material subjected to a constant stress for a prolonged 

period of time. Three distinct intervals are evident in ty -pical creep 

(strain vs. time) curves. Primary creep represents the interval in 

which the structure is changing and is characterized by a decreasing 

strain rate. During secondary creep, the overall substructure remains 

• 	essentially constant and a steady-state creep rate is observed. Finally 

a rapid increase in the strain rate is noted during tertiary creep when 

the structure beings to break down, ultimately resulting in crack forma- 

tion and fracture. 

Creep is a thermally activated process and is of particular impor- 

tance at temperatures greater than approximately half of the melting 

temperature of a material. For plastic deformation occurring as the 

result of several mechanisms operating simultaneously, the steady-state 

the applied stress, T represents the absolute temperature, Q represents 

the apparent activation enerr for creep, B is the gas constant, and S 

is a structure parameter which varies with grain size, substructure, and 

porosity. 

Since one mechanism is usually dominant, the steady-state creep 

rate is often described by an equation of the form 

= A' 	e'1 	 (2) 

wheren is the stress exponent and A' is only approximately constant for 

any given stress due to a slight dependence on temperature.14 While. 

Mukherjee at al) 5  have noted that this equation is neither dimensionally 

or experimentally correct, values for n and Q determined by its use are 

often presented as evidence that a particular. mechanism is the rate-

controlling process for creep. Where dislocation processes are likely 

to dominate creep behavior, it has been reported15  that the creep rate 

is more accurately described by an equation of the form 

C = A . (a)n D 	
(3) 

where G represents the shear modulus, b represents the Burgers vector, D 

creep rate may be expressed as: 	 - 	 represents the diffusivity, k is the Boltzmann constant, and A and n are 

dimensionless constants The diffusivity D can be expressed as Do'1, 



where Do is a constant and Q is the activation enerr for creep. Good 

agreement between the apparent activation ener' for creep and the 

activation enerr for self-diffusion has been reported for many 

materials. 

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

sidered by Weertmanl6 in developing a theory of creep occurring as a 

result of dislocation climb. Stress exponents between 3 and 14 were pre-

dicted. Later it was reported that a stress-exponent of 14.5 could be 

expected for a dislocation glide and climb process controlled by 

climb.17 	18 
Nabarro has recently developed a theory of steady-state 

creep in which dislocation climb takes place without accompanying glide. 

The stress exponent predicted is 3 or 5 depending on whether dislocations 

are sources and sinks for vacancies or the rate controlling process is 

diffusion along dislocation cores. None of these models based on dis-

location motion show any grain size dependence. 

The effects of vacancy diffusion on high-temperature creep may be 

significant in many materials under certain conditions. That self-

diffusion within the grains of a polycrystalflne solid can cause the 

solid to yield to an applied stress was first noted by Nabarro) 9  A 

model by which creep deformation might occur as a result of this diffu-

sion was developed by Herring. 20  The creep rate of a material which 

deforms as a result of the Nabarro-Herring mechanism can be expressed as 

C = ci --- D 
d2kT 

where fl represents the atomic volume, d represents the grain size, and 

a is a constant approximately equal to 5 in a uniaxial tensile or corn- 

pressive test. D represents the lattice diffusion coefficient for the 
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rate-controlling atomic species. For Nabarro-Herring creep the pre-

dicted stress-exponent is unity 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, Coble 21 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 as 22  

= 	148 
()3() 

Dgb 	 (5) 

where Dgb is the diffusion coefficient along grain boundaries. 

Since the diffusion coefficients are known to vary exponentially 

with temperature, and since the creep rates vary inversely with powers 

of grain size, it is expected that creep by the Nabarro-Herring and 

Coble mechanisms will be most important at very high temperatures for 

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

will predominate over high-temperature dislocation-dependent, mechanisms 

only at low stress levels. 22  The activation energy for Nabarro-Herring 

creep in a pure material is expected to be the sane as that for lattice 

self-diffusion. 

Another possible mechanism by which creep occurs in polycrystalline 

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

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

22 portional to the first power of stress, t has been reported that in 

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

as a result of stress concentrations along the boundaries. - Langdon 23  

has recently developed a theory of creep deformation by grain boundary 

(14) 
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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,214 who developed a model 

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

difftisjon controlled sliding and are accommodated by diffusion around 

triple points. The predicted stress dependency for deformation occur-

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

significantly from that determined by Langdon. Since grain boundary 

sliding ultimately results in cavitation in grain boundaries, followed 

by fracture, 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 Polycrystaflirie MgO 

The creep of polycrystalline MgO at high temperatures has been ex-

tensively investigated under a variety of conditions. As with MgO 

single crystals, deformation studies have been made in tension, compres-

sion, and transverse bending. Vasilos et al. 25  studied the deformation 

of hot-pressed MgO tested in transverse bending and observed a linear 

strain rate-stress relation. The measured activation energy for creep 

at 1200° C was 714 kcal/mole, which is in reasonable agreement with the 

activation energy for self-diffusion of ozygen in MgO of 62.14 kcal/mole 

reported by Oishi and Kingery.26 It was concluded that deformation was 

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

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

location motion in specimens strained 1-2% at 1500 0 C was noted. 

In a similar but expanded investigation, creep behavior was 

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

was proportional to the first power of stress and G72 ' 5 , where 0 

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

be 51.1 kcal at approximately 1200 0C and was independent of grain size 

in the range 5-201. Creep was attributed in part to a stress-directed 

diffusional mechanism, and discrepancies between observed and calculated 

creep rates predicted by the Nabarro-Herring equation were related to 

the observed formation of a dislocation substructure. 

Hensler and Cullen2829 studied the creep behavior of poly-

crystalline MgO in cori,ression over a temperature range of 1200-1500 0 C. 

For specimens deformed up to 30% no change in grain shape was observed. 

The stress exponent was determined to be 2.6 ± 0.6, and the measured 

activation energy for creep was lii ± 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 boundary sliding. 

The effects of simultaneous grain growth on the creep of poly-

crystalline MgO tested in transverse bending has been studied by Tagai 

and Zisner. 30  An analytical method for separating the growth effect 

from effects due to creep was devised. While slip lines were observed 

in deformed specimens, it was estimated that dislocation climb con-

tributed less than 25% to the total creep strain, it was concluded that 

while creep in polycrystalhine MgO 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 irthibiting grain growth.31  
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The creep of polycrystajljne MgO tested in compression at 12000C 

was recently investigated by Langdon and Pask. 32  The creep rate was 

found to be independent of grain size, and a stress-exponent of 3.3 was 

calculated. An activation enerr for creep of 51 ± 5 ka1/mole was 

determined, which is in good agreement with the activation ener' for 

self-diffusion of oxygen in MgO cited previously, it was concluded that 

the mechanism of dislocation climb was the rate-controlling process for 
creep of polycrystaj.ljne MgO at 1200 ° C. 

C. Deformation in More Complex Systems 

In addition to the abundance of information available related to 

the deformation of single_cryst and polycrystafline MgO, a great many 

studies have been made of deformation and fracture in practical refrac-

tory systems. An understanding of the complex phase relations in these 

systems is most important before reasonable explanations of mechanical 

behavior can be made. A number of studies of the complex microstructures 

typical of practical refractory systems have been reported. 33' 35  The 

growth of Individual phases in the presence of a liquid at high tempera-

tures and the effects of composition on the degree of solid-solid bond- 

ing have been of prime interest. 

Ford et al. 3  measured the strength of chroniemagnesjte refractories 

in the temperature range 1290-15750 c. Strength improved as the extent 

of direct bonding between the magnesite grains and between the chromium- 

spinel and magnesite grains increased. Baker and 	 37. have obtained 

similar results. The nature of the liquid phase, however, was found by 

Kriek and segal 8  to be equally important in determining the high-

temperature strength of MgO materials. The lowest strengths were noted 

for a CaO/S102 ratio of 1.0, and the strength reached.a maximum when the 

ratio was equal to 2.0. 

-12- 

The creep of periclase refractory bricks (95-98% MgO) tested in 

compression over the temperature range 1200-11400 0 c has been studied by 
Kreglo and Smothers. 39  The stress exponent 'varied from 3.8 for a 914.7% 

MgO brick to 14.5 for a 98.2% MgO brick. The activation enerr for the 

98.2% MgO brick was determined to be 62 kcal/mole, It was concluded 

that the predominant mechanism of deformation may be some type of dis- 

location motion. 	 - 

Finally, an analysis of the deformation of a firebrick has been 

made by Eulse and Pask.40 Experiments], results indicated that the flow 

process is controlled by the amorphous phase in some complex way. The 

apparent activation enerr for creep increased significantly with 

temperature, possibly due to an increase in liquid content and to the 

onset of some more complex flow process. It was concluded that a full 

understanding of the flow ,  process in such materials will require greater 

study of the interrelationship between character of the materials and the 

parameters of stress, temperature, and time. 
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III. E)ERIMENTAL PROcEDURE 

A. specimen Preparation 

The two-phase system selected for study of mechanical behavior at 

elevated temperatures consisted of a composition equ.ivalent to varying 

amounts of CaOMgOSi02 (monticellite) and MgO. The selection of this 

system as a model was due to the nature of the liquid-solid phase 

equilibrium at high temperatures and in part- also to its specific 

applicability to practical refractory systems. At temperatures greater 

than approximately 1500 ° C the system consists of a liquid silicate 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 MgO, CaCO 3 , and SiO 2  

were used in the preparation of specimens. (iemical analyses of these 

powders are listed in the appendix. 

Mixtures of MgO, CaCO3, and SiO2 were prepared using amounts of 

each material calculated to yield final compositions of MgO containing 

5%, 10%, and 15% Ca0Ng0•Si0 2  by weight. The materials were dried in a 

vacuum oven at 150°C and then dry mixed for 21 hours by tumbling. The 

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

This was followed by vacuum hot pressing. Specimens were heated to 

10000 C and held at that temperature for 2 hours to permit CO2 gas formed 

by the decomposition of CaCO3 to escape. A load of 3000 psi was then 

applied and maintained constant during continued heating to 1250 0 C. 

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

the specimens cooled to room temperature. 

The compacts prepared by hot pressing were heated in air to 1550° C 

in a quench furnace, held for 2 hours, and rapidly cooled. A number of 

specimens received an additional 2 hour anneal at 1400 0C during cooling. 

All specimens were stored in a dessicator prior to cutting and testing 

to -minimize surface reactions with moisture in the air. These specimens 

were desixated -  Type -- I. - 

An alternative method of sample preparation for the two-phase 

materials involved the use of prereacted CaO•M90•Si02 powder. A mixture 

of MgO, CaCO 3 , and Si02 calculated to yield a single phase of monti-

cellite upon reaction was prepared by dry mixing. This powder was then 

placed in a platinum crucible and heated to 1650°C in a gas/air Bickley 

furnace. Reaction proceeded for 16 hours before the material was cooled 

to room temperature, crushed to a fine powder (-ilM) mesh), and examined 

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

crystalline phase.which could be detected was Ca0•MgO•Si02; examination 

of the powder using a polarizing microscope failed to reveal the 

presence of a glassy phase. The density of the powder was determined 

to be 3.08 g/cm3  using a helium gas pyncnometer. 

A mixture of 85% MgO and 15% CaO•MgO•Si02 was prepared by dry mix-

ing as before using the prereacted monticellite powder.. The hot press-

ing and sintering steps were identical to those employed in the 

fabrication of specimens from mixtures containing free CaCO3 and S102 

with no annealing step on cooling. However, compacts containing approxi-

mately 10% and 5% nionticellite made with the prereacted CaO•MgO•Si0 2  

powder were prepared using a technique involving extrusion of a liquid 

phase at high temperatures as reported by Stoops. 	Hot pressing e 

mixture of MgO and 15% CaO.MgO.Si0 2  at 1650°C resulted in achieving the 



-15- 

desired composition by controlled extrusion of the liquid phase. Hot 

pressing the same composition at 1550 0C 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 CaOMgOSiO2 

were designated Type II. 

In order that the mechanical behavior of the MgO-CaOMgO'Si02 

materials might be compared to the behavior of nominally pure MgO 

similarly prepared, a number of MgO compacts were made. One set of 

specimens (Type I) was prepared by hot pressing at 1250 0C in vacuum, 

followed by annealing periods at 1550 0C and 11 500C in air similar to 

those received by Type I specimens containing Ca0MgO•Si02. A second 

set of. specimens (Type II) was prepared by vacuum hot pressing at 14500C 

with no additional treatment. 

B. Specimen Characterization 

The density of all specimens was determined using a displacement 

technique, with mercury as the displacement medium. The density of MgO 

single crystals as determined by this technique was 3.580 g/cm 3 . This 

value was used in the calculation of theoretical densities for the two-

phase materials and in the determination of relative densities for the 

MgO specimens. 

All specimens containing CaOMgOSiO2 were studied using standard 

X-ray diffraction techniques. The X-ray diffraction data was of a semi-

quantitative nature and was quite useful in comparing CaOMgOSi02 con-

tent for different specimens. However, attempts to determine the rela-

tive extent of crystallization of CaO'MgOSiOz in quenched and annealed 

specimens using X-ray diffraction' data were not successful. 

A small section was cut from each specimen and mounted for micro-

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

Syntron vibrator with c-Al203 in H20 or with a-A1203 in a solution of 

kerosene, glycerine, and H20 to minimize relief polishing. The speci-

mens of pure MgO were etched for approximately 5 minutes in a 50 0C 

solution of 0.51.1  A1C13 to accentuate grain boundaries. The polished 

sections were studied using a reflected light microscope, and the micro-

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

grain size of MgO grains for each specimen was determined from photo-

micrgraphs using a cross-sectional area technique which 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 mechanical testing were cut from the fired 

compacts 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 a series of Buehler emery 

papers and then mounted in a special jig and sanded on both ends to in-

sure that the ends were flat, parallel to each other, and perpendicular 

to the loading axis. 

AU mechanical testing was done in compression using the com-

pressive deformation equipment previously described by Hulse and Copley 

(Apparatus III).12  High-strength Lucalox Al20 3  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 20 3  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 Al203 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 were measured using a linear variable differential changes required were calculated assuming constancy of volume and neg- 

transformer excited by a Daytronic Differential Transformer Unit. lecting any barreling that may have occurred. 	The total strain during 

Stresses were measured using similar equipment. creep was measured as in the stress-strain tests and continuously 

P 	 Strain-strain tests were performed on all specimens in the tempera- recorded using a recording potentiometer. 	Overall strain sensitivity 

ture range J.200-1 1400° C. 	A Pt/Pt-10% Rh thernxcouple located adjacent to was ± 5 x 10. 	Most specimens were strained approximately 10% before 

- - 	the sample was used to measure the temperature during testing. 	Tempera- the test was stopped.- 	Good -agreeant was noted between the recorded 

tures were held constant to within ± 10C of the reported values 	A con- strains and the total deformation found by measuring each specimen 

stant loading rate of 55 lb/nm. (approximately 600 psi/mm. for the . 	after testing. 

specimens used-) was employed. 	Amplified siials from the Daytronic 

Differential Transformer systems were fed into the channels of a X-Y 

recorder and a continuous plot of load and engineering strain during the 

test was obtained. 	The reported stresses were calculated from the 

initial cross-section of each specimen. 	The reported strains are true - 

strains, true strain being defined as the natural logarithm of one plus 

the engineering strain. 	All stress-strain tests were carried to frac- 

ture since the rate of deformation was generally too high once yielding - 

had occurred to prevent failure. 

Creep studies were conducted using the Type II specimen containing 

approximately 5% CaO.MgO.SiOz. 	The stress dependency of the creep rate 

- 	was determined as a function of temperature from 1200-1I50 ° C using an 

incremental stress technique. 	The apparent activation energy for creep 

was determined over the sane range of temperatures using the incremental - 

temperature technique described by Dorn. 4 	In addition, creep curves 

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

11400 0 C. 	The stress was maintained constant by increasing the load at 	- 

intervals of 0.01 engineering strain to compensate for the increase in 	- 

sample cros-sectional area during the course of a test. 	The incremental 
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Ill. 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 CaOMgOSiOz of 1492 0 C. 

A number of photomicrographs of polished sections of the specimens 

used in this study are presented in Figs. l-. All specimens containing 

CaOMgOSiO2 were translucent after firing and appeared to be essentiaaly 

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 

}ngery 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 (4gO) 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 

polycrystalline MgO is 99.1% of the value obtained for single crystal 

MgO. Examination of the photonicrographs of these specimens shown in 

Fig. 1 reveals the presence of a small amount of porosity within the 
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Figure 1. Photomicrographs of polycrystalline MgO specimens, 
Type I (top) and Type II. Aid 3  etch. 
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Figure 2. Photornicrographs of specimens containing 5% 
CaO.MgO.Si02 , rpe I (top) and Type II. Figure 3. Photomicrographs of Type I specimens containing 

10% (top) and 15% CaOMg0•Si02. 



Table I. Theoretical and measured densities 
for all specimens studied 

Composition 

Density (g/cm 3 ) 

Type I Type II Theoretical 

100% MgO 3.551 3.550 3.580 

95% MgO 3.1498 3.1496 3.552 
+ 	% CMS 

90% MgO 3.1459 3.450 3.525 
+ 10% CMS 

95% MgO 3.1420 3.428 3.1499 
+ 15% CMS 

100% cMS 3.08 3.05 

A 	

t 

fr 

' C 

XBB 115-2114 

Figure 14. Photomicrographs of the Type II specimen contain-
ing 15% CaOMgOSiO2 . 
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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 presented in Table I for all specimens con-

taming Ca0Mg0•Si0 2  are seen to be significantly lower than the theo-

retical values. The theoretical values were calculated assuming a 

density of 3.08 g/cm 3  for CaO•14g0•Si02 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/cm 3 , calculaticn of the 

density from the lattice parameters measured by Sahama and Hytonen, 4  

and by Roy, 46  gave a value of 3.05 g/cm 3 . This value is in good agree- 

ment with the value of 3.08 g/cm 3  used in the calculation of theoretical 

densities for the two-phase materials. 

For all of the materials containing CaONgO•Si02, 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 photomicrographs shown in Figs. 	the differences 

in density noted must be due to the presence of a third undetermined 

phase. To ascertain what this phase must be, consideration of. the phase 

-26- 

concluded that the unknown phase resulting from incomplete reaction 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 

,CaO•MgOSiOz reported in Table I. 

changes taking place during firing is in order. 	 The spatial distribution of a liquid phase relative to solids has 

Ricker and OsboT  have noted that C }O SiO melts incongruently 	been sh 	by Smithh8 rm  	to depend only on the equibriun dihedral ale 

at 11920C  to give MgO and a liquid phase, together with a small amount 

of merwinite (3CaO•MgO.2SiO2) which disappears at approximately 100C 

higher. At temperatures up to approximately 16900C, an equilibrium 

between MgO and silicate liquid saturated with MgO is established. On 

cooling, then, merwinite precipitates out of solution at approximately 

15020 C and reacts with MgO to form CaONgOSiOz at 1492 0C. The liquid 

remaining must simultaneously react with MgO to produce additional 

CaOMgOSiOz. 

In firing MgO, CaCO3, and Si02 to form monticellite, the reactions 

that take place during cooling occur at many sites and the formation of 

CaOMgOSi02 can proceed rapidly to completion. Thus no second phase 

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

ever, when a, composite 'material containing CaOMgOSIO2 and MgO is 

heated totemperatures as high as 1550 0C or 16500C, the excess MgO 

present following melting diffuses through the liquid and deposits onto 

the surface of neighboring MgO grains. On cooling, the reaction between 

MgO and merwinite must therefore occur primarily along grain boundaries. 

The formation of CaOMgOSiO2 at these boundaries results in reaction 

barriers which inhibit complete crystallization of monticellite. 

Using standard X-ray diffraction techniques all samples were 

analyzed to determine the phases present. The only crystalline phases 

which could be detected were MgO and CaOMgOSiO 2 . It was therefore 

As the equilibrium, dihedral angle approaches o°, the degree of penetra-

tion between solid grains by the liquid increases until the liquid 

extends along all the grain interfaces. Solid grains then exist as 

islands in a continuous liquid phase. Various aspects of phase dis-

tribution in ceramics have been presented by White. 
49 

In the system MgO.-CaO•MgO•Si02 an equilibrium dihedral angle of 25 0  

has been reported. 50  Thus, while it is expected that the liquid phase 

present above 15020C will penetrate between the solid grains to a con-

siderable degree, a significant amount of MgO grain-grain contacts must 

remain at equilibrium. Examination of the photomicrographs of materials 

containing 5-15% CaOMgOSi02 shown in Figs.' 2 and 3 indicate that this 

was precisely the case. However, it is uncertain whether the heat treat. 

ments each specimen received were sufficient to establish equilibrium. 

The degree of solid-solid (MgO) contact for each specimen was' 

determined using a method described by Stephenson and White. 51  A 

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 = 	N ss 
Total area of all interfaces 	N 4 N 

SS 	Si 
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where N 	is the number of intersections with MgO-MgO grain boundaries and as  For the Type II specimens containing 10% and 15% CaO•MgO•Si02 the 
N 1  is the number of intersections with MgO-CaO MgO Si02 boundaries distribution of the monticellite phase was very non-homogeneous 	As 
The ratios determined are presented in Table 11 shown in Fig 	4, the CaO MgO Si02 content was very high in some areas 

Table II. 	Average grain size and degree of MgO grain-grain while in other areas the content was very,  low. 	This effect was the contact for the specimens studied - 

result of poor mixing of the prereacted CaO•MgO•Sioz powder with the MgO 

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

Average Grain Size 	 N 	:N i  
as 

at 15500C, as-for the sale containing 10% monticellite, or hot press- 
Cothposition 	 Type I 	Type II 	 Type I 	Type U 

ing at 1250°C followed by sintering at 1550 °C, as for the 15% specimen, 

100% 	 17 	 1.0 	1.0 did not permit redistribution of the liquid as was obtained in the 

95% MgO 	 29.611 	31.3j.i 	 0.51 	0.28 specimen pressed at 1650 °C where the liquid was less viscouis. 	From 
+ 5% CMS 

- Fig. 4 it is also apparent that equilibrium was not established between 
90%MgO 	 25.21.1 	- 	 - 	0.37 	

- the solid and liquid phases since the solid grains are completei,' sur- 

85% MgO 	 22.1Ij 	- 	 0.26 	- rounded by CaO•MgO•5i0 2  in the regions of high concentration. 	Due to 
+ 15% CMS 

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

- CaO•Mgo•Si02 , it was not possible to obtain a meaningful figure for the -- 

For the Type I specimens shown in Fig. 2 (top) and Fig. 3, it is 	- ratio of solid-solid interfacial area to the total interfacial area. 
evident that as the amount of CaOMgO•Si02 is increased, the degree of The effects of the CaO•MgO•Si02 phase on grain growth of MgO grains 

solid-solid contact decreases. 	For 5% CaOMgOSiO2  the ratios of solid- have been noted for the various specinens. 	The average grain size for 

solid (MgO) area to the total area of the boundaries was 0.51, while the each specimen is included in Table II. 	In the absence ofCaO•MgO•Si0 2 , 
ratio decreased to 0.26 for specimens containing 15% of the second phase. - the average grain sizes for the Type I and Type II MgO specimens were 

For the Type 11 specimens thedistrjbution of the second phase after,  17.011 and 12.8p respectively. 	As the CaO•MgO•Si02 content was increased 

firing was relatively uniform only for the specimen containing 5% from 5-15% in the ¶trpe I specimens, the grain size decreased from 29.6 

CaO•MgO•Si02. 	This specimen was formed by extrusion of the liquid phase to 22.11j. 	Since grain growth in the presence of the liquid is a solution 
at 1650 0C and the CaO•NgO•Si02 content was estimated to be 5% based on diffusion-precipitation process, 52  any increase in the diffusional path 

the density measurement, X-ray diffraction data, and examination of must result in a decrease in the growth rate. 	The effects of grain 
microstructure. 	The ratio of solid-solid interfacia.1 area to the total growth retardation in the presence of the liquid phase is most evident 

interfacjal area for this specimen was found to be 0.28, or approximately in Fig. 11, where the grain size in the 	region of high Ca0Mg0•Si02 

the same as that for the Type I specimen containing 15% CaOMgOSio2. concentration 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 liqi.iid 

on MgO grain growth in this system have been reported by Buist et al. 52  

B. Stress-Strain Tests 

The stress-strain curves obtained for polycrystalline MgO and for 

Mg0-Ca0Mg0Si02 materials are presented in Fig. 5 and Figs,. 8-10 for 

the various test temperatures. Type I and Type II specimens of similar 

composition are presented in a single figure to facilitate comparison of 

the behavior of the two types of materials. In addition, the curves 

have been replotted in Figs. 11-16 as a function of composition at each 

test temperature. The offset yield stress, the maximum stress before 

fracture, and the strain at fracture for each specimen of Type I and 

Type II are given in Tables III and IV, respectively. 

1. Polycrystalline MgO 

The significance of the character of grain boundaries in influenc-

ing deformation of poJ..ycrystalline MgO becomes evident upon examination 

of Fig. 5. The stress-strain behavior exhibited by the two types of MgO 

in the temperature range 1200-1400 ° C is seen to be markedly different. 

The Type II specimens have a fracture stress much greater than the 

Type I specimens, but the Type I specimens exhibit much more ductility 

before fracture. At 1200 0 C, for example, fracture in the Type I speci-

men occurred only after it had been deformed approximately 13%, and the 

maximun stress was 23,850 psi. The Type II specimen tested at 1200 °C 

was, able to deform less than 1% before it fractured at a stress level of 

29,600 psi. Similar comparisons were noted for specimens tested at 

13000C and 1400 °C. 

For the Type I specimens of MgO, which were hot pressed and then 

annealed at 1550°C, it was observed that the porosity present was pri-

manly within the grains. For the Type II specimens, which were not 

-30- 

Table III. Stress-strain data for specimens of Type I.  

Composition 	Yield Stress 	Fracture Stress 	Strain at Fracture 

100 	Mgo 

1200°C 10,400 psi ''23,850 psi 	- 13.2% 
13000c 8,100 psi 16,400 psi 13.0% 
14000C 7,800 psi 12,500 psi >8.0% 

5% CaO•MgO•S102 

1200°C 11,300 psi 13,640 psi 2.32% 
13000C 5,800 psi 7,500 psi 2.40% 
14000c 4,000 psi 6,630 psi 2.20% 

10% Ca.0•MgO•SiO 

12000C 14,000 psi 17,580 psi 2.68% 
13000C 
14000c 

7,900 
4,500 

psi 
psi 	, 

10,000 psi 
6,870 psi 

2.30% 
2.20% 

5% CaO•MgO•Si02 

12000C 16,400 psi 22,400 psi 5.20% 
1300°C 
1400 °C 

12,400 
8,000 

psi 
psi 

16,500 psi 
10,100 psi 

4.20% 
3.10% 
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Table IV. 	Stress-strain data for specimens of Type II 

Composition Yield Stress Fracture Stress Strain at Fracture 

100% MgO 

12000C 
13000c 

29,000 psi 29,600 psi 0.97% 
14000c 

20,000 psi 
15,200 	51 

27,000 psi 
24,500 

1.76% 
psi 4.90% 

5% 	 *Si02  

12000c 
13000C 

15,500 psi 
11,400 

22,840 psi 2.50%  
14000C 

pSi 
7,600 psi 

18,560 psi 
10,580 PSi 

4.18% Q 
 2.78% 

10% CaOMgO•Sj02  

12000C 
13000C 

14,600 psi 19,100 psi 2.73% 
0. 

14000c 
7,000 psi 
5,800 psi 

10,400 psi 
2.32% Cl) 

7,270 psi 2.22% 

Ca0MgO4. 

1200 0 c 
13000 C 

10,500 psi 
6,200 

12,840 psi 2.22% 
14000 c 

psi 
6,000 psi 

8,140 psi 
7,080 Psi 

2.32% 
2.30% 

TRUE STRAIN 

XBL7I4 -6685 

Figure 5. Stress-strain curves for the specimens of poircrysta11ine 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 

irthibits dislocation motion and leads to separation of grain bound-

aries.12b 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 scanning 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 conpletely 

intergranalar, 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 0 C and 1400 0 C was greater than that at 1200 0 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 specinens. 

Since the integrity of the grain boundaries is maintained during load-

ing, the developnent 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 0 C 

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

equal to the stress at fracture. The yield stress of the Type I speci-

men at the same temperature was 10, 1400 psi, or less than half of the 

stress at fracture. The behavior of Type I specimens during loading has 

been described by Copley and Pask. 12a As the applied stress is in-

creased slip occurs first on the {uo} <110> slip systems due to their 

lower resistance to dislocation motion. Long range stresses build up 

in each grain and soon force slip on the {OOl) <nO> slip systems. 

Since five independent slip systems are then in operation, yielding 

occurs in the polycrystalline material. 

3 

)thB 115-2110 

Figure 6. Scanning electron micrograph of the fracture surface of a 
Type II specimen of MgO strained -l% at 1200 ° C. Inter-
granular fracture. 2000X 
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Figure 7. Scanning electron micrograph of the fracture surface of a 
Type I specimen of MgO strained 13% at 1200 0  C. Trans-
granular fracture. 2000X 
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For specimens deforining 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 

 

do (do' da -1 
-= 	 (6) 

where 0 represents the applied stress, e 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 MgO occurs as a result of 

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

tually occur across the grains. Ixasilnation of the fracture surface 

shown in Fig. 7 of a Type I specimen of MgO deformed approximately 13% 

at 1200 ° C reveals extensive grain deformation and indicates transgranuiar 

fracture. Similar observations have been made by a number of investiga- 

l2a 	 10 tors, including Copley and Pask, 	and Vasilos et al. for materials 

possessing strong grain boundaries. 

2. Mg0-Ca0Mg0•Sio2 Specimens 

The stress-strain relations for materials containing 5-15% 

CaO•MgO•Si0 2  and MgO in the temperature range l200-1 1 000 C are presented 

in Figs. 8-10. For smaller amounts of CaOMgOSiO2 (Figs. 8 and 9) the 

Type II specimens were significantly stronger than the Type I specimens, 
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Figure 8 Stress-strain curves for speclisens containing 5% 	M 	
Figure 9 Stress-strain curves for specimens containing iO' CaO MgO Si0 2  
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Figure 10. Stress-strain curves for specimens containing 15% 
Ca0•Mg0Si02 . 
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24 
although the general shape of the curves was quite similar. For speci-

mens containing 15% CaO•MgO•Sj02, 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 mechanical behavior of Type I and Type II sped- , 

mens containing CaOMgO•Si02 become more apparent upon examination of 

Figs. 11-16. For the temperatures noted, the strength of. Te I speci-. 

mens (Figs. 11-13) was observed to 'increase as the amount of second 

phase present was increased. However, the fracture stresses for the 

specimens containing 5% and 10%CaO•MgO.Sj0 2  were considerably lower than 

for Type I specimens of MgO at corresponding temperatu,res. For the 15% 

specimens of Type I, the fracture stresses were approximately equal to 

those for the pure MgO specimens at the corresponding temperatures.. The 

behavior of Type II specimens (Figs. 14-16) containing CaO'MgO'Si02 

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

CaOMgO•Si02 was increased, the strength of all Type II specimens was 

observed to decrease. The fracture strengths determined for all Ty -pe II 

specimens containing CaOMgO•5i0 2  were significantly lower than those 

for MgO specimens of Type II at the same temperatures. However, it may 

be more realistic to compare these fracture stresses with those of the 

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

specimens containing CaOMgO•5i02 were higher than for the pure MgO 

specimens of the same type. For this comparison, it was noted that the 

5% CaO.NgO•Si0 2  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 types of specimens containing CaO•MgO•Si02 might be due to 

variations in the amount of the silicate phase remaining uncrystallized 
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Figure 12. Stress-strain curves for Type I specimens tested at 1300 0 C. 

Figure 11. Stress-strain curves for Type I specimens tested at 1200°C. 
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igure 14. Stress-strain curves for Type II specimens tested at 1200°C. 
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figure 16 Stress-strain curves for Type II specimens tested at 11400 ° C 

Figure 15 Stress-strain curves for T,rpe II specimens tested at 1300°C 
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after firing. Accordingly, a number of attets were made to alter the 

glassy content of these materials. Analysis of specimens quenched from 

15500 C using density measurements and standard X-ray diffraction tech-

niques failed to reveal any significant differences from specimens 

annealed at 11400°C for up to 10 hours. Therefore the reactions to form 

CaOMgO•Si02 upon cooling were shown to occur rapidly, and the reaction 

barriers which prevent complete crystallization of Ca0•MgO•Si0 2  from the 

liquid must exist as previously proposed. Furthermore, the differences 

in behavior for Type I and Type II specimens must arise from effects of 

CaOM90S102 distribution, and the corresponding effects on the con- 

tinuity of the MgO structure. 

While the fracture stresses for Type I materials containing 5% and 

10% CaONgOSiO2, and for Type II materials containing 10% and 15%, were 

significantly lower than for the Type I specimens of pure MgO, it is 

interesting to note that at 1200 °C the yield stresses for all the speci-

mens containing Ca0Mg0•Si02 were higher -than the corresponding yield 

stresses in the Type I specimens of MgO. Since yielding in the MgO 

specimens is dependent upon dislocation motion, the-presence of 	- 

Ca0Mg0Si02 along grain boundaries must restrict that motion and there-

by increase the stress required for yielding. As the distribution of 

Ca0•Mg0SiO2 is made more uniform, the inhibiting effect on slip 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 phase in the system being studied. As the ratio 

decreases, the uniformity of distribution of the silicate phase in-

creases. This is evident upon examination of the photomicrographs in 

-18.. 

Figs. 2-4. For the Type II specimens containing 15% CaO•MgO•Si02 it was 

impossible to-determine the area ratio due to gross variations in sili-

cate phase distribution. The yield stress for this specimen at 12000 C 

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

same temperature. For the 5% specimen of Type II, which had an area 

ratio of 0.28 and the most uniform distribution of Ca0Mg0•Si02, the - 

increase in yield stress -  compared to that for pure MgO was approximately 

50%. Similar increases in yield stress can be cited for Type I speci-

mens. In the 5% specimen of Type I which had an area ratio of 0.51, 

- the presence of CaO•MgO•Si02 increased the yield stress approximately - 

10%. The 15% specimen of Type I, which had an area ratio of 0.26 and - - 

was similar in appearance to the 5% specimen of Type II, had a yield - 

stress approximately 57% greater than that for the Type I specimen of 

MgO. 	 - 

The effect of silicate phase distribution on the yield stress was 

not so evident at temperatures of 1300 0C and lltOO°C. For the two - 

specimens having the most uniform distribution 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 specimens contain-

ing Ca0Mg0Si02 the yield stresses were lower than those determined for 

MgO specimens of Type I at coiresponding temperatures. It is likely 

that this observed decrease is due to yielding of the silicate 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 uniformly throughout the specimen. 

Consequently, the Type I specimens containing 5% and 10% CaOMgOSiO 2  

yield at lower stresses than do the non-homogeneous specimens of Type II 

for temperatures where deformation of the silicate phase is important. 



It remains unclear why this effect should not be equally important -in 

the specimens having greatest uniformity of silicate phase distribution. 

The strength of polycrystalljne MgO at high temperatures has been 

showh to depend on the ease of dislocation motion. Yielding in specimens 

containing a boundary phase has been found to be related to the 

uniformity of distribution of that phase over a wide temperature range, 

and specifically to the ease of dislocation motion at 1200 0C. The means 

by which fracture occurs at various temperatures in the specimens con-

taining Ca0Ng0•SiQ 2  can be readily explained through further considera-

tion of yielding for both MgO and MgO-CaO•Mgo•sj0 2  materials. 

While the yield stresses of a number of specimens containing 

CaO'MgQ•Sj02  were greater than the yield stresses of MgO specimens of 

Type I at corresponding temperatures, it has previously been noted that 

most of the specimens fractured at lower stresses. The MgO specimens 

were observed to have relatively low yield stresses, but the load-bearing 

capacity of the specimens increased with strain as the effects of work 

hardening became more pronounced. The stress at fracture was therefore 

much higher. The effect of work hardening is reflected in the gradual 

decrease in the slope of the stress-strain curves shown in Fig. 5 for 

Type I specimens of MgO, as noted previously. The gradual change in the 

slope of the stress-strain curves for materials containing Ca0•Mg0sjo 2  
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 

a residual glassy phase. Consequently, the specimens containing 

CaO•MgO.6102 generally fracture at lower stress levels than the MgO 

specimens of Type I, and the total strain at fracture is much less. 

When the increase in the yield strength due to the presence of the 

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 MgO, although the 

total strains at fracture are much different. The total strains 

recorded for all specimens up to the point of fracture are included in 

Tables III and IV. 

At higher temperatures fracture in specimens containing Ca0•Mg0Sio 

occurs following deformation of the boundary phase. A rapid increase in 

strain rate is observed following yielding in most of these materials, 

particularly in Type I specimens where the silicate phase is more 

uniformly distributed (Figs. 12 and 13). While stresses achieved in the 

15% CaO•MgO•Si02  specimen of Type I, and in the 5% CaO•MgO•Si0 2  specimen 

of Type II, were sufficiently high to activate slip within the MgO 

grains at all temperatures studied, the stress levels achieved at 1300 0C 
and lbOO°C for all other specimens containing Ca0•Mg0SjQ 2  were too low 

to cause extensive dislocation motion. Viscous- deformation of the 

silicate phase along grain boundaries resulted in cavitation and frac- 

ture at low stresses. 

For all specimens containing CaO•MgO.Si0 2  fracture was observed to 

be intergranular. However, examination of the fracture surface shown in 

Fig. 17 for the Type II specimen containing 5% CaO•MgO•Sj0 2  tested at 
1200° C indicates some evidence of transgranular fracture. It is sug-

gested that this must result from deformation within individual grains 

of MgO at stresses high enough to activate slip, even though the 

boundary phase restricts the total amount of plastic straining possible 

before fracture. 
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Figure 11. Scanning electron xnicrograph of the fracture surface of a 
Type II specimen containing 5% Ca0Mg0Si02  strained 2.5% 
at 12000 C. 1200X 
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C. Creep 

Creep tests for Type II specimens containing 5% CaOMgOSiO2 were 

conducted over the temperature range 1200 ° C_11150 0C. 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 0 C, a 

relatively long primary region was observed and steady-state creep was 

not established until the strain reached approximately i%. At 11000 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 0 C, 13000 C, JAOO°C, and 1450 0 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 11-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 CaOMgOSiO2 studied in 

this work, stress-strain results have shown that the effects of 
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dislocation motion on deformation are significantly reduced as the 

temperature is increased and the boundary phase controls deformation. 

Under these conditions it seems that including the Burgers vector b in 

the creep rate equation is not meaningful. Perhaps some other value for 

length such as the width of the boundary phase should be substituted at 

1300°C 	 hiier temperatures. Furthermore, Eq. (3) was formulated for single 
9000 PSi 	

- 	phase materials for which the shear modulus G is easily determined. In 

12000C 	 the system being investigated, it is probably preferable to use values 
14,000 psi - 

for the shear modulus of the second phase as a function of temperature. 

1400°C - 
	However, these values are not known, and they cannot be calculated with 

3000 psi 	 any degree of certainty. 

To overcome the uncertainty expected in values for G and boundary 

- 	width at various temperatures, a number of parameters were combined to 

- 	give a single temperature dependent constazit A which could be deter- 

mined experimentally. Thus creep in the 5% CaO•MgO•Si02 specimen of 
0 	8 	IS 	24. 	32 	40 	48 	56 	64 	Type II can be described as 

TIME (hours) 

XBL714-6693 

Figure 18. Typical creep curves for ¶rpe II specimens containing 5%. 
CaOgOSiO2 . 

GT/G8 = 1.065 - 1.98 + 10 T 	 (8) 

determined by Soga et al.55  GT and G298  represent the shear modulus at 
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9! 
C = A1()e/1 	 . 	(7) 

where A' has dimensions of (time). Q represents the apparent activa- 

tion enerr for creep determined at the temperature T. The shear 

modulus to be substituted in Eq. (7) was that for dense polycrystalline 

MgO. Using the room temperature data of Janovski and Rossi, 1  the shear 

modulus at various temperatures was calculated using the relation 
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the temperatures T and 298 0K, respectively. 

Experimental values for the strain rate as a function of a/G for 

four different temperatures have been plotted in Fig. 19. From Eq. (7), 

it is seen that the relation 

log e = n io()+ log (A'e) 	 (9) 

represents a straight line with slope n and intercept log (A'e-Q/RT  ). 

From a least squares analysis of the data obtained at each temperature 

values for n and A , e-Q/FJ 
 were easily determined. 

The apparent activation enerr for creep was determined at several 

temperatures in the range 1200-1450 °C using an incremental temperature 

technique, as noted in Section 111-C. The steady-state creep rate of a 

specimen subjected to a constant stress was determined following incre-

mental temperature changes of ± 20 °C. For example, the apparent activa-

tionenergy for creep at 1300 °C was determined from data obtained by 

periodic cycling between 1290 °C and 1310° C. The apparent activation 

enerr Q could then be calculated using an expression derived from 

Eq. (3): 

(iT1/G1) 
fin 

Q = 
	( c2T2/G2) 	 (10) 

l/T2 - 1/Ti 

where Ci and C2 represent the strain rate at temperatures T1 and T2, 

respectively, and Gi and G2 represent the shear modulus at the corres-

ponding temperatures. Although precise values for G1 and G2 were not 

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

small temperature change. The ratio T1G2/T2G 1  was thus considered to be 
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Figure 19. Strain-rate vs. normalized stress for creep specimens 
(55' C604190.Si02 ) tested in the temperature range 
1200-1450° C. 
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equal to-  one, and the apparent activation ener- was actually determined 

from the relation 

RlnCj/2 	
U 1 	1 

T2 - Ti 

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

the temperature dependent constant A' is not siificantly affected by 

a 20°C change. 

An average value obtained from several calculations was determined 

for Q at each temperature. This value was then used to calculate the 

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

the data shown in Fig. 19. 	 - 

Valuss for the stress exponent n, the apparent activation enerr for 

creep Q, and A are presented in Table V. In general, it was found that 

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

apparent activation enerr for creep, however, was found to increase with 

temperature. Both of these results were consistent with expectations 

of a changing deformation mechanism with temperature for the specimens. 

Table V. Calculated and experimental values 	- 
for the parameters in the creep equation (Eq. 7) 

Temperature 	 GT 	 n 	 Q 	 A'  

1200° C 114.6 x  106  psi 3.62 104 kcal/mole 3.26 x -10 20 /sec 

1300° C 114.2 x  106 psi - 
a > 7000 psi - 3.81 130 kcal/mole 2.71 x 1024 
a < 7000 psi - 1.01 130 kcal/mole 1.06 x 10 15  

114000 C 13.8 x 106 psi 1.30 215 kcal/mole 3.33 x 10 26 /sec 

114500C 13.6 x 106 psi 1.13 2140 kcal/piole 1.76 x 10 29 /sec 

-58- 

At 12000C 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 - 

Weertman 16 of stress exponenets between 3 and 4 for creep occurring as 

a result of dislocation climb. This result is also in good agreement 

with the value for a of 3.3 determined by Langdon and Pask 32 for com-

pressive creep of polycrystalline MgO at 1200°C, -  where deformation was 

concluded to be due to some form of dislocation motion. 

The apparent activation enerr for creep at 1200 °C was found to -be 

104 kcal/mole. While this value is much higher than the values deter-

mined by Langdon and Pask32  for creep of MgO at 1200 °C, or by Oishi and 

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

the results of Hensler and Cullen29  (ul ± 12 kcal/mole), and Tagai and 
Zisner31  (104-106 kcal/mole), for creep of polycrystalline specimens. 

Hensler and Cullen29  have noted that the value determined by Oishi and 

Kingery may be too low to correspond to oxygen lattice diffusion in high 

purity MgO. Furthermore, recent work by Narayan 6  suggests that the 

value determined by Oishi and Kingery must actually represent the activa-

tion enerr for (extrinsic) boundary diffusion. Narayan observed the 

shrinkage of dislocation dipoles in thin foils of MgO using transmission 

electron microscopy aid determined the activation ener' 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 keal/mole re-

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

enerr for bulk diffusion of oxygen in MgO was found to be 110 kcal/ 

mole. 57  This result is in excellent agreement with the value determined 

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

for the activation enerr for intrinsic diffusion of oxygen in 



'--10% strain l400 ° C 

XBB 715-2117 

Figure 20. Photomicrographs of specimens containing 5% CaO.MgO.Si02  
strained 10-12% in creep tests. Sections normal to the 
loading axis. 

-59- 

poJ.ycrystalline MgO determined by electrical conductivity measurements. 8  

Further evidence that creep at 1200 0 C in the Type II specimens 

containing 5% CaO•MgO•Si02 must be controlled by deformation within the 

MgO framework is provided in Fig. 20. The photornicrograph 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 

.1 

N. 

I 	 I 
' 

I 	\\ 

4 	t/JT 

1 

--10% strain 12000 C 

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 0 C. For lower values of stress a stress exponent of 

1.0 was found. The two values for n indicate that at 1300 0 C a second 

deformation mechanism begins to play a significant role in the creep of 

MgO-CaO.MgO.Si0 2  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 MgO at 1300 ° C. It is also in good 

agreement with an average yield stress for MgO single crystals deter-

mined from the results of Copley and Pask 8  for <100> and <111> stress 

axes. These observations suggest that at higher stresses the creep of 

5g0-Ca0•Mg0•Sio2  specimens at 1300 ° C is controlled by dislocation 

processes similar to those determined to be rate-controlling at 1200 0 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 

21 creep required for the Nab arro-H erring, 20 Coble, 21  or Gifkins models. 

—12% strain 1300° C 
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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 Newtonian viscosity law 

and not dependent on any diffusion process. Ke 59  has shown that grain 

boundaries under shear stresses behave viscously with strain rate 

linearly proportional to stress. Examination of the photomicrograph 

shown in Fig. 20 for a specimen deformed 12% at 1300 ° C in an incremental 

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 0C in specimens containing CaO•MgO•Si0 2  is probably the 

result of viscous flow of the boundary phase when the stresses are too 

low to activate slip within MgO grains. 

The apparent activation enerr for creep at 1300 °C was determined 

to be 130 kcal/mole. This value was found to be independent of stress 

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 enerr 

for creep as a result of a change in the mechanism controlling deforma-

tion has been discussed by Langdon. 23  Although a single mechanism is 

usually rate controlling, if two or more mechanisms operate they 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 low value as 

the temperature is increased. If the two mechanisms operate simul-

taneously, however, the change in the apparent activation enerr for 

creep is from a lower value to a higher value as the temperature is 

increased. Thus the increase in the apparent activation enerr for  
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creep noted for specimens containing CaO•MgO•5i02 indicates that the 

two deformation mechanisms must operate simultaneously at 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 0C was obtained using Eq. (2) an intermediate value of n was 

found. Values for log c2/c1 vs. log 02/01 were plotted, where the 

ratios represent the observed change in strain rate accompanying a change 

in stress in an incremental stress test. The effect of stress on the 

mechanism controlling óreep at 1300 0  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 C vs. log() as in Fig. 19 was thus found 

to give a much clearer indication of the deformation processes taking 

place. 

At 1100°C and 114500C 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 viscous flow of the boundary phase. Similar 

values for n of 1.2 and 1.1 for creep of MgO containing LiF as a liquid 

6o phase have been reported. 	Creep was concluded to be the result of 

Newtonian or pseudo-Newtonian deformation of the LiF boundary phase. 

Evidence of such deformation in the MgO-CaO•MgO•5i02 specimens is re-

vealed in the photomicrograph of Fig. 20 for a specimen deformed 10 at 

114000C. 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. In 

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 

13000C, no evidence of crack formation was observed. It was not 



possible at these temperatures to raise the stress to levels high 

enough to activate 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 e nergy for creep at 1400 0C was found to be 

215 kcal/mole. At 14500 C this value increased to 240 kcal/mole. 

Although these values are quite high relative to the value -  obtained at 

12000 C, comparable values have been reported for the apparent activation 

enerr of magnesia firebricks deforming in the presence of a liquid 
40 	- 	 - phase. 	 - 

To check the values reported in Table V for the apparent activation 

enerr for creep obtained using data from incremental temperature tests, 

data from other tests were considered. Using strain-rate data pre-

sented in Fig. 19, the apparent activation enerr was calculated from 

Eq. (10) assuming a constant value for the shear modulus. At a stress 

of 10 2 000 psi, and using strain rate data at 1200 0 C and 13000C, the 

apparent activation enerr in the region where dislocation mechanisms  

were found to control creep was determined to be between 90 kcal/nole 

and 105 kcal/mole. This is in good agreement with the value of 104 

kcal/mole obtained using the incremental temperature data. At a stress - 

of 2000 psi, and using values for the strain rate at 1400 ° C and 1450° C, 

the apparent activation ener' for creep was calculated to be approxi-

mately 250 kcal/mole. This value is also in good agreement with values 

obtained at 1400 ° C and 1450° C using the incremental temperature data, 

where it was determined that the creep process was controlled by viscous 

deformation of the boundary phase. 

Values for Q obtained using strain-rate data at 1300 0C (lower 
stresses) nd 1450 ° C were lower than expected. This must be due to the 
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great differences in the structures of the material at the two tempera-

ures, i.e., the shear modulus of the boundary phase must change - 

appreciably over the indicated temperature range. The lower values for 

the activation enerr calculated from this data, then, suggest that the 

error is due not to the particular data used but rather to the incorrect - 

assumption that G remained constant over such- a large temperature range. 

Thus the incremental temperature technique appears to be a valid means 

of obtaining reasonable values for the apparent - activation enerr for 

creep. 	- 
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V. SUM)4ARY MD CONCLUSIONS 

Specimens of polycryntalline MgO conta.iningup to 15% of a silicate 

phase were fabricated by vacuum hot pressing or hot pressing and anneal-

ing techniques. The silicate phase was distributed along MgO grain 

boundaries, and consisted of crystalline CaOMgO•5i02 (monticellite) 

and small amounts of a residual glassy phase. 

The high temperature mechanical behavior of these specimens in 

stress-strain tests was studied over the temperature range 1200-1100 0C. 

The mechanical behavior was found to be dependent on the degree of uni-

formity of distribution of the boundary phase, particularly at 1200 ° C. 

At this temperature deformation occurred pri1rily as the result of 

plastic deformation in the MgO framework. At higher temperatures de-

formation was controlled by deformation within the silicate phase as 

additional softening of the residual glassy phase occurred. At all 

temperatures the most favorable mechanical bthavior was exhibited by 

those specimens having the most uniform distribution of the boundary 

phase. The behavior of Type I specimens containing 15% CaOMgO•Si02  

was found to be essentially the same as that of Type II specimens con- 

taining only 5% Ca0MgO•Si02 where the amount of MgO grain-grain contact 

area was approximately equivalent for each type. 

The importance of the strength of grain boundaries in determining 

the high temperature mechanical behavior of polycrystalline MgO was 

studied in other experiments. Specimens hot pressed at 1 1 50 °C exhibited 

relatively high strengths but limited ductility in the temperature 

range 1200-ll00° C. Similar specimens which had also been annealed at 

1550 0C yielded at much lower stress levels but exhibited a Significant 

amount of plastic deformation as a result of dislocation motion before 

fracture. 

Results of creep tests for specimens containing "5% CaOMgO•Si02 

uniformly distributed have shown that at 1200 0 C deformation occurs as a 

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

exponent at 12000C was found to be 3.6. The apparent activation enerr 

for creep, determined using an incremental temperature technique, was 

101 kcal/rnole. This value is in good agreement with a number of values 

reported for creep of polycrystalline MgO, as well as for the bulk 

diffusion of oxygen in MgO recently determined. 

Creep at 1300 0C 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 controlled by viscous flow of the boundary phase and a value 

of 1.0 was determined for the stress exponent. The apparent activation 

enerr for creep at 1300 0C was 130 kcal/mole. The increase in activation 

enerr with temperature was consistent with expectations that such an 

increase should be observed where two mechanisms affecting deformation 

operate simultaneously. 

At 140O0 C and l450 °C creep of specimens containing 5% Ca0•Mg0.Sio 

occurred as a result of viscous flow of the boundary phase. The stress 

exponents were found to be 1.3 and 1.1 at these temperatures, respec-

tively. The apparent activation ener' for creep was greater than 200 

kcal/mole. 

To check the values reported for the apparent activation enerr 

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 enerr was calculated to 

be 4100 kcal/mole. The activation enerr for viscous flow- of the 

boundary phase was calculated to be 1 250 kcal/mole. Thus the 
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incremental temperature technique appears to be a valid means of 	
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APPENDIX 

1. The Chemical Analysis of MgO Powder 

Baker and Adanison Reagent No. 1917 

Substance 

Assay (Mgo) (after ignition) 

Insoluble in dilute HCl  

Soluble in water 

Loss on ignition 

Ammonium hydroxide precipitate 

Chloride (Cl) 

Nitrite (NO 3 ) 

Sulfate and sulfite (as SOk) 

Barium (Ba) 

Calcium (Ca) 

Heavy metals (as Pb) 

Iron (Fe) 

Manganese (Mn) 

Potassium (K) 

Sodium (Na) 

Stronium (Sr) 

Silica (Si02) 

—TO- 

The Chemical Analysis of CaCO 3  Powder 

Baker and Adamson Reagent No. 1506 

Substance 

Assay (CaCO3) 

Wt. % 
Insoluble in dilute HC1 

99.0 
N1L0H precipitate 

0.020 
Chloride (Cl) 

0.40 
Oxidizing substance (as NO 3 ) 

2.0 
Sulfate (SOk) 

0.020 
Aminonium (NH4) 

0.010 
Barium (Ba) 

0.005 
Stronium (Sr) 

0.005 
Magnesium (Mg) 

0.005 
Potassium (K) 

0.05 
Sodium (Na) 

0.003 
Heavy metals (as Pb) 

0.010 
Iron (Fe) 

0.0005 
SiO2 Powder 

0.005 
Ottawa Silica Flour 

0.50 
Substance 

0.005 
Silica (sio) 

0.040 
Alumina (Al03) 

-Iron oxide (Fe20) 

Calcium oxide and magnesium oxide 
(CaO, MgO) 

Wt. % 

99.0 

0.010 

0.010 

0.001 

0.005 

0.010 

0.003 

0.005 

0.10 

0.02 

0.01 

0.10 

0.001 

0.002 

wt. % 

99.8 

0.1 

0.02 

0.1 
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