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. ABSTRACT 

Specimens of polycrystalline MgO were fabricated from two different 

MgO powders by hot pressing irr graphite and alumina dies,, followed by 

annealing in air, vacuum, or within the graphite die in vacuum. The two 

powders were prepared by dispersing in isopropanol, drying, and milling 

in a rubber-lined mill with alumina balls. The relatively high cation 

content, particularly Ca and Si, in Type II MgO was the most significant 

difference in the two powders as it led to the formation of a small 

amount of liquid phase along the grain boundaries during the annealing 

step at 1550 °C. 

Impurities introduced and modified throughout the entire processing 

procedure of powder preparation, pressing in a graphite die, and anneal-

ing in different ambient atmospheres resulted in microstructures with 

varying grain size and grain boundary structure in the specimens pro-

duced from Type I MgO. The formation of a liquid phase in the Type II 

MgO specimens tended to eliminate the effect of these processing variables 

but led to the development of grain sizes two or three times larger in 

size. 

Correlations of the microstructures of the specimens were made with 

their mechanical behavior in compression at a constant strain rate at 

1200°C. The Type I specimens had considerably higher yield and maximum 

.• 

.. 
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stresses than the Type II. Also, the specimens annealed in air had the 

largest strain at failure, and the ones annealed in the graphite die had 

the smallest; this behavior was attributed to a more perfect grain 

boundary for the former. The Type II specimens failed at considerably 

lower stresses and failures with little differences in value with dif­

ferent annealing atmospheres which was attributed to the presence of the 

brittle phase along the grain boundaries. 



-1-

I. INTRODUCTION 

In recent years, there has been considerable interest in design of 

ceramics for applications in severe environments. The ability of ceramics 

to maintain loads at high temperatures and to resist oxidizing atmospheres 

has made them desirable over metals in such situations. However, the 

inherent brittleness of many ceramics has made designing with them a very 

difficult task and thus has limited their applications. A degree of duc­

tility, which is favorable for design applications, has been observed in 

many single crystal ceramic materials; however, the inability of most 

polycrystalline ceramics to satisfy the criteria proposed by Von Mises, 

that five independent slip systems be operative for general deformation 

to occur, has limited their ductility. Cubic ionic polycrystalline 

materials, such as MgO, have been found to satisfy this criteria at high 

temperatures, and therefore have been the subject of considerable inves­

tigation. 

In the study of the mechanical properties of a polycrystalline 

material, it is essential to understand the functional role of micro~ 

structural features, because these are the critical parameters which 

determine the material's behavior. In addition to single crystal inves­

tigations, considerable work has been done in this laboratory on poly­

crystalline MgO. These studies focused on interpreting stress-strain 

curves in terms of such features as pore size, amount and distribution, 

grain size and shape, and amount of second phase. However, little work 

has been done on studying and controlling the effects of processing on 

these microstructural features. Also, the results of the reported studies 

have pointed out the need for a further investigation into the nature of 
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the grain boundary and its effect on mechanical behavior. Therefore, it 

is the objective of this study to investigate the role of processing con­

ditions on development of microstructure, and to determine the relation 

between such microstructural features and mechanical behavior with par­

ticular emphasis placed on the significance of the nature of the grain 

boundary. 

" 
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II. LITERATURE SURVEY 

A. · Fabrication of Hot-Pressed MgO 

The fabrication of dense, fine grained MgO has been accomplished by 

hot pressing, and there have been several investigators who have studied 

various hot-pressing techniques to produce such specimens. Murray, Livey, 

and Williams1 described the principles of hot pressing and presented data 

on a number of ceramic materials. 2 Vasilos and Spriggs hot pressed MgO 

over a range of temperatures and pressures in both graphite and alumina 

dies, and concluded from determined diffusion coefficients and activation 

energies that beyond the initial stages densification was a diffusion­

controlled process. Spriggs et a1. 3 investigated the hot pressing of 

several oxides in alumina dies and produced nearly theoretically dense 

MgO at 1120°C and 13,000 psi. The preparation and hot pressing of high 

purity MgO has been described by Leipold and Nielson. 4 They obtained 

theoretically dense specimens at 800°C and 10,000 psi; in addition, these 

specimens showed rapid grain growth and no reheat porosity on subsequent 

heating in air. 

LiF additions to MgO have been used to produce optically transparent 

specimens. Rice5 developed a technique which has been modified by 

6 7 others ' to produce such samples in a two-step process of vacuum hot 

pressing followed by annealing in air. The mechanisms of densification 

in this process have been described by Hart, Atkin and Pask. 8 

The influence of water vapor on the hot pressing of MgO was studied 

by Shelly and Nicholson. 9 
It was found to aid in the initial stage of 

densification by a fluidized bed effect which caused rearrangement; the 

overall effect, however, was to inhibit densification due to back 
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pressure exerted by the water vapor entrapped in pores. Leipold and 

10 2- - -Kapadia studied the effect of the anions, S , CL , F and OH , on the 

hot pressing of MgO and found that they all retarded densification, with 

the effect decreasing in the order listed. It was shown that this effect 

was due to gas pressures developed within the compact and die cavity by 

demonstrating that the vapor pressure of the species and its solubility 

in the MgO lattice determined the magnitude of the retardation effect. 

Rice11 studied the effect of gaseous impurities on the hot pressing and 

behavior of MgO, CaO, and Al203. Using infra-red and mass spectroscopy, 

hydroxide and carbonate impurities were shown to exist in MgO hot pressed 

with and without LiF which persisted on reheating in air up to tempera-

tures near 1100°C; bloating and clouding were also found to occur in 

these specimens, which was attributed to pressure building up from the 

entrapped gases. Similar observations were reported by Nielson and 

Leipold, 12 and Day and Stokes. 13 Impurity distributions in hot-pressed 

MgO has been studied by Leipold, 14 and the impurities Al, Si and Ca were 

found to segregate at grain boundaries even when present in amounts as 

low as 30 ppm. 

B. Mechanical Behavior 

Investigations of the mechanical behavior of single crystal MgO have 

been the basis for polycrystalline studies through development of the 

theories for dislocation movement. Early work on single crystals was 

focused on determining room temperature mechanical properties. The first 

studies15 , 16 demonstrated that ductility was possible in ionic solids in 

NaCl-type structures. Other room temperature studies investigated the 

17 
effect of heat treatment and impurities on strength, nucleation of 

• 
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k . . . 18 b d" 19-21 d . 22 . f crac s 1n tens1on, en 1ng, an compress1on, 1mportance o 

f d . . 23- 25 d h ff f f h d . d" 1 . sur ace con 1t1on an t e e ects o res an grown-1n 1s ocat1ons 

26 27 on yield stress and crack nucleation. ' 

28 
May and Kronberg extended single crystal studies to elevated 

temperatures by studying the temperature dependence of yield stress in 

bending to 1000°C. Results were discussed in terms of dislocation inter-

actions with impurities. 29 
Hulse and Pask continued single crystal studies 

at high temperature by deforming crystals with a <100> loading axis in 

compression at a constant loading rate from -196°C to 1200°C. The bulk 

yield stress decreased exponentially with temperature to 900°C and then 

remained essentially constant to 1200°C. Deformation occurred on (110) 

planes, and slip on one set of planes had difficulty in passing through 

slip bands on the conjugate set of planes. 30 
Later, Hulse et al. per-

formed a similar study on crystals oriented with <110> and <111> loading 

axis. Reasonable agreement was found with expected results from analysis 

of the critical resolved shear stress arising on the slip systems. <100> 

and <110> loading axis produces resolved shear stresses on four of the six 

(110) slip systems; however, the stress for the <100> axis is one-half 

the applied stress, whereas for the <110> axis the resolved shear.stress 

is one-fourth of the applied stress. Results showed the yield stress 

29 
for the (110) axis to be about twice that obtained by Hulse and Pask 

for <100>, in good agreement with the analysis. 

The <111> loading axis does not produce a shear stress on the (110) 

slip systems, and etching revealed slip to occur on (100) <110> systems. 

As expected, the yield stress was much higher for this axis due to the 

stronger electrostatic repulsions for dislocation movement on the (100) 
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planes. 
31 Copley and Pask extended this work by compression testing to 

32 33 Day and Stokes ' tested single crystal MgO in tension with a 

<100> and <110> loading axis in the range 1000°C-2000°C, and found be-

havior to be determined by the number of slip systems operating in a 

given volume, which was shown to be dependent on temperature and strain 

rate. 

Miles et a1. 34 studied the flow stress and pinning stress of single 

'crystal MgO in bending, over a range of temperatures. It was found that 

the mechanism controlling behavior at high temperatures was a combination 

of continual pinning caused by deformation, and thermally activated un-

pinning. The effect of iron impurity and its oxidation state on the com-

pressive yield stress of MgO single crystals over a range of temperature 

has been investigated by Moon and Pratt. 35 A recent work by Srinivas and 

36 
Stoebe emphasized the importance of impurity and heat treatment on the 

behavior of MgO single crystals, and investigated yielding and work 

hardening as a function of temperature for crystals of varying impurity. 

Results were explained in terms of dislocation interactions with 

impurities. 

Bicrystals have also been used to study the deformation of MgO. 

Their primary uses have been to study dislocation interactions with grain 

b d . 27,37,38 d 1 d . b d l"d" 39-42 oun ar1es an a so to stu y gra1n oun ary s 1 1ng. 

Studies of the behavior of polycrystalline MgO have been concerned 

primarily with establishing relationships between microstructural 

features and mechanical properties. Stokes and Li27 studied the be-

havior of polycrystalline MgO in tension at room temperature and found 

the number of mobile dislocation sources to be critical in controlling 

... 
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strength~ Specimens prepared free of such sources were nearly twice as 

strong as specimens containing mobile dislocations. Vasilos et a1. 43 

found the strength of MgO tested in bending to decrease with grain size, 

with the effect diminishing as temperature increased. From etch pit 

studies it was concluded that a dislocation mechanism was operating at 

elevated temperatures. 44 Day and Stokes produced samples with grain 

boundaries free of porosity and impurities by recrystallization of MgO 

single crystals. These samples, and ones prepared by hot pressing, were 

tested in tension up to 2200°C. Deformation in both types of samples was 

controlled by dislocation glide and climb; however, the brittle-ductile 

transition temperature of 2200°C for the hot-pressed specimens was 500° 

higher than that for the recrystallized material. Grain boundary sliding 

and grain boundary migration phenomena were noted. 

Five different types of polycrystalline MgO were studied in com-

6 pression to 1400°C by Copley and Pask. The behavior of each type was 

explained in terms of its microstructure, and it was concluded that due-

tility could be achieved in compression when slip could be initiated 

homogeneously, resistance to dislocation movement was low, and grain 

boundaries were strong enough to resist separation. Further work by 

Langdon and Pask45 showed 'that pore size and distribution, and impurity 

concentration at the grain boundaries were critical factors in determin-

ing the behavior of polycrystalline MgO. Plasticity below 1200°C was 

attributed to strong grain boundaries which allowed build-up of suf-

ficient stress concentrations to nucleate slip on the (100) system, 

thereby providing the necessary five independent systems required for 

general deformation. 
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Evans and Davidge 
46 

studied the strength and fracture of poly-

crystalline MiO in bending at room temperature, and showed that the sur-

face condition determined the strength and fracture mode. Samples tested 

in the as-machined condition failed by extension of pre-existing flaws, 

whereas in chemically polished specimens failure was initiated by plastic 

flow. This work was extended to high temperatures by Evans et a!. 47 

Fracture mode at any given temperature was observed to be controlled by 

grain size, surface finish, quantity and size of pores, and quantity and 

distribution of the impurity. 

The results of Snowden and Pask48 emphasized the importance of the 

grain boundary structure in the mechanical behavior of MgO. Specimens 

fabricated by different procedures, yet having similar microstructures 

with the exception of grain boundary porosity and purity, behaved quite 

differently in compression at 1200°C. Behavior was interpreted in the 

45 manner of Langdon and Pask in that specimens free of boundary porosity 

and impurities thereby possessing strong grain boundaries, yielded at 

lower stresses and exhibited higher strain at fracture based on the pro-

posed mechanism of initiation of slip on (001) <llO> system by stress 

concentrations~ Snowden49 also studied the effect of a calcium-magnesium-

silicate (CMS) second phase on the stress-strain behavior in compression 

of MgO. For a given temperature, the amount and distribution of the 

second phase was shown to be critical. A review of the high temperature 

behavior of ceramics has been presented by Radford and Terwilliger.SO,Sl 

Microstructural inhomogenities are important in the mechanical test-

ing of materials since such defects as local collected ~orosity can act 

as stress raisers leading to initiation or propagation of flaws, thus 

I 
I, 

,., 
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producing premature failure. There is little discussion of this in the 

52 
literature; Bennett and Niesz, however, did report an increase in bend 

strength of 13% in sintered alumina upon removal of such non-uniformities. 
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III. EXPERIMENTAL PROCEDURE 

A. Characterization of MgO Powders 

Two magnesia powders were used in this study, and will hereafter be 

referred to as Type I and Type II. Both powders were characterized to 

exemplify differences between them. 

The powders were analyzed for both the cation and anion impurities, 

and these results are shown in Table I. The cations except for Si were 

* determined spectrographically and the Si and anion content were deter-

** mined by wet chemical means. As indicated, the major difference in 

cations was the high Si and Ca content of Type II. The anion analysis 

showed both powders to contain a substantial amount of carbonate and 

hydroxide; in addition, Type II contained a much higher amount of sulfate. 

On the basis of the anion percentages obtained, and assuming the car-

bonate and hydroxide to exist as MgC03 and Mg(OH)z, the actual percent-

ages of these compounds were calculated, and are shown in Table I. 

After ignition, the powders were 99.7% and 99.2% MgO respectively. 

Differential the·rmal analysis (DTA), and thermogravimetric analysis (TGA) 

were performed on both powders, and the results for Type I and Type II 

are shown in Figs. 1 and 2 respectively. The DTA was obtained in air at 

a heating rate of l0°C/min up to 1000°C; it showed endotherms beginning 

about 265°C and peaking at 360°C for both types of MgO which is in good 

agreement with the results of Chown and Deacon53 for hydrated magnesia. 

The TGA was also run in air at l0°C/min up to 1000°C and showed weight 

*Lawrence Berkeley Laboratory, Univ. of Calif., Berkeley, Calif. 
**Merck and Co., South San Francisco, Calif. 

.. 

~. 
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* Table I. Chemical analysis of MgO powders 

Constituent Type I 

Al .07 

Ca .05 

Fe .07 

Na .01 

Si .045 

-Cl .005 

= so .01 
'+ 

= co .71 
3 

OH 2.64 

Loss on ignition 3.74 

% as MgC03 1.35 

% as Mg(OH)2 8.6 

Type II 

.02 

.30 

.05 

.005 

.18 

.021 

.22 

.82 

2.48 

3.82 

1.57 

8.8 

*Cation and anion results are in percent of the element or radical. 
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Fig. 1. DTA (top) and TGA results for Type I MgO powder. .. 
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Fig. 2. DTA (top) and TGA results for Type II MgO powder. 
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losses at temperatures which corresponded well with the observed DTA 

peaks. These results indicated that the Type II powder does not lose its 

combined hydroxide as readily as Type I as indicated by the slope of its 

TGA curve and the broadness of its DTA peak. Type II was still losing 

weight at 1000°C whereas Type I had nearly stabilized. This high tempera-

ture weight loss could also be due to the higher sulfate content which 

decomposes near 1100°C. 

Table II contains physical data obtained on the MgO powders. The 

* surface area was measured by adsorption from an iodine solution. The 

amount of iodine adsorbed by the powder was determined by titration, and 

this was related through a standard curve to an equivalent B.E.T. surface 

* area. The reactivity was measured by mixing two grams of powder with 

citric ~cid and noting the time to endpoint using phenolphthalien as an 

indicator, a shorter time being indicative of greater reactivity. These 

tests pointed out a major difference in the physical characteristics of 

the powders; Type II was twice as reactive and had five times the surface 

area of Type I. 

X-ray diffraction patterns of both powders did not indicate the 

presence of any second phase, including MgC03 and Mg(OH)z. The crystal­

lite size shown in Table II was determined by a method outlined by Rau54 

using the Scherrer equation, and the results showed Type I to have a 

higher degree of crystallinity. 

*Performed by Merck and Co., South San Francisco, Calif. 
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Table II. Physical characteristics of MgO powders 

Type I Type II 

Surface area M2 /g 11.5 56.5 

Reactivity (sec) 87 44 
0 

X-ray crystallite Size (A) 360 120 

{1) 

(2) 

{3) 

(4) 

Table III. Green and hot-pressed densities; grain size and 
density after annealing for Type I MgO specimens 
produced by different processing techniques 

Hot 
Green Pressed Annealed 

Procedure Density Density Density 

Unmilled 34 98.0 97.8 

Dry milled - alumina balls 39 98.0 97.8 

Dispersed, dry milled -
alumina balls 46 98.5 98.2 

Dry milled - teflon balls 39 96.5 96.2 

Wet milled, dry milled -
Teflon balls 41 95.5 95.1 

Grain 
Size 

32 

30 

28 

21 

19 
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B. Powder Preparation 

Preliminary specimens prepared from an unmilled powder were found to 

contain undesirable microstructural inhomogenities which were attributed 

to agglomeration in the starting powder. This led to an investigation 

into the following powder processing procedures, using Type I powder to 

evaluate their effectiveness in reducing such defects. 

(1) Dry milled 2 hours--alumina balls. 

(2) Dispersion in isopropanol, dried, dry milled 2 hours--alumina 

balls. 

(3) Dry milled 2 hours--teflon balls. 

(4) Wet milled 1 hour, dried, dry milled 2 hours--teflon balls. 

In each case the starting powder was first screened to remove the coarsest 

.aggregates. 

The ball milling was done in a 2-liter, rubber lined mill, using 55 

grams of powder in each case. The dispersion step in (2) consisted of 

gradual addition of the 55 grams of unmilled powder to 275 ml of isopro­

panol, while stirring magnetically. The resulting mixture was placed in 

an ultrasonic cleaner for two minutes to aid dispersion. The suspension 

was then dried 24 hours at 90°C. The result was a "cakelike" structure 

which was broken up manually before ball milling. In (4) the powder was 

dispersed as in (2), but an additional 250 ml of isopropanol was added 

during dispersion; this mixture was wet milled one hour before drying 

within the mill for 24 hours at 90°C. This treatment was followed by the 

dry mi !ling step • 

The powders were then hot pressed in graphite dies and annealed in 

air as described in IIIC; the resulting microstructures were analyzed 
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to determine the ability of the various procedurffito reduce inhomogenities. 

Procedure (2) was selecteg as the best method of preparation. 
' 
' ' 

discussion of the' microstructures appears later. 

C. Specimen Preparation for Mechanical Testing 

A complete 

Types I and II MgO powders were prepared for hot pressing according 

to processing technique (2) of dispersion and dry milling as outlined 

above. Both powders were hot pressed in graphite and alumina dies. 

With the graphite die, a thin (.005") graphite paper sleeve was used 

along the die cavity wall to reduce friction and wear on the die and 

plungers. Graphite paper spacers were also used between the powder and 

the plunger faces. The powder was placed in the die and cold pressed at 

2000 psi outside of the furnace, so that measurements could be taken to 

determine green density. The die was placed in the hot press, and 

-4 evacuated to 10 Torr before heating. The heating cycle consisted of 

heating at 8°C/min to 500°C and ho,lding 15 minutes to allow gas from de-

compositions to escape. The heating was then continued to 1000°C and 

held for one hour, also to allow sufficient time for the removal of gases 

from the system. This was followed by heating to 1250°C and holding for 

30 minute~. A pressure of 3000 psi was applied at 1200°C and maintained 

constant through the hold at 1250°C. Pressure was then released and the 

specimen was furnace cooled. A similar procedure was followed for the 

alumina die; however, the heating rate was reduced to minimize thermal 

gradients across the die wall. Also, molybdenum spacers were used to 

separate the powder from the plunger faces to prevent sticking and 

reaction. Because of the low density of the Type I MgO specimen produced 

by this procedure, a second run was made applying pressure at 1100°C, and 
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gradually increasing it to a maximum of 6500 psi at 1200°C. The pressure 

was then held constant to 1250°C and held 20 minutes. The resulting disks 

were cut into specimens approximately .6 in. x .25 in. x .25 in., using a 

diamond blade • 

The Type II powder showed different hot pressing characteristics 

than Type I. A plot of density versus temperature obtained from the 

measurements of ram travel, for both powders hot pressed in the graphite 

die is shown in Fig. 3. Densification began for both powders near 800°C, 

with Type II showing a much.more pronounced effect. From the hold at 

1000°C to application of pressure at 1200°C, little densification 

occurred for Type I; Type II, however, showed a very rapid increase in 

density. Upon application of pressure, Type II reached its final density 

after only a few minutes, and before the final hold temperature of 1250°C 

was reached. Type I was still densifying at 1250°C, and continued until 

near the end of the 30 minute hold period. The higher surface area and 
J 

greater reactivity of the Type II powder is a possible explanation for 

this behavior since these factors lead to shorter diffusion distances and 

increased particle~particle contact, thereby resulting in greater densi-

fication rates. Another possible explanation is the formation of a 

liquid phase. Rice5 has suggested the possibility that Ca impurities in 

MgO could form Ca(OH)2 and CaC03 as non-decomposing liquids which form 

eutectics with CaO in the 500-700°C range. He pointed out that this 

liquid could aid densification since MgO has been shown to have limited 

solubility in these liquids. 
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Type II. MgO 

600 800 1000 1000 1200 1250 
TEMPERATURE, °C 

XBL 747-6843 

Fig. 3. Density versus temperature and time for Types I and II MgO 
specimens during hot pressing in graphite die. 
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Type I and Type II samples from the graphite die were annealed at 

1550°C for t~o hours in air, vacuum,and vacuum within the graphite die. 

The annealing in air was done in a platinum crucible in a quench furnace 

with MoSiz elements. The vacuum anneal was also done in a platinum 

crucible using a Brew furnace with tantalum heating elements. The anneal­

ing in the graphite die was done in vacuum in the hot press, which had 

molybdenum heating elements. Samples from the alumina die received 

identical heat treatments, but were not annealed in the graphite die. 

All samples were furnace cooled. 

Approximately .15 in. was cut from the end of each sample and the 

internal surface of the end piece was used for microscopic examination. 

Rough polishing was done using a series of emery papers through grade 

4/0. This was followed by polishing on a nylon cloth with 6 ~m diamond 

paste using kerosene as a lubricant. Fine polishing was done on a 

Syntron vibrator with 1 ~m diamonds. All samples were etched using 

.5 M AlCl3 at 50°C for about one minute. Grain size determinations were 

made by counting the number of grains in a known area, converting to 

equivalent spherical diameter, and multiplying by a factor of 1.28. Over 

500 grains were counted in each case. Density measurements were made 

using a displacement technique in mercury; a value of 3.58 was taken as 

theoretical density of MgO to compute relative densities. 

D. Mechanical Testing 

Specimens for the mechanical testing had a length to width ratio of 

2:1 and were approximately .18 in. x .18 in. x .36 in. The specimens 

were polished to these dimensions on a series of emery papers using a 

jig designed to keep faces parallel. Special care was taken on the ends 

.. 
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to make sure they were flat, parallel, and perpendicular to the loading 

axis. Following .this polishing, the specimens were chemically, polished 
I 

in 85% orthophosphoric acid at ll0°C for two minutes. 

All stress-strain data was obtained in compression at 1200°C at a 

constant strain rate of .025/min based on original sample height using 

an Instron testing machine. The specimen was heated electrically with 

MoSiz elements at about l0°C/min, with a stabilization period of approxi-

mately 20 minutes at 1200°C. A schematic diagram of the specimen arrange-

ment in the furnace is shown in Fig. 4. The platinum foil prevented 

reaction between the specimen and the Lucalox Alz03 buttons. The collar 

was used to maintain alignment and to prevent sideways motion of the 

Al203 buttons during testing. The specimen temperature was taken from 

the thermocouple touching the alumina button. All stresses reported are 

based on original cross-sectional area, and all strains are true strains 

calculated from the recorded engineering strain. The amount of plastic 

strain was taken from the .2% offset yield stress to the maximum stress 

recorded. The tests were run until the load started decreasing at an 

accelerating rate. 
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Thermocouple 
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XBL 747-6844 

Fig. 4. Specimen arrangement in furnace for stress-strain testing. 
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IV. RESULTS AND DISCUSSION 

A. · Microstructure Development 

(1) Effect of Powder Preparation on Microstructure 

The green density, as hot-pressed density, and the density and grain 

size of Type I MgO specimens after annealing in air fabricated by the 

powder preparations investigated are suunnarized in Table III. Shown in 

Fig. 5 is a micrograph of a specimen prepared from the unmilled powder 

illustrating the presence of regions of higher porosity and smaller grain 

size that warranted the use of a milling procedure to aid homogeneity. 

Figures 6-9 show micrographs corresponding to the four processing pro­

cedures investigated. 

Specimens from procedure (1) and (2) were similar in appearance 

after hot pressing and had light gray (somewhat lighter in (1)) slightly 

translucent cores covering approximately four-fifths of the cross sec­

tional area; the remaining areas adjacent to the surfaces were white. In 

contrast, specimens made from the unmilled powder and procedure (3) pro­

duced uniform white cross sections whereas (4) yielded a disk which was 

very dark gray throughout the entire piece. All specimens were white 

after annealing in air. 

The cores developed in (1) and (2) were attributed to the picking 

up of organics from the abrasion of the rubber-lined mill by the Al203 

balls; it is interest;ng to note, however, that this apparently did not 

interfere significantly with the densification process since after anneal­

ing in air, both (1) and (2) had essentially ~he same density as the 

specimen prepared from the unmilled powder. In (3), since MgO is harder 

than teflon, it is expected that the powder would be picking up teflon on 
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Fig. 5. Micrograph of specimen prepared from unmilled Type I MgO. 

Fig. 6. Micrograph of specimen prepared from Type I MgO by procedure (1). 

XBB 748-5185 

Fig. 7. Micrograph of specimen prepared from Type I MgO by procedure (2) . 
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Fig. 8. Micrograph of specimen prepared from Type I MgO by procedure (3). 

XBB 748-5193 

Fig. 9. Micrograph of specimen prepared from Type I MgO by procedure (4). 
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its surfaces. The data indicate that the presence of teflon significantly 

reduced density and grain size, but no color change was observed. The 

darkness of the sample prepared by (4) was again attributed to the pick-

ing up of organics from the rubber. In this procedure, the isopropanol 

was thought to aid the solution of rubber into the mixture during wet 

milling, possibly by removing plasticizers from the rubber making it 

brittle and subject to abrasion. 

Since (1) and (2) showed a grayish core, but essentially no differ-

ence in hot-pressed density from the unmilled specimen, it is expected 

that during hot pressing the organics decomposed producing a gas which 

escaped from the system and a residue which produced the gray core. 

Since the hot pressing was done in vacuum with graphite dies, the residue 

products of such a reaction were not oxidized. Also, since the gas left 

the system and was not entrapped, it did not interfere with densification 

during hot pressing by building up an internal back-pressure, resulting 

in a relatively high hot-pressed density. 

The presence of teflon, procedures (3) and (4), decreases the hot-

pressed density significantly, as seen in Table III. The lack of a gray 

core in (3) indicates a different type of reaction involving only teflon; 

the dark gray core in (4) was due to rubber pickup as in (1) and (2). 

55 The Merck Index reports that teflon reverts to the gaseous monomer at 

400°C. It appears that some of the volatilized teflon must have adsorbed 

on the surfaces of the particles and must have affected the yss (grain 

boundary energy) and y (surface energy) so that densification is re­
sv 

tarded in hot pressing. 
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The annealed density for all specimens was slightly less than their 

corresponding hot-pressed densities suggesting little variation in build­

up of back pressure due to oxidation of the dark gray residue or any 

adsorbed species. Grain growth, however, was significant in that the 

grain size for all of the hot-pressed specimens was about 3 ~m. Also, 

of significance is the fact that the retardation of grain growth for the 

specimens made from powders exposed to teflon ((3) and (4)) was greater 

than for those specimens exposed to rubber and alcohol, relative to the 

unmilled powder specimen. 

After analysis of the microstructures on the basis of uniformity, 

density, and grain -size, procedure (2), dispersion in isopropanol followed 

by dry milling with alumina balls was chosen as the best procedure for 

preparation of specimens for mechanical testing. A discussion of the 

microstructures prepared for mechanical testing follows. 

(2) Characterization of Test Specimens 

(a) Type I MgO 

Table IV summarizes data on weight loss, density and grain size 

obtained on Type I MgO specimens fabricated in graphite and alumina dies 

and annealed in air, vacuum, and in vacuum in the graphite die using 

procedure (2)·. Fracture surfaces of the as-hot-pressed specimens are 

shown in Fig. 10. Optical micrographs of the specimens annealed in 

different ambient atmospheres are shown in Figs. 11 and 12. 

The specimen formed in the graphite die had a grayish core as 

described previously, whereas both specimens formed in the alumina die 

were white. This indicated that the nature of the atmosphere during the 

hot pressing was critical in determining the nature of the adsorbed 
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Table IV. Grain size density and weight loss 
data for Type I MgO · 

Treatment Weight ·loss % Density % 

As hot pressed 98.5 

Air anneal 0.07 98.3 

Vacuum anneal 0.27 98.1 

Die anneal 2.87 98.3 

As hot pressed (1) 93.0 

Air anneal 0.336 96.0 

Vacuum anneal 0.527 96.2 

As hot pressed (2) 99.0 

Air anneal 98.6 

As hot pressed 99.1 

Air anneal 0.09 98.0 

Vacuum anneal 0.45 98.0 

Die anneal 2.60 98.5 

As hot pressed 99.0 

Air anneal 0.072 98.0 

Vacuum anneal 0.399 98.3 

Grain 
size lJm 

<3 

28 

28 

30 

<3 

41 

38 

<5 

44 

<3 

84 

90 

101 

<5 

87 

80 
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XBB 748-5186 

Fig. 10. As-hot-pressed fracture surfaces of Type I MgO specimens: 
(a) graphite die, (b) low density sample from alumina die, 
(c) high density sample from alumina die. 
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XBB 748-5188 

Fig. 11. Micrographs of annealed Type I specimens from graphite die: 
(a) air anneal , (b) vacuum anneal, (c) vacuum within graphite 
die. 
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XBB 748-5184 

Fig. 12. Micrographs of annealed Type I specimens from alumina die: 
(a) low density specimen, air anneal, (b) low density specimen, 
vacuum anneal, (c) high density specimen, air anneal. 
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species along grain boundaries. The absence of any carbonaceous vapor 

species such as C or CO in the alumina die modified the reactions. 

Samples from the disk formed in the alumina die remained white after 

upon annealing in air and vacuum. The high density second sample showed 

a clouding of the center region presumably due to the formation of pores 

f d . "1 h b d b R" S rom entrappe gases, s1m1 ar to t at o serve y 1ce. The air anneal 

removed the grayish core from the sample hot pressed in the graphite die, 

and the resulting piece was uniformly white with little evidence of 

clouding. This difference in clouding of the air annealed specimen was 

most likely attributable to the ability of the porous graphite die to 

remove more of the gaseous species formed during the pressing. The 

chemical nature of the residue along grain boundaries in the two speci-

mens could also have been different because of the difference in ambient 

atmospheres during hot pressing; this difference then, would be respon-

sible for the nature of gas producing reactions on annealing in air. 

The vacuum annealed specimen from the graphite die retained a faint 

gray core of about the same proportions; however, the core lost its slight 

translucency. The sample annealed in the die was gray throughout, and 

exhibited a much higher weight loss than the samples annealed in air or 

vacuum in the absence of graphite. Since the weight loss was much 

greater than that in vacuum, it could not be attributed solely to the 

volatilization of MgO, and was most likely due to reduction of MgO by 

carbon or CO • 

The optical micrographs in Fig. 11 show the similarity in the micro-

structures of the annealed specimens from the graphite die. The average 

grain size was essentially constant in each case, but the number and 
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size of pores varied. The pores were predominantly on grain boundaries; 

in the die annealed specimen, however, the pores were somewhat larger 

and located primarily at triple points. 

As shown in the micrographs of Fig. 12, the annealed specimens from 

the alumina die were also similar but showed a considerable increase in 

grain size over those produced from the graphite die. This emphasized 

the fact that the nature of the grain boundary impurity and structure 

after hot pressing in the graphite die had a greater effect on the retar­

dation of grain growth during annealing. It is also interesting to note 

that the grain size for the annealed specimens from the alumina die was 

larger than that for the annealed specimens from unmilled powder hot 

pressed in the graphite die. 

(b) Type II MgO 

Table IV also contains data on weight loss on annealing, density and 

grain size for Type II MgO specimens fabricated in both dies, and 

annealed in various ambient atmospheres. As before, these specimens were 

fabricated using procedure (2). The as-hot-pressed fracture surfaces are 

shown in Fig. 13, and the polished sections of the annealed specimens are 

shown in Figs. 14 and 15. 

The specimen hot pressed in the graphite die was gray across its 

entire cross section, and was translucent; in the alumina die, the speci­

men was white and translucent. Samples from both dies were white after 

annealing in air and showed considerable clouding in their centers. A 

significant decrease in density occurred on annealing, and white spots 

up to 3 mm in diameter developed just under the surface. These spots 

were primarily planar and perpendicular to the hot pressing direction, 
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XBB 748-5189 

Fi g . 13. As-hot-pressed fracture surfaces of Type II MgO specimens : 
(a) graphite die, (b) alumina die. 
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XBB 748-5187 

Fig. 14. Micrographs of annealed Type II specimens from graphite die: 
(a) air anneal, (b) vacuum anneal, (c) die anneal. 
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Fig. 15. Micrographs of annealed Type II specimens from alumina die: 
(a) air anneal , (b) vacuum anneal. 
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but were also seen just under other surfaces. Microscopic examination 

of the cross-section of the spots showed them to be actual voids between 

a denser outer layer and the cloudy porous center. It is expected that 

the higher density of the outer region prevented the escape of gases 

generated in the interior, resulting in sufficient build-up of pressure 

to open the voids. Similar spots were seen in the vacuum annealed 

specimens from both dies, but the spots were smaller and fewer in number. 

The die annealed specimen (graphite die) was gray throughout and free of 

spots. The weight loss pattern on annealing was similar to that for 

Type I MgO specimens. 

The TGA results from the powders contributed to an explanation of 

the more severe clouding observed in Type II MgO samples. As pointed 

out earlier, Type II MgO powder was still losing weight at 1000°C whereas 

Type I had nearly stabilized. This weight loss was probably the com­

bined effect of continued removal of hydroxyl groups and the beginning of 

the sulfate decomposition which has a decomposition temperature of 1124°C. 

The rapid densification of Type II could lead to the entrapment of uncle­

composed sulfate, which subsequently decomposed on annealing causing 

clouding. There are, however, other undetermined reactions in the 

different ambient atmospheres as indicated by the varying degree of 

cloudiness and spot formation. 

The microstructures for the annealed specimens, Figs. 14 and 15, 

show that porosity was mainly within the. grains for all cases, and there 

is evidence of a film along grain boundaries. Figure 16 shows a high 

magnification of the air annealed sample showing conclusively the presence 

of a second phase. This second phase was attributed to the high Ca and 
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XBB 748-5194 

Fig. 16. Micrograph of Type II MgO, graphite die, air anneal. 

• 
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Si content of the Type II powder leading to the formation of a calcium­

magnesium-silicate liquid phase during the high temperature anneal. This 

liquid phase presumably was responsible for the large increase in grain 

growth during annealing in comparison with the Type I MgO specimens. A 

similar effect was observed by Snowden in that with an addition of 5% 

CMS to MgO, a two-fold increase in grain size was observed over MgO 

without CMS; subsequent additions to 15%, however, decreased the grain 

size from the 5% value. Grain growth in the presence of a liquid phase 

occurs by a solution-precipitation mechanism. For small amounts of 

liquid phase; where diffusion paths across the liquid phase are small, 

this process is normally faster than grain growth in the absence of a 

liquid phase, leading to enhanced grain growth. When the amount of liquid 

is increased, and thereby the diffusion path, the process is slower with 

a smaller grain growth rate. 

The liquid phase also has apparently eliminated most of the atmo­

spheric effects during hot pressing as subsequently observed in grain 

growth during annealing since the grain size was similar for all annealed 

specimens of Type II MgO. For Type I MgO specimens the grain size was 

larger for the specimens formed by hot pressing in the alumina die. 

B. Mechanical Behavior 

Stress-strain curves for the annealed specimens from the graphite 

die of both types of MgO are show~ in Fig. 17 and the curves for the air 

annealed specimens from the alumina die are presented in Fig. 18. The 

yield stress, maximum stress and plastic strain at maximum stress are 

summarized in Table V. · Fracture surfaces formed by breaking specimens 

after deformation for both Types I and II, air and die annealed are shown 
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Fig. 17. Stress-strain curves at 1200°C for Types I and II specimens 
annealed in air, vacuum, and vacuum within the graphite die 
after hot pressing in graphite die. 
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Type I MgO 

Type ll MgO 
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XBL 747-6846 

Fig. 18. Stress-strain curves at 1200°C for the high density Type I 
specimen and the Type II specimen, both annealed in air after 
hot pressing in alumina die. 
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Table V. Mechanical behavior data for 
Type I and Type II MgO specimens 

Die Used 

Graphite 

Alumina 

Graphite 

Alumina 

Annealing 
Environment 

Air 

Vacuum 

Die 

Air 

Air 

Vacuum 

Die 

Air 

Yield 
Stress 

24,000 

24,600 

22,800 

20,000 

5,300 

6,000 

6,000 

4,540 

Maximum 
Stress 

37,200 

36,400 

32,300 

34,900 

9,050 

9,900 

10,050 

6,850 

Plastic 
Strain 

23.4 

14.0 

8.6 

10.6 

2.4 

2.4 

2.9 

2.1 

' I 
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Figs. 19-22. 

In testing these samples with a constant strain rate, the load in-

creased to the reported maximum, then decreased slowly and finally at an 

accelerating rate, at which time the test was ended. In this type of 

test, the recorded load is a measure of the resistance to deformation; 

the observed decrease in load after the maximum was attributed to the 

weakening of the specimen due to an increasing population of cracks. 

Macroscopic examination of the specimens after testing revealed that 

all Type I specimens contained visible vertical cracks near the center on 

one or more faces, whereas Type II specimens had cracks at the corners 

extending along the vertical length of the sample as shown schematically 

in Fig. 23. In compression testing, frictional forces develop between 

the specimen and the ram faces; these constraining forces lead to a 

barreling type of deformation which develops tensile stresses perpen-

dicular to the loading direction, and regions of high strain on the 

faces. Type II samples which showed little ductility, could not accom-

modate this high strain at the edges, and produced fractures as illus-

trated. In contrast, Type I samples which exhibited much more ductility 

could accommodate the strain at the edges by yielding in shear, and 

eventually began to fail by producing fractures in the center, which was 

the region of maximum tensile stress. 

True plastic deformation of polycrystalline MgO requires the move-

fuent of five independent slip systems according to the Von Mises criteria 

f 1 i 
. 56 or p ast c1.ty. At 1200°C, dislocations can move first in favorably 

oriented grains on three (110) <llO> slip systems for which the yield 

stress for a conjugate pair is about 3000 psi at a stress rate of 20 
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Fig. 19. Fracture surface after deformation of Type I MgO hot pressed 
in graphite die and annealed in air. 

XBB 748-5192 

Fig. 20. Fracture surface after deformation of Type I MgO hot pressed 
irt graphite die and annealed in vacuum within the graphite die. 
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Fig. 21. Fracture surface after deformation of Type II MgO hot pressed 
in graphite die and annealed in air. 

XBB 748-5190 

Fig. 22. Fracture surface after deformation of Type II MgO hot pressed 
in graphite die and annealed in vacuum within the graphite die. 
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Type I MgO Type II MgO 

XBL 747- 6845 

Fig. 23. Schematic diagram of cracking seen after stress-strain testing 
in Types I and II MgO. 



-47-

psi/sec.;
30 

adjacent grains, however, may not be suitably oriented to 

allow the disloce~;tions to' move through t,he boundary, resulting in dis­

location pile-ups, which leads to stress concentrations. If the specimen 

has boundaries low in impurity and porosity which are thereby strong 

enough to maintain integrity to higher stress levels, stress levels may 

be reached to initiate slip on two secondary (100) <llO> systems, for 

which the yield stress is about 18,000 psi at 1200°C at a stress rate of 

20 psi/sec, 30 in favorably oriented grains resulting in plastic deforma-

tion. If the stress concentrations cannot be relieved completely by flow 

in adjacent grains, cracks may be nucleated at the grain boundary; or if 

the grain boundaries should be weak, cracks may form at grain boundaries 

before plastic flow is realized in adjacent grains. These cracks, ho~-

ever, may not lead to direct propagation and failure depending on the 

nature of the specimen. 

Examining the mechanical behavior of the Type I specimens from the 

graphite die (Fig. 17), the data show the yield stresses were similar yet 

the plastic strain was quite different, the air annealed specimen showing 

nearly three times the strain as the die annealed. Since the micro-

structure, including grain size and the amount and distribution of pores 

was similar in each case, the significant variable must have been the 

nature of the grain boundary after annealing. The air anneale,d specimen 

which was exposed to a high partial pressure of oxygen during the heat 
I 

treatment presumably had a grain boundary character relatively' free of 

impurities because of the oxidizing atmosphere. In the die annealing, 

the ambient atmosphere was free of oxygen and probably consist'ed mainly 

of CO, and therefore the specimen would be expected to contain! much of 
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the impurities initiated by processing and hot pressing in a graphite die. 

The vacuum annealed specimen would be expected to have grain boundaries 

of purity intermediate to the air and die annealed. This variation of 

grain boundary structure correlates with the amount of plastic strain at 

the uta.ximum stress. The high yield stresses for these specimens in com­

parison with those for the slip systems suggests the presence of grain 

boundaries in all cases that offer some resistance to nucleation and 

transmission of slip; there is also the possibility that the higher strain 

rates in this study could have contributed to the higher yield stresses. 

In the air annealed graphite die Type I MgC specimen which presumably 

had the strongest grain boundaries, initial dislocation movement resulted 

in some plastic deformation; cracks, however, began to develop between 

the most unfa.vorably oriented grains. These cracks did not readily propa­

gate because of strong grain boundaries. Continued stress concentrations 

resulted in accommodation by some localized plastic deformation and pro­

gressive grain boundary separation akin to crack branching. The die 

annealed specimen, on the other hand, could not accommodate the initial 

cracks as easily because of weaker grain boundaries; therefore, it is 

expected that once the cracks were initiated their propagation was more 

probable, leading to their easier growth and linkage with other cracks, 

and eventually forming a crack of critical length. The SEM photographs 

in Figs. 19 and 20 support this analysis. As seen in Fig. 19, the frac­

tured surface of the air annealed specimen showed considerable cracking 

and boundary separation; the die annealed specimen, Fig. 20, showed 

little spearation and fewer cracks. 
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The Type I air annealed sample from the alumina die appears to 

deviate from this argumen,t in that it was expected to contain. the least 

amount of impurities and therefqre the strongest grain boundaries, but 

it was closest in mechanical behavior to the graphite die specimen 

annealed in the graphite die (Figs. 17 and 18). The grain size, however, 

is 33% larger in this specimen. Vasilos et a1. 43 reported a decrease in 

47 strength with increase of grain size, and Evans et al. showed a 

decrease in stress to initiate cracks by grain boundary pile-up with 

increasing grain size. Thus, increasing grain size increases the proba-

bility of forming a crack that will propagate to failure more readily 

because of its larger size. The effect of grain size is discussed fur-

ther in the following paragraph. 

The behavior of the Type II MgO specimens was markedly different 

from that of Type I but similar to each other (Figs. 17 and 18). This 

relationship was attributed to two factors: the large grain size, and 

the presence of the second phase. The existence of the second phase was 

further verified by the debris on the fracture surfaces, as seen in 

Figs. 21 and 22. The second phase itself does not explain the decrease 

49 in yield stress since Snowden reported a slight increase in the com-

pressive yield stress of specimens with a 5% addition of CMS at 1200° 

(specimens had an average MgO grain size of 30 ~m), and attributed it to 

the interference of dislocation motion across grain boundaries. 

In this case, the large grain size apparently was the dominating 

factor in the behavior of Type II MgO and the effects of possible grain 

boundary structure differences were not dominant. The effect of grain 

57 size on yield stress in metals has been described by Petch, and an 
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inverse square root relationship was found. A similar· effect has been 

noted in MgO as previously mentioned. For a given stress, the large 

grained Type II could have more dislocation pile-ups per grain than the 

smaller Type I. Also, the piling-up was enhanced by the presence of the 

brittle second phase which inhibited dislocation nucleation and motion 

across the boundary. The resulting high stress concentrations were 

accommodated by the formation of cracks, which can be large in a large 

grain material. These long cracks led to failure at much lower stress 

levels and low strains. 
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V. SUMMARY AND CONCLUSIONS 

Specimens were fabricated from two different MgO powders prepared by 
! 

' 
dispersing in isopropanol, drying, and milling in a rubber-lined mill 

with alumina balls, by hot pressing in graphite and alumina dies, followed 

by annealing in air, vacuum, and within the graphite die in vacuum. 

Specimens produced from Type I MgO powder had microstructures of varying 

grain size and grain boundary structure; Type II MgO powder had a small 

amount of second phase along grain boundaries and considerably larger 

•· 
grains. The specimens were tested in compression at a constant strain 

In the Type I specimens the amount of plastic strain was determined 

by the nature of the grain boundary: the more perfect the boundary, the 

more strain at failure. This behavior was attributed to the ability of 

the specimen to accommodate cracks developing during the testing. In 

specimens with stronger and purer boundaries cracks could be accommodated 

by localized plastic deformation at the crack tip and by progressive 

grain boundary separation akin to crack branching. The specimens with 

more imperfect grain boundaries could not accommodate cracks as easily 

leading to failure at lower maximum stresses and less strain at maximum 

stress. 

• In specimens of Type II MgO grain boundary modifications during 

specimen preparation were minimized by the presence of a second phase and 

the detrimental effects of a large grain size. These specimens failed at 

considerably lower stresses and strains. 

The role of impurities in determining the character of the specimens 

was seen to be significant throughout the entire processing procedure. 
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The impurities associated with the starting powder were found to be sig­

nific-ant in two ways. The presence of anions OH , SO~ and co; played a 

role in the production of gases during hot pressing and annealing. The 

relatively high cation content, particularly Ca and Si, led to the forma-

tion of a liquid phase during the annealing step which was distributed 

along grain boundaries. The impurities introduced during the preparation 

of the powder were also significant. Rubber contamination, and also 

teflon if used, during milling in rubber-lined ball mills retarded grain 

growth, more so with teflon, on subsequent annealing. Grain boundary 

character was also affected by whether hot pressing was done in a graphite 

or alumina die. The formation of a liquid phase due to presence of 

impurities in the powder tended to eliminate the effect of these process-

ing variables. The mechanical behavior, since it is dependent on the 

character of the specimen, was correspondingly affected. 

It is seen that in developing microstructures of controlled charac-

ter, the role of impurities introduced either in the powder or in process-

ing is critical. Since the use of ultra high purity powders is imprac­

tical in many cases, the understanding and control of processing pro-

cedures are essential. Further work is needed to determine the actual 

reactions taking place during the fabrication processes so that such an 

understanding can be obtained. 
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