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I. INTRODUCTION 

Ceramic 0 or inorganic nonmetallic, materials are o£ potential interest 

for applications at elevated temperatures and under corrosive conditions. 

The usually available ceramic materials, however, exhibit brittleness and 

low strength. Theoretically, they should be strong; there also are indicati~ns 

that certain crystal structures may possess capabilities of plastic deformation. 

Most of the difficulties associated with normally available ceramic bodies are 

due to their extremely complex microstructures. This complexity is due to 

the presence of a number of crystalline phases and generally a glass or vit-

reous phase, and often results in an internally sti·essed condition. Most 

bodies also contain some po:res. Recent efforts to improve the capabilities 

of ceramic materials have led to development of "oxide bodies, 11 approaching 

theor.·eticaJ. density, that have considerably simpler microstructures, as shown 

in Fig. 1., and correspondingly imprpved properties. 

Generally, studies on strength and ductility are related in the sense 

that dislocations are involved in both cases. The first requirement for achiev-

ing high strengths is that dislocations, if present, be immobile; ductility, 

however, requires that,dislocations can move without causing fracture. In 

addition, high strength is dependent upon the ,absence of other defects, such 

as pores and microcracks, which can act as stress raisers and therefore 

result in the nucleation and propagation of fracture. 
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This paper is concerned with the problems of developing ductility in 

polycrystalline single -phase ceramics, as presently understood; it thus con­

stitutes a progress report or a state-of-the-art analysis of the subject. 

In normal polycrystalline pie<::·e:s .the grains or crystals are randomly 

oriented. If such a piece is to be ductile under an applied stress, each grain 

must be able to deform to any arbitrary shape in order to maintain its grain­

boundary contacts without excessive elastic strain. If the deformation of each 

grain occurred in an isotropic or uniform manner, the problems would essen­

tially not exist. Plastic deformation, however; occurs only along certain 

planes in certain directions, referred to as slip systems, and a grain thus 

exhibits slip or plastic anisotropy. Taylor, 
1 

on the basis of a previous analy­

sis by von Mises, 
2 

postulated that the grains in a polycrystalline piece must 

have at least five independent slip systems in order to exhibit ductility. Even 

if this requirement is fulfilled, other problems remain because of slip non­

uniformity and, in many cases, the occurrence of cleavage fracture after 

some initial dislocation movement. 

Specific problems of interest in understanding the behavior of polycrys­

talline ceramics are the nature of slip anisotropy and· nonuniformity, and 

cleavage fracture. In this report we first discuss single -crystal behavior 

both at room and at elevated temperatures. Most studies of this nature have 

been done on compounds with the "rock-salt'' crystal structure, particularly 

LiF and :tyigO. This is therefore restricted to these materials, and covers 

(a) the crystal structure and dislocations, (b) plastic behavior of single 

crystals, and (c) plastic behavior of polycrystals. 

v 
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II. CRYSTAL GEOMETRY 

A. "Rock-Salt" Crystal Structure 

On the assumption that ions behave as spheres, the space-filling ions 

in this structure are the anions, which are close -packed according to a face­

centered cubic arrangement similar to that of many metals, as seen in Fig. 2. 

Such a packing of spheres has two types of holes: octahedral (six neighbors) 

and tetrahedral (four neighbors). There are as many octahedral holes as 

spheres, and twice as many tetrahedral holes. The cations in this structure 

are of a size that fit into the octahedral holes. This size rriust be such that the 

cation-anion ratio falls between 0. 7 32 and 0.414. Because of equal valences 

these compounds have equal numbers of cations and anions, and thus all the 

octahedral holes are filled. The tetrahedral holes remain unfilled. The re­

sulting structure consists of two interpenetrating fcc lattices, one of cations 

and the other of anions, as schematically represented in Fig. 3. 

In a highly ionic compound, the ions can be treated as if they were rigid 

spheres. The lattice energy for the compound is then the resultant of all the 

attractive and repulsive forces between the ions. Distortion or displacement 

of ions, particularly in certain directions, would be :resisted because of the 

additional strong repulsive forces ther·eby set up. However, if the ions are, 

polarizable or the electron clouds can be easily distorted, these repulsive 

forces are modified. The nature of the bonding mechanisms may also vary 

from one compound to another. Therefore, a number of compounds with the 

same crystal structure (based on distribution of atoms in space) exhibit dif­

ferences in behavior and properties. 
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B. Slip Systems 

In a given crystal structure, glide or slip occurs on certain planes in 

well-defined directions. For, fcc and "rock-salt" structures the direction 

of glide, as determined by the direction of densest rows of like atoms or ions, 

is always a (110) direction. For the latter, however, a (100) direction is 

specifically ruled out because such a movement results in strong electrostatic 

repulsion between cations. On the basis of the requirement that a glide plane 

should be the one of densest packing and widest spacing, the fcc metals have 

the {111} (110) family of slip systems. In the rock-salt structure the same 

geometry applies; ho'Yever,, the {111} planes are inoperable because glide on 
-~ ' ' ' 

them would result in offsets at the faces of the crystal and a consequent excess 

or deficiency of positive charges at these offsets, a11d thus produce an electro-

static unbalance or faulting. 

Experimentally it has been found that at room temperature the easy slip 

planes for NaCl, LiF, and MgO are {110}, although movement on {100} planes 

can also be realized, particularly at elevated temperatures. The preferred 

slip systems in PbS and PbTe, on the other hand, are {1 00} ( ll 0) , whereas 

AgCl, KI, and KCl show approximately equal tendency for glide on both slip 

systems. These differences in behavior have been attributed to the varying 

polarizability of the ions. 
4 

Geometrically, both are possible, but the {1 00} ( 110) slip systems are 

more fa~orable than ~he {11!0} ( 11 o) slip systems because the former re-

quires the least distortion of an anion in moving to its next position. However, 

for the more ionic crystals like NaCl and MgO, movement on {1 00} results 

in stronger electrostatic repulsive forces because in the process the cations 

come closer and are less screened from one another, as seen in Fig. 3. Iri 

the less ionic: compounds like PbS and PbTe, the polarizability of the ions 

reduces this repulsive force. 

/ 
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C. Resolved Shear Stresses 

If a uniaxial stress CJ is applied to a single crystal, the resolved shear 

stress CJ acting on a specified slip plane in a specified slip direction is 
r 

given by 

(J = (J 
r 

3 

L 
i, j=l 

a.(3.o.:y.' 
1' 1 J J 

( 1 ) 

where a.., p., and 'Y· are direction cosines of the stress axis, slip plane 
1 1 1 

\ 
normal, and ~lip direction, respectively. For convenience, the direction 

cosines can be referred to basic vectors pointing in the [1 00], [01 0], and 

[001] crystallographic directio:Q.S. 

In LiF and MgO glide occurs on the {110} (110) family of slip systems; 

In this family there are three orthogonal sets of slip planes, as shown in Fig.4, 

in each of which the Burgers vectors are also at right angles. The resolved 

shear stress on each plane of an orthogonal pair can be shown to be equal for 

any uniaxial stress. Because of the random orientation of grains in a poly-

crystalline piece, it is desirable to know the shear stresses developed on all 

potential glide planes for any orientation of a grain. A uniaxial stress diagram 

for a given slip system is constructed by setting the resolved shear stress in 

Eq. (l) equal to the critical resolved shear stress required to operate the slip 

system, and then plotting the absolute value of the applied uniaxial stress as 

a function of stress axis orientation. 
5 

Stress axes may be defined by two points; 

the point at which they emerge through the ( 111) plane, and the origin of the 

crystal axes. Thus stress axes corresponding to any given applied uniaxial 

stress describe a curve lying in the (111) plane. 

For a given st:r.es s-axis orientation, each of the three orthogonal sets 

of {110} (no) slip systems is in general operated by a different uniaxial stress. 
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For this orientation, these sets can be designated as I, II, and III in the order 

of increasing applied uniaxial stress necessary to operate them. This pro-

cedure can be repeated for all stress-axis orientations. Uniaxial stress dia-

grams for sets I, II, and III slip systems, respectively, can thenbe construe-

ted, as shown in Figs. 5, 6, and 7. Table I lists the applied uniaxial stresses 

corresponding to the lettered curves in these figures at 25, 600, and 1200° C 

for MgO. 

In Figs. 5, 6, and 7, three orientations are of particular interest. The 

first one is the (1 oo) orientation and is the most extensively used in single-

crystal studies. It is e.asi.'ly obtained because of the strong cleavage along 

{1 00} planes which is taken advantage of in the preparation of specimens. A 

< 1 00) stress ax:i.s prod1..1;ces the maximum resolved shear stresS on two ortho:-< 

gonal sets of slip systems, each set being symmetrical with the stress axis. 

Movement on either or both sets of these slip systems results in deformation 

without any lateral translation or any rotation of the ends of the crystal. A 

(11 0) stress axis again produces a shear stress on two orthogonal sets of 

slip systems, but its magnitude is only half of that obtained with a (1 oo) 
orientation. The resultant shear strain is completely symmetric around the 

stress axis when both sets of orthogonal slip systems move equally, and thus 

deformation of the crystal can again occur without lateral translation or rota­

tion of the ends. A 011) stress -axis orientation does not cause any plastic 

deformation due to glide on the {11 0} (11 o) slip systems because the ,resolved' 

shear stress on them is zero. 

The ( 111) direction, however, is of particular interest because it is 

favorably oriented'for developing a shear stress of 0.472 u on three of the 

six {100} (llo) slip systems; the resolved shear stress acting on the remain-

ing three slip systems vanishes. Also, in some of the other random orienta-

tions of single crystals a higher resolved shear stress may result on one of 
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these slip systems instead of a {110} (110) slip system, particularly at ele-

vated temperatures. Furthermore, because this family is normally favored 

in some of the rock-salt type of crystals, it is of interest to determine a unit­

axial stress diagram for the most easily operated of the {l 00} ( ll o) slip 

systems, as shown in Fig. 8. Table II lists the applied uniaxial stresses 

corresponding to the lettered curves at 600 and 1200° C for MgO. The critical 

resolved shear stress required to operate these slip systems was taken to be 

that stress requiredtocauseyieldinginasingle crystal of MgO in compression 

with a (111) loading axis. 

All other orientations of a single crystal relative to a uniaxial stress 

axis result in some degree of nonsymmetry relative to both families of slip 

systems. The deformation becomes extremely complex under these condi-

tions. 

These discussions of shear stresses have considered the deformation 

of single crystals with the only requirement that no translation or rotation of 

their ends should occur. For polycrystalline specimens there is the additional 

requirement that a grain should be able to assume any arbitrary shape im-

posed upon it by interaction with its neighbors. As mentioned earlier, Taylor 

has indicated that the crystals must have at least five independent slip systems 

to fulfill this requirement. Kelly has shown that the {ll 0} (11 o) family of 

slip systems has only two independent slip systems and that the {l 00} ( 110) 

family has three independent slip systems. 6 Thus it is. evident that, under 

any circumstances, a knowledge of the plastic behavior of both families of 

slip systems in single crystals under various conditions is prerequisite to the 

subsequent understanding and analysis of the mechanical behavior of a single-

phase polycrystalline specimen. 
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III. THE PLASTIC DEFORMATION OF ROCK-SALT-TYPE SINGLE CRYSTALS 

Understanding the plastic deformation of a single-·phase polycrystalline 

specimen depends on understanding the plastic behavior of single crystals; 

this latter understanding is developed in terms of the observed behavior of 

individual dislocations. 

Several experimental techniques have been developed for observing the 

behavior of individual dislocations in crystalline materials. One is chemical 

etching. If a crystaJ is placed in a suitable etchant, etch pits are formed 

which have been demonstrated to correspond to the sites where dislocations 

7 
meet the crystal surface. · An etched crystal surface thus gives a two-di-

mensional picture of the distribution of dislocations in the crystaL Another 

technique is that of transmission electron microscopy. Dislocations in thin 

foils can be observed by use of the electron microscope because the strained 

lattice around them reduces the local transmittance of the foil. Dislocations 

in MgO have been successfully studied by this technique. 
8

• 9 A third technique 

for observing dislocations is to form a visible precipitate on them. 
10 

Dis-

locations revealed in this manner are said to be decorated. By application 

of these techniques, considerable information has been obtained about the 

origin of slip, dislocation velocities, and dislocation multiplication in rock-

salt-type crystals. 

A. The Origin of Slip 

h b d d ? ' 11 h 1' . . l 1 . 11 It as een emonstrate t at s 1p. 1n a s1ng e crysta 1s usua y 

·initiated by the expansion of dislocation half loops which are present at its 

surface. These half loops are formed during the cleaving of the sample and 

also during its handling. Figure 9, for example, shows an etched rosette of 

dislocations which was produced by sprinkling the surface of an MgO crystal 
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with 120-grit SiC and then pressing on it lightly. This rosette consists of 

dislocation half loops lying on the six {ll 0} ( ll o) slip systems (see Fig. 4). 

In addition to the dislocations produced by cleaving and handling, there 

is 1n rock- salt-type single crystals a grown-in dislocation substructure. This 

substructure consists of networks of dislocations forming subgrain boundariei:' 

and randomly spaced individual dislocati9.;ns. In MgO, for example, the sub-

grains are l to l 0 mm in diameter. Within these subgrains grown-in dis­

location densities of about SX l04/cm2 are observed. 
12 

Figure l 0, a transmission electron photomicrograph of MgO, illustrates 

two important charact~ristics of grown-in dislocations; they contain impurity 

precipitates and they often do not lie on slip planes. As a result of either or 

both of these factors, grown-in dislocations are not observed to move during 

deformation. There is evidence, however, that they may play an important 

part in dislocation multiplication and in the formation of elongated edge -dis-

location pairs, which are the dominant feature observed in transmission elec­

tron photomicrographs of slip bands in MgO. 
11 

B. Dislocation, Velocities 

A dislocation half loop expands when the shear stress acting on it ex-

ceeds some critical value. The velocity at which it expands depends strongly 

on the resolved shear stress. It can be measured by etching the initial posi-

tion of the half loop, applying a shear stress of known magnitude for a known 

length of time, and then etching the final position of the half loop. From the 

distances ·between the final and the initial positions of the half loop the average 

velocity can be calculated. Gilman and Johnston have measured the stress 
_,_ 
,,, 

Boundaries between volumes of the crystal that are slightly misoriented 

with respect to one another. 
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dependence of dislocation velocities in LiF crystals. 
13 

Their data for one 

such crystal are shown in Fig. 11. Johnston has also measured dislocation 

velocities in MgO and has observed similar behavior at a higher stress leve1.
15 

The stress required to move dislocations at a given velocity in LiF 

varies from one crystal to another, as is shown in Fig. 12. This variation is 

attributed to differences in impurity content and differences in distribution of 

the impurities in the crystal as controlled by its thermal history. This effect 

is later discussed further. 

C. Dislocation Multiplication 

If a dislocation half loop at the surface of a ro.ck salt type of crystal is 

expanded by a sufficiently large shear stress, a profuse multiplication of dis­

locations takes plac~, resulting in the formation of a slip band. Figure 13, 

for example, shows a slip band in MgO initiated by half loops at a dislocation 

rosette. 

The manner in which this multiplication takes place is not completely 

understood. There is general agreement, however, that the sources of multi-

plication are elongated edge -dislocation pairs such as those observed in trans­

mission electron photomicrographs of slip bands in MgO (Fig. 14). Pairs 

having a separation h such that 

h> Gb (2) 
8 iT (1 -"{) (J 

r 

where G is the shear modulus, b is the Burgers vector, 'Y is Poisson's 

ratio,\ and cr is the resolved shear stress, can move past each other 'as 
r 

shown in Fig. 15 to form spiral dislocation sources. Pairs whose separation 

is less than the critical value are s.table and, in the absence of climb, lie 

immobile in the slip band. A number of mechanisms have be(m suggested for 
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h f . f h d d' 1 . . 9 • 17 - 20 d '1 f h h t e ormation o t ese e ge- 1s ocatlon pa1rs; eta1 s o t e mec a-

nisms are discussed in these references. 

D. The Kinetics of Single -Crystal Yielding 

In a compression or tension test, the difference between the true stress 

and that calcul2.ted by dividing the applied force by the undeformed cross sec-

tion of the sample is small for the first few percent strain. In this range a 

constant-force-rate test may be safely regarded as a constant-stress-rate 

test. A similar approximation cannot be made, however, for strain rate and 

displacement rate in a constant-displacement-rate test. In this case the 

elastic strain of the testing machine must be considered. 

Johnston has developed a. simple dislocation model which correctly pre-

diets the yielding behavior of LiF single crystals under a wide variety of ex-

. 1 d" . 21 penmenta con 1t1ons. The interaction of a single crystal with a, testing 

machine according to his analysis is shown schematically in Fig. 16. In a 

constant-displacement-rate test, the crosshead motion Rt deforms the ma-

chine as well as the sample, so that one can write 

(3) 

where ~S is that part of the eros shead motion going to the elastic strain of 

the apparatus, and ~LE and ~Lp are the changes due to the sample's elastic 

and plastic strains, respectively. The difference between the apparent strain 

rate € and the plastic strain rate of the sample, Ep ,, is 

provided that 

AE 

LK 
() 

>> L 

( 4) 
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I. 

These symbols are identified in Fig. 16. Using the formula 

· y = p bv , ( 5) 

where 't is the shear rate, p is the dislocation density, b is the Burgers 

vector, and v is the average dislocation velocity, one obtains 

A 
p bv] = 

dcr 

dE 
(6) 

where m is a geometrical factor relating the axial strain rate E to the 

shear rate y. 

The velocity of dislocations as a function of shear stress has been 

measured in LiF. The dislocation density as a function of strain can be 

estimated by counting etch pits. 
13 

Thus Eq. (5) can be graphically integrated. 

Johnston's analysis predicts the yield drop observed at room temperature 

in a constant-displacement-rate test of LiF, and also predicts correctly how 

the variation of such parameters as displacement rate and machine hardness 

will affect its magnitude. The analysis can be used to predict the yield be-

havior of other crystalline materials if sufficient information is available 

about dislocation velocities and-densities. It can also be easily extended_ to 

d . t . ld. b h . . . f 2 2 I h · pre 1c y1e 1ng e av1or 1n a constant- orce test. .n t 1s case 

--- = 
d<T 

for small strains. 

m . 
-:- p bv 
(J 

E. Stress-Strain Behavior for Slip on the 

{11 0} (11 o) Family of Slip Systems 

(7) 

At room temperature: mos·t crystals having the rock- salt type of struc-

ture cleave readily on {1 00} pla-:p.es. Thus samples with {1 00} faces are easily 

formed. As already mentioned, cleaving introduces dislocation half loops on 
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the {11 0} ~,i 10) slip systems at the surface. The density and depth of pene-
\ 

tration of these half loops are dependent on the hardness of the crystal. When 

such samples are stressed in a (1 00) direction or bent around a ( 100) axis 

with a {1 00} neutral plane, slip occurs oh these slip systems. 

Figure 17 shows stress-strain curves obtained by bending single crys-

tals of LiF, which had been treated in several ways, at room temperature in 

a constant-displacement-rate machine. 23 The curves indicate that the plastic 

behavior of otherwise similar single crystals is strongly influenced by their 

treatment- -whether they wer.e cut, cut and polished, or cleaved. It was 

suggested that the cutting of the specimen resulted in a severely work-hard-

ened surface which acted as a barrier to the motion of dislocations. All these 

specimens after annealing at 81 oo C showed similar stress- strain curves with 

a pronounced yield drop. Stokes and Li, 
24 

by careful preparation and anneal-

ing of MgO single crystals, apparently removed all dislocation sources at 

the surface, as indicated by a tensile stress at fracture of about 138,000 psi 

without indication of any plastic flow. 

Figures 18, 19, and 20 show stress-strain curves for slow-cooled MgO 

single crystals compressed in a (1 o~) direction at an effective constant stress 

-2 -1 6 rate of 20 lb in. sec for temperatures ranging from -19 to 1500° C. The 

variation of yield stress with temperature is shown in Fig. 21. The yield 

stress of single crystals is very sensitive to dislocation mobility. Conse-

quently, the shape of the curve for yield stress vs temperature depends upon 

the impurity content and the thermal history of the samples tested. Gorum, 

Luhman, and Pask have shown that impurities increase the yield stress of 

MgO at room temperature. 
26 

The amoun:t of this increase was dependent 

upon thermal history and was minimized by quenching. Hulse and Pask 

further showed that the effect of quenching on yield stress was decreased 
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with increase of test temperature. 
25 

Recently, Johnston has obtained curves 

of yield stress vs temperature for slow-cooled and quenched samples of LiF 

containing 7 5 ppm of Mg and also .for npureH LiF samples containing 3 ppm 

Mg. 
16 

His data, shown in Fig. 22, clearly indicate a hardening at moderate 

temperatures by the Mg. This hardening is believed to depend on the distri-

bution of the Mg in the crystal lattice" Quenching presumably keeps most of 

the Mg in solution. The exact mechanism of impurity hardening in these 

types of crystals is not understood at this time; however. considerable re-

search is being done in this area. 

Figure 23 shows the dependence of the initial work-hardening rate on 

temperature, this rate is defined as the slope of the fir13t l.ihear part of the 
I . 

sires s- strain curve following the yield. At about 1200° C the initial work 

hardening begins to decrease rapidly. Vacancies would be expected to be-

come quite mobile in this temperature range, because 11 half the melting point" 

-·· for MgO is near 1260° C .. ,, Gilman has recently suggested that the elongated 

edge -dislocation 'pairs observed in slip bands of MgO contribute considerably 

to its work hardening. 
27 

Washburn et aL have observed that these pairs 

break up to form a series of sma.ll pris:matic loops when MgO is heated in the 

electron microscope by increasing the beam current. 9 In view of the possibil-

ity of diffusion above 1200 ° C, it seems likely that the observed rapid de-

crease in initial work hardening is due to the breakup or complete annealing 

out of this kind of defect. 

Figure 24 shows the total strain at fracture of MgO single crystals 

tested at temperatures up to 1200° C at a loading rate of 20 lb in. -
2

sec -
1 

~:~ 
Calculation of "half the melting point11 is based on the absolute temperature 

r, 

scale; for example, if the melting point for MgO is taken as 3073°K (2800° C) 

half the melting point ·is 1536° K ( 126Y C). Diffusion bec.omes significant 

above half the melting point. 

, .. 
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Two reasons can be given for the large increase in ductility at about 1200° C. 

First, the probability of nucleating a crack decreases at temperatures ap-

preaching half the melting point because of the possibility of stress -induced 

climb at dislocation pileups. Second, at high temperatures dislocations move 

rapidly at low stresses. Under these conditions, then, stress concentrations 

at crack tips can relax plastically, and thus the cracks propagate less easily. 

The amount of ductility observed at high temperatures, however, depends on 

the loading rate. Increasing the loading rate decreases the ductility. 

. -2 -1 
At temperatures greater than 1200° C, samples loaded at 20 lb 1n. sec 

can often be strained 1 O% without the occurrence of cleavage. Figure 25 shows 

a sample deformed to 14.8% strain at 1400°C. The markings:that;ap_p:ea!l' on the 

surface of the sample are the result of two directions of slip, alternating on 

planes at 45 deg to the surface and at 90 deg to the surface, thus forming 

distinct interpenetrating regions. 

Figure 26 shows the effect of loading rate on the stress- strain. behavior 

of MgO at room temperature. The variation of the yield stress is qualitatively 

consistent with that predicted by Eq. (6). It can be seen that higher loading 

rates cause greater initial work hardening and less ductility. 

F. Stress-Strain Behavior for Slip on the 

{1 00} <11 0) Family of Slip Systems 

When a uniaxial stress is applied to a rock salt type of single crystal 

oriented in a (111) direction, the resolved shear §itress on the {110} (110) 

slip systems is zero; therefore, if slip occurs, it must take place on other 

slip systems. Figure 2.7 shows etched slip bands on two adjoining {100} faces 

of an MgO single crystal deformed at 650° C in compression in this orientation. 

The vertical line in the middle of the photograph marks the edge between the 
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adjoining faces; the bands, therefore, have traveled along {100} planes. Be­

cause the shortest slip vector in this plane is (a/2) (11 0) and because electro­

static faulting would result from slip in a ( 1 oo) direction, it is concluded that 

these bands must be caused by dislocations having an (a/2) (11 0) Burger's 

vector lying on a {1 00} plane. 

Figure 28 shows typical stress-strain curves for MgO single crystals 

tested in comp_ression with a ( 111) loading axis, and Fig. 29 shows the data 

for yield stress vs temperature. The latter figure also shows data for yield 

stress vs temperature for specimens with (100) and (110) loading axes. 

(The high shear stress required for slip on the {1 00} ( 110) slip systems in 

comparison with flow on. {11 0} glide planes was discussed earlier in this text.) 

It tan be seen that the magnitude of the yield stress for flow on the {1 00} glide 

planes also depends more strongly on temperature. The ratio of the resolved 

shear stresses for yielding on the {100} and {110} slip planes was 10:1 at::.. ... J 

I I • ' • • ' 

350°C and 3:1 at 1200°C .. Qf still gre~itet interest i~ the f~ct that.crystals 

compressed in the (111) direction showed no plastic deformation below about 

350° C; they failed below this temperature by brittle shattering. Another 

point of interest is that the yield stress for this orientation was still decreas­

ing Up tO 1200° C, I WhereaS Crystals With the < 1 oo) Orientation Showed an 

essentially consta~t value of yield stress above about 950° C (Fig. 21). Further 

studies on the temperature effects are being extended in the writers' labora-

tory. 

The high initial rates of work hardening for the ( 111) orientation,' as 

shown in Fig. 28, may be due to the intersection of dislocations whose Burgers 

vectors form an angle of 60 deg witheach other. There is evidence that slip­

band intersections of this type lead to extensive tangling of dislocations. 
28 

This factor may also ac.count for the smaller amount of strain at fracture for 

this orientation than for the (1 oo) orientation at any given temperature. 

J 
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Similar data for the resolved yield stress vs temperature for the two 

slip systems for ·LiF have also been obtained, and are shown in Fig. 30. The 

data for the {11 0} (11 0) slip system were obtained in bending and for 

{100} (110) in torsion. Although no plastic flow was observed on {100} 

planes in torsion below about 225° C, Johnston did obtain flow at room temper-

ature in compression after reaching a stress level about 15 times that nee-

. 29 
e s sary for flow on {11 0} planes. 

IV. POLYCRYSTALLINE SPECIMENS 

A. Stress -Strain Data 

Stress-strain data have been obtained with temperature as a parameter 

5 23 30 
for polycrystalline MgO and LiF in the writers' laboratory. ' ' The 

following discussion is primarily concerned with these materials. 

1. Polycrystalline MgO 

Polycrystalline samples were sawed from cylinders prepared by cold-

pressing Norton M212 MgO and firing to about 1785°C at a rate of approxi-

mately 1 ooo C per hour. The typical impm:ity content of this batch was re-

ported to be: Al20 3 , 2.2o/o; Si02 , 1.8o/o; Fe
2
03' 0.05o/o; CaO.t0.45o/o; and loss 

on ignition, 0. 14o/o. The visual grain size was about 40 1-L· The average po-

rosity was 9.3o/o, and about 95o/o of the observed pores were in the grain 

boundaries. 

The samples were loaded at 20 psi in. -
2 

sec-
1 

in compression at a 

number of temperatures. Typiccfl stress -strain curves are shown in Fig. 3 1. 

Yield stresses were taken as the stress at the intersection of the stress-

strain curve with a straight line drawn parallel to its elastic portion and 

having a strain offset of 0.00025. ·The dependence of these values on temper-

ature is indicated by a curve in Fig. 29, and the total strains at fracture are 

shown in Fig. 24. 
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It can be seen from the stress -strain curves that at room temperature 
;·, 

these poly~rystalline specimens were es s;entially brittle. Fracture usually 

occurred at a few tenths of a percent plastic strain. Etching and microscopic 

examination of the deformed specimens showed, however, that slip ha'd occurred 

in both surface and internal grains. Figure 32 shows the etched sur.face grains 

of one such spe<;:imen. Because the etch revealed dislocation intersections 

with {100} faces only, many of the grains do not show any slip bands. In those 

grains showing slip "Qands, sometimes three or perhaps four slip systems 

appear to be acting. On the. basis of the amount of slip observed, it seems 

likely that slip occurred in most grains to some extent. ·Thus, it is concluded 

that the brittleness of p.olytrystalline MgO at room temperature cannot be 

attributed just to a lack of dislocations in the individual grains or to a failure 

of those present to move and mul~ip~y. 

' Figure 33 shows the etched slip!,.band structure of a polycrystalline 

specimen deformed at 1240° C. The ~tchtng procedure used here revealed 

dislocation intersections with all faces. At this temperature it can be seen 

that slip bands are curved and forked. Similar slip behavior has been observed 

in polycrystalline AgCl at room temperature and in NaCl at elevated tempera­

ture, and has been called "wavy slip. " 31 Carnahan et al. have attributed 

"wavy slip'' to additional dislocation movement on the {1 00} ~ 10) slip systems, 

and have pointed out a correlation between the appearance of 1 'wavy slip" and 
. I 

the ductile brittle transitions in these materials. 31 No similar' correlation 

can yet be made for MgO, however, because at 1250°C only about 2o/o plastic 

strain has been observed. 

It is of further interest to note, as shown in Fig. 29, the similarity be-

tween the temperature dependence of the yield stress for the polycrystalline 

specimens ·and that for single crystals with a ~11) loading axis, above 600° C. 
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This: similarity strqngly suggests :that i.n this te;tnpe::t\tture' range the 

yielding of fine-grained specimens such as these is determined by slip be­

ginning on the {100} (110) slip systems. 

This Laboratory is now in the process of extending the MgO data to 

temperatures of about 1600° C. Efforts are also being made to obtain MgO 

polycrystalline specimens of theoretical density. 

2. Polycrystalline LiF 

Theoretically dense pol.ycrystalline samples were prepared by crystalli-

zation from a melt of pur.ifi~d LiF, which contained 0.002% Mg, less than 

O.OOlo/o Al, and less than 0.0005% Ca. The minimum grain size obtained by 

this method was about 3 mm. Specimens approximately 2 in. by 0. 3 50 in. by 

0.1 in,were cut from these ingots and chemically polished. 

Stress-strain curves were obtained in four-point bending by use of a rig 

with a support span of 3/4 in. and a load span of 1/4 in. and a strain rate of 

about 0.016 in./min. 
21

• 
30 

The data obtained at temperatures up to 500°C 

are shown in Fig. 34. It is of interest to note that for these large-grain· 

specimens the yield stress at room temperature was essentially the same as 

that for flow on the {ll 0} (11 o) slip systems. 

The strain in the outer fiber ranged from about 0.2o/o at room temperature 

to about 3% at 350°C, and the curves exhibited a high degree of work harden-

ing. At 400° C and 500° C, the outer fiber strain was about 7o/o, and the stress-

strain curves showed a sharp yield point and less work hardening. The change 

in the character of the yield, together with the increased ductility that occurs 

between 350° C and 400° C, must almost certainly be attributed to the greater 

activity of the {l 00} (11 o) family of slip systems. Gilman's measurements, 

obtained in torsion tests, show that the resolV-ed shear stress on this system 

in this temperature range approximates that for flow on the {11 0} (~ 10) slip 

systems. 
3 

Wavy slip is also observed at this temperature. 
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The fractures observed at temperatures up to 250° C were principally 

of the cleavage type but were initiated by a region of grain- boundary fracture 

as so cia ted with a three -grain junction. At 500° C failure appeared to be com=: 

pletely of grain:-boundary type. At the intermediate temperatures the fracture 

lengths were divided between grain boundary and cleavage. This behavior is 

associated with the fact that cleavage becomes less evident at the elevated 

-temperatures. With the tendency to cleave thus reduced, failure occurs at 

the grain boundaries, which are regions of high stress concentration. 

B. Interaction Between Grains in Polycrystalline Specimens 

The LiF specimens mentioned earlier were not considered suitable 

mechanically, because of their large grain size. However, they were suit-

able for studying the interactions between grains because techniques have been 

developed for determining the orientations of the grains in the surface of a 

specimen- and for revealing slip plane traces. 
23 

The orientations were deter-

mined by stereographic projections. An etch was developed (4%_ HBF 4 in 

200 -proof ethyl alcohol) that revealed dislocations on all faces of an LiF 

crystal. 

Apotycrystal specimen which had been etched after deformation in 

bending is shown in Fig. 35, the position of the tension axis is indicated by 

T's. The major (or the most numerous and heavy long-range) slip band·s 

indicated had considerable edge component. At the fracture stress of 2280 psi 

for this specimen, the resolved shear stress for all the major slip systems 

except two ranged from 590 to 1090 psi. The slip system in the upper right 

grain that slants steeply down to the right had a resolved shear stress of only 
I 

230 psi resulting from the applied load; and ip the 1upper l.eft grain the slip 

system sloping to the right had a resolved shear stress of 430 psi. The· 
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resolved-yield stress for single crystals was found to be about 600 psi. 

These figures indicate that the additional shear stress for flow on the latter 

two systems must have been provided by interaction between the grains. 

An expanded and extended view of the lower right portion of Fig. 35 is 

shown in Fig. 36. The slip systems operating in grain H-3 at the boundary 

between H-3 and H-4 and the nearly vertical and horizontal slip in H-5 which 

originated at the boundary between H-4 and H-5 were accommodating the 

deformation in H-4, which appears to be the dominant grain in the specimen. 

The resolved shear stress from the applied load on these two systems was 

only 370 psi. The fine horizontal slip at the top and bottom and the light 
.. \ '· 

vertical slip in H-4 had resolved-shear stresses from the applied load of only 

210 psi. These are considerably below the critical yield stress. The addi-

tional stress for operation of these systems must also have developed from 

the interaction of deforming grains in the aggregate . 

. 
A photomicrograph of a three -grain junction in the tension surface of 

another specimen is shown in Fig. 37. The degree of grain-boundary migra-

tion during annealing at 800° C for 2 hours in this type of specimen is indicated 

by the position of the three -grain junction before annealing in grain J -3; the 

original junction is visible because of the slight selectivity, in different 

crystal orientations, of the polishing solution that was applied prior to anneal-

ing. Local deformation in the fo:rm of fine slip can be seen spreading from 

the junction into grains J -1 and J -3. Of particular interest is the local de-

formation in grain J -2 at its boundary with J -3. A magnified view of a part 

of this boundary is shown in Fig. 38. On the stereographic projection for 

this crystal the fine boundary slip.corresponds to the (010) slip plane. As 
I 

shown in the figure, the nearest {11 0} -type plane that might correspond to 

the observed trace is the (lOl) plane. However, this plane is 15 deg away 
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from the measured position of the slip trace and was outside the range of 

error in these measurements. The slip direction was propably [1 01], be-

cause this direction would result in the traces' being nearly edgetype, which 

would be expected to accommodate the deformation in the adjoining grain J -3, 

whose diagonal slip traces were edge bands. 

The resolved shear stress on the fine slip system in grain J -2 due to 

the applied load was calculated to be 880 psi at fracture. Johnston found that 

the 
. ' 29 ' 

stress necessary for {110} (110) -type slip was about 9000 psi. This 

concentrated stress at the boundary is thought to result fr~m large-scale 

deformation of the adjacent grain J -:--3. 
23 

Although this occurrence was unique, 

it is of great interest that such a high stress was attained without the initia-

ti?n of fracture or separation at the grain boundary. In some less favorable 

orientation of the two grains, the high stress concentration undoubtedly would 

have resulted in the nu_cleation arid propagation of a crack at the grain boundary. 

C. Problems in Polycrystalline Behavior 

As previously mentioned, the three factors of (a) cleavage fracture, 

(b) slip nonuniformity, and (c) slip anisotropy appear to be responsible for 

the observed brittle behavior of polycrystalline MgO and LiF. Let us con-

sider these factors in greater detail. 

When dislocations moving on a slip plane encounter a barrier, a dis-

location pileup results. Zener was the first to suggest that the concentrated 

stresses that develop at the head of such a pileup might cause the leading 

dislocations to coalesce, forming a crack nucleus. 
32 

There is much eviden~e 

that the fracture of crystalline materials in which dislocation motion occurs 

can be initiated in this manner. 33 • 34 
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Grain boundaries are effective barriers to dislocation motion. In 

polycrystalline materials, the formation of crack nuclei where dislocations 

encounter grain boundaries would seem to be an·inherent feature associated 

with plastic deformation. In order to cause fracture, however, crack nuclei 

must grow to a sufficient size to be able to propagate in the stress field re-

sulting from the applied load. Thu~, it is important to understand the fac-

tors that influence the growth of crack nuclei. 

In polycrystalline MgO and LiF at lower temperatures, conditions are 

extremely favorable for the growth of crack nuclei. These materials exhibit 

a strong cleavage because there are certain crystallographic planes of low 

cohesive energy (in this case {1 00} planes) along which cracks can propagate 

easily. Also, relatively large stresses are required to move dislocations at 

high velocities in LiF and MgO at these temperatures. Thus, under these 

conditions crack propa~ation is not excessively hindered by stress relaxation 

due to plastic deformation. 

Because the growth of a crack nucleus requires a local tension stress, 

the normal stresses present in a deforming body are very important. In a 

tension or bend specimen conditions are obviously favorable for the growth 

of crack nuclei, whereas in. a compression or a hydrostatically loaded speci-

men, such growth is suppressed. The stress distribution in a grain of a 

polycrystalline specimen depends upon the load applied to the specimen. In 

addition, however, it depends on the capacity of the grain to ch~ng€dts:shape: to 

a shape defined by deformation of the neighboring grains. 

Slip in MgO and LiF tends to be nonuniform. Etch studies of {11 0} (11 o) 
slip in these materials at room temperature show that prior to yielding, slip 

7 11 
bands are usually few and randomly spaced. ' Further straining corre-

sponds not so much to the appearance of new slip bands as to the widening of 

already existing ones. 
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The localization of slip into wide bands causes tensile stress concentra-

tions to develop in regions where slip bands intersect the grain boundary. In 

these regions, therefore, conditions are extremely favorable for the growth 

of crack nuclei. 
( 

Also, a grain cannot change shape as· required if the slip in it is non-

uniform. For such a change to be possible slip must'occur on closely spaced 

planes, the amount of shear varying continuously from one plane to the next. 

Consequently, with nonuniform slip, large elastic strains must necessarily 

occur in the grains of a deformed polycrystalline specimen. Such strains 

favor the growth of crack nuclei and help propagate cleavage fracture. 

In order for a grain in a polycrystalline specimen to be able to deform 

to an arbitrary shape by slip alone, it must, as Taylor has pointed out, have 

five independent slip systems. 
1 

Kelly has shown that of the six {11 0} (11 0) 

slip systems, only two are independent. 6 Thus, at the lower temperatures, 

at which slip is restricted to the {11 0} (11 0) slip systems, plastic deformation 

of polycrystalline MgO and LiF is not possible because of slip anisotropy. 

Any plastic strain must be accompanied by a large elastic strain, thus en-

hancing the probability of cleavage fracture. 

As the temperature is increased, conditions become less conducive to 

occurrence of cleavage fracture. At temperatures approaching half the melt-

ing point, self-diffusion becomes rapid and as a result stress-induced climb 

can occur. ·Thus, it becomes more difficult to nucleate cracks. Also, dis-

locations become increasingly mobile at higher temperatures, so that plastic 

stress relaxation becomes more important. 

Kelly has shown that the {110} (11o) and the {100} (110) slip systems 

when' taken together provide five independent slip systems; 6 thus satisfying 

Taylor's criterion. There is evidence that {1 00} ( 11 o) slip can and does 
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contribute to deformation of polycrystalline MgO above 600° C. A comparison 

\ 
· of Figs. 8 and 29 shows that, at 600 and 1200° C, slip on the {1 00} \110) slip 

systems is likely over a range of loading axis orientations, but that the re-
; \ 

quired uniaxial stresses for slip are in general higher than those for {11 0} (J 1 0). 

Also, the curved and forked slip bands in MgO shown in Fig. 33 are evidence 

that dislocation movement is no longer confined to slip on the {110} (110) 

systems. Finally, as noted earlier, above 600° C the yield stress of poly­

crystalline MgO is similar to that for a single crystal with a ( 111) loading 

axis. These observations suggest that the increase in strain observed above 

600°C was a result of {100} (110) slip and that such slip is essential for 

yielding of polycrystalline samples. 

V. SUMMARY AND CONCLUSIONS 

Slip anisotropy, slip non uniformity, and ease of crack propagation by 

cleavage presently appear to be the prinicpal difficulties in the development 

of ductile polycrystalline ceramic materials. In general, ceramic materials 

can be divided into three groups on the basis of the nature of their behavior: 

1. Completely brittle fracture. In this case either the crystals do not 

have any dislocations, or, if dislocations are present, they are completely 

immobile. The objective, then, is to attain maximum strength- -which can 

generally be achieved by eliminating all defects or stress raisers, particu-

larly if the crystals exhibit a cleavage. 

2. Slightly ductile behavior but brittle fracture. In this case some 

ductility is realized, but initial dislocation movement leads to the nucleation 

and growth of crack nuclei and results in cleav;age fracture. This type of 

behavior, as discussed in this chapter, is exhibited by most of the rock-salt-

type crystalline materials. 
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3. Ductile behavior and fracture. In this case the crystals are ductile· 

and do not have any cleavage. Failure therefore occurs by grain-boundary 

separation or "tearing. 11 AgCl polycrystalline specimens and, in general, 

rock salt structures above approximately half the melting temperature ex-

hibit this behavior. 

Considerable work has been done toward understanding the mechanical 

behavior of single crystals. As p~nt of this work, procedures have been de-. 
voloped for predicting the shapesc5f stress-strain curves which apply fairly 

well at low temperatures. An intriguing question still unanswered is the 

possible effect of impurities in reducing the spread in the critical shear 

stresses on the two slip systems {110} (11o)and {100} (11o), and in reduc-

ing the tendency for existing cleavage fracture. It is known, for instance, 

that the cleavage of LiF is sensitive to the degree of its purity. 

Although our understanding of single -crystal behavior is not yet com·-

plete, it has been adequate to start some preliminary studies toward the under-

standing of poylcrystalline specimens. Problems associated with slip ani sot-

ropy have been complicated by slip nonuniformity, both in single -crystal and 
. ' 

in polycrystalline specimens. The resulting stress system does not lend it-

self easily to mathematical analysis. Besides the indicated effect of im-

purities on the behavior of single crystals, we should consider also their 

effect on the grain boundaries, in which field very little work has been done. 

Another problem of importance on which little work has been done is that of 

impact strength. This factor may be critical; preliminary studies have in-

cl . d b . 1 d . h d' . 22, 25 1cate greater r1tt eness un er 1mpact-strengt con 1t1ons. 

A final point of interest is the apparent relationship between the grain 

size of the polycrystalline piece and the dependence of the critical shear 

stress on one of the families of slip systems. It appears that flow of the 
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normally easy-glide systems is blocked in the small-grain specimens, and 

measurable macro-flow does not occur until some flow can be realized on the 

{1 00} (11 o) slip systems. In turn, it appears that flow of the easy-glide 

system can occur sufficiently in the large -grain specimens to realize some 

macro-flow. Examination of this relationship requires capabilities for prepar­

ing specimens with controlled grain sizes and controlled;d~!l.sities. As an 

example of the required capabilities, no one has yet succeeded in making a 

specimen of extremely fine -grained, transparent, and theoretically dense LiF. 

There are similar problems for polycrystalline MgO and other materials. 

Thus one of the things necessary for our understanding of the mechanical 

behavior of polycrystalline ceramic materials is the ability to produce spec­

imens with controlled microstructure. 

This chapter, then, is a progress report on the understanding of the 

mechanical behavior of polycrystalline ceramic material'S at room and eleva­

ted temperatures. Certain major and critical problem areas have become 

apparent: the effect of "doping" or impurities on slip anisotropy and cleavage 

fracture, the slip requirements for realization of plastic deformation in 

polycrystalline specimens, and the capability of processing and producing 

specimens with controlled and characterized microstructures. 
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Table I. The applied uniaxial stresses corresponding 
to the lettered curves in Fig. 5, 6, and 7. 

'.J -) ' • 
Stress, o;X'l0"' 7·· k / 2 , ,-- _ ,., g m 

UCRL-1 0704 

,25?C 600° c 1200° c 

1.20 0.50 0.28 

1.40 0.5-8 0.33 

2.80 1.17 0.66 

4.20 l. 75 0.98 

5.60 2.34 l. 31 

00 00 00 

Table II. Stresses corresponding to lettered curves 
in Fig. 8 at 600 and 1200° C 

-
Stress, crX10- 7 

kg/m 
2 

600~ c 1200° c 

00 00 

12.30 2.80 

7. 00 l. 59 

5.85 1.33 

4.72 1.08 

4.40 1.00 

4.16 .94 

4.40 1.00 
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FIGURE LEGENDS 

Fig. l. Microstructure of a transparent magnesia body. 

Fig. 2. A model illustrating the "rock salt" crystal structure and showing 

displacement along a {ll 0} plane. 

Fig. 3. Translation gliding in the same direction, but on two different 

(From reference 5.) 

Fig. 7. A uniaxial stress diagram for set III, {11 0} ( ll o) slip systems. 

(From reference 5.) 

Fig. 8. A uniaxial stress diagram for the most easily operated {l 00} (1 oo) 
slip system. (From reference 5.) 

Fig. 9. Etched rosette of dislocations at the surface of an MgO crystaL 

Fig. l 0. Grown-in dislocation that does not lie on a slip plane. Dotted 

lines show approximately the projection of a {ll 0}. · (From reference 12. ) 

Fig. ll. Dislocation velocities of a typical LiF crystaL (From reference 14.) 

Fig. 12. Dislocation velocities of different Li.F crystals. (From reference 16.) 

Fig. 13. A slip band in MgO initiated by half loops at the dislocation 

rosette. (From reference 12.) / 

Fig. 14. A transmission electron photomicrograph of slip bands on planes 

at 90 deg to the- plane of the page. (From reference 9.) 

Fig. 15. An edge -dislocation pair acting as a spiral dislocation source. 
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Fig. 16. A schematic representation of a deforming apparatus. The 

crosshead moves at a constant speed R tending to compress the 

crystal. Part of the crosshead motion goes to the elastic strain of 

the machine and is represented by an imaginary spring with spring 

constant K: (From reference .21. ) 

Fig. 17. Stress -strain curves in bending, showing the effects of specimen 

treatment on single-crystal LiF. (From reference 23.) 

Fig. 18. Stress -strain curves at temperatures ranging from -196° C to 

820° C for MgO single crystals loaded in compression with a (1 oo) 
loading axis at a stress rate of 20 lbs in. - 2 sec-l (From reference 26.) 

Fig. 19. Stress-strain curves at temperatures ranging from 1000°C to 

1200° C for MgO single crystals loaded in compression with a (1 00) 

-2 -1 loading axis at a stress rate of 20 lbs in. sec . (From reference 22.) 

Fig. 20. Stress -strain curves at temperatures ranging from 1300° C to 

1500° C for MgO single crystals loaded in compression with a (1 oo) 
-2 -1 loading axis at a stress rate of 20 lbs in. sec . (From reference 22.) 

Fig. 21. Temperature dependence of the yield stress for MgO single 

crystals loaded in a <: oo) d~rection in compression. (From reference 22.) 

Fig. 22. Temperature dependence of critical resolved shear stress for 

LiF. The solid curve for the 11 pure 11 crystal corresponds to slowly 

cooled specimens, and the dashed line to air-cooled specimens. The 

two cooling rates were approx 0. 002° C/min and 50° C/min. 

(From reference 16.) 

Fig. 23. The temperature dependence of initial work-hardening for MgO 

single crystals loaded in a 0 oo) direction in compression. 

(From reference 22.) 



-34- UCRL-1 0704 

Fig. 24. The total strain at fracture in compression for single crystals 

of MgO loaded in a (1 oo) direction and polycrystalline MgO. 

(From reference 5.) 

Fig. 25. MgO single crystal deformed in 0 oo) direction in compression 

to 14.8o/o at 1400° C. (From reference 22.) 

Fig. 26. The effect of loading rate on the stress -strain behavior of MgO 

compressed in the 0 oo) direction at room temperature. (From 

reference 25.) 

Fig. 27. 

Fig. 28. 

Etched {1 00} (11 o) slip bands in MgO. {From refe renee 5. ) 

Stress-strain curves for single crystals of MgO with a (111) 
loading axis. (From reference 5. ) 

Fig. 29. Yield stress vs temperature for single-crystal and polycrystalline 

MgO. (From reference 5.) 

Fig. 30. Comparison of stress for {l 00} ( 11 o) slip with that for {11 0} (11 o) 
slip in LiF crystals. (From reference 3.} 

Fig. 3L Stress-·strain curves for polycrystalline MgO. (From reference 5.) 

Fig. 32. Etched slip bands in polycrystalline MgO deformed at room 

temperature. (From reference .5.) 

Fig. 33. Etched slip bands in polycrystalline MgO deformed at 1240° C. 

(From reference 5.) 

Fig. 34. Stress-strain curves for large-grained polycrystalline LiF 

deformed in bending at room temperature. (From reference 30.) 

Fig. 3 5. Etched slip bands in tension surface of large -grained LiF 

deformed at room temperature. Tensile axis vertica.l. (From 

reference 23.) 
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Fig. 36. A magnified and extended view of grains in the lower right-hand 

corner of Fig. 35. (From reference 23.) 

Fig. 37. A three-grain junction in the tension surface of a polycrystalline 

LiF specimen deformed at room temperature. Tension axis horizontal. 

(From reference 23.) 

Fig. 38. A magnified view of the local deformation in grain J -2 at its 

boundary with J -3 in Fig. 37. (From reference 23.) 
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This report was prepared as an account of Government 
sponsored work. Neither the United States, no~ the Com· 
mission, nor any person acting on behalf of the Commission: 

A. Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, completeness, 
or usefulness of the information contained in this 
report, or that the use of any information, appa­
ratus, method, or process disclosed in this rep6rt 
may not infringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor· 
mation, apparatus, method, or process disclosed in 
this report. 

As used in the above, "person acting on behalf of the 
Commission" includes any employee or contractor of the Com­
mission, or employee of such contractor, to the extent that 
such employee or contractor of the Commission, or employee 
of such contractor prepares, disseminates, or provides access 
to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor • 
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