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ABSTRACT 

Techniques for forming polycrystalline Li F from the :melt 

and for fabricating test specimens were developed and evaluated using 

?ingle -crystal LiF as a control. Large -grain polycrystalline speci

mens tested in four -point loading always showed some plastic de for

mation (0, 076 to 0. 798o/o) before fracture, but the plastic flow was 

sharply reduced from that of single crystals. An etch was developed 

revealing dislocations on all crystallographic faces of LiF. Details 

of plastic deformation in polycrystalline material were investigated. 

Deformation was inhomogeneous among the grains of an aggregate be

cause of differences in orientation with respect to the applied stress, 

and also within individual grains because of interactions between ad

joining grains. Grain boundaries were barriers to slip, but stresses 

resulting from slip in one grain were transmitted to neighboring 

grains and often caused local deformation near the boundary, Because 

of local stresses, local slip systems operated although the resolved 

shear stresses on them from the applied load were below the critical 

yield stress. In one case, slip occurred on an (0 10) plane. Three

grain junctions were areas of high residual stress, Fractures orig

inated at boundaries at or near 3-grain junctions, not as a result of 

inherent boundary weakness but rather because of high stresses de

veloped at the boundary, A quantitative expression for fracture orig

inating in a slip band was applied to one type of fracture, 
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I. INTRODUCTION 

Many extensive investigations have been directed toward 

elucidating the role of dislocations in the basic mechanisms of de for

mation and fracture, Information on the details of dislocation behav

ior has been obtained from studies on single crystals of metals and 

nonmetals in relatively simple states of stress, An understanding of 

dislocation behavior in single crystals is invaluable for an under

standing of the mechanical properties of polycrystalline aggregates, 

However, because of the marked influence of grain boundaries and 

neighboring grains on plastic deformation and fracture, it is not pos

si ble at present to predict the mechanical properties of polycrystals 

from single -crystal data alone, This study of polycrystalline lithium 

fluoride was undertaken in an attempt to relate known properties of 

single -crystal LiF to actual deformation and fracture characteristics 

of polycrystalline LiF, 

In this report the details of plastic deformation and fracture 

in single-crystal LiF and other NaCl structures are first reviewed. 

This review is followed by a section describing reported observations 

on plastic deformation and fracture in metallic and nonmetallic poly

crystalline aggregates" A description of the present experiments, the 

results obtained, and a discussion of these results in relation to dis

location and fracture mechanisms then follow. 

A. Properties of Lithium Fluoride Single Crystals 

Lithium fluoride has the NaCl structure and undergoes 

plastic deformation at room temperature on six slip systems of the 

type {11 0) [ITO]. Another possible slip system, {1 00 }(11 o), is not 

normally active at room temperature but does become active at higher 

temperatures. The stress necessary to cause slip on the {100} (110) 

system in torsion at 400°C is about the same as the stress required 

for slip on the {110}(110) system at room temperature. 1 Etching 
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techniques that show the points .of .emergence of individual dislocations 

on {100} type faces have been developed and used by Gilman and John

ston to reveal details ·of the role of dislocation mechanism in the plas

tic deformation of LiF, 
2 

Some of the results of vatious investigations 

on the mechanical properties of single-crystal LiF are summarized 

below: 

(1) The stress necessary for homogeneous nucleation of 

dislocations in LiF is high, being about 1/30 of the shear· modulus, 

Surface damage or small foreign heterogeneities cause most of the dis

location nucleation in LiF crystals, 3 

(2) A single dislocation loop expanding rapidly under an ap

plied stress leaves a large number of new dislocations in its wake, 

These new dislocations also expand and multiply and a slip band is thus 

formed, 
2 

A cross- slip mechanism for this multiplication has been 
' 4 

proposed by Johnston and Gilman, 

(3) Johnston and Gilman have also stated that "The yield 

stress of LiF is determined by the stress required to move a disloca

tion in an otherwise dislocation-free region of the crystal. The yield 

stress is not influenced by the state of pinning or the georneti-ical ar

rangement of the [sessile, grown-in] dislocations in an as -grown crys

tal, and such dislocations do not take part in the deformation," 5 

(4) Aging at 100°C tends to pin existing glide dislocations 

and to raise their resistance to motion,_ Once moving, however, they 

behave in the same manner as freshly introduced dislocations, 
3 

The 

resistance to the movement of fresh or unpinned d1slocations is in

creased as the hardness of a particular crystal is increased, The 

hardness of a crystal of a given purity depends upon the thermal his-
- 0 

tory of the crystaL Thus, crystals cooled at about 1 C per hour 

from 250 °C are hard, while those that have been cooled from 

250 °C to room temperature in a few minutes are relatively soft, 
5 

Nadeau and Washburn found that the hardness of crystals quenched 

from 820 °C is increased by annealing in the range 150 to 200 °C. 
6 

0 
Annealing above about 325 C, followed by an air quench to room tern-

perature, softens the crystal, 
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(5) Dislocation velocities are sensitive to applied stress, 

increasl.n:g~very rapidly with'increasing' stress, Over a wide range of 

velocities, edge components move about 50 times as fast as screw 

components, The ~acroscopic yield drop, as observed in compression 

in a hardness testing machine, is a function of the deformation imposed 

by the machine in relation to the dislo.cation velocity a~d multiplication 
. . . . 5 

generated in the test specimen to accommodate th1s defo·rmatwn, 

(6) Reaction coatings (of MgF 2 ), or plated metallic coatings, 

raise the yield stress· of LiF by restricting the operation of surface 

dislocation sources and by preventing dislo.cation movement and multi

plication, A surface coating can act as a stable barrier to dislocations 

that cause dislocation pile -up, coalescence, and formation of crack 

nuclei beneath the film, 7 

B, The Fracture of MgO Single Crystals 

Magnesium oxide has the same crystal structure as LiF and 

deforms plastically at room temperature on the same slip sys'tems 

and in the same general manner as LiF, The fraCture of MgO single 

crystals has been studied in some detail by Stokes, Johnston, and 
.·L. B, 9• lO, ll d W hb . G . . d P k 12 ·.Th ·. t·: t• · 1, an as urn, orum, an ar er, e 1n ersec 10n 

of a (110) [lio] slip band with a (l TO) [liO] slip band has been found to 

nucleate a Stroh crack if one of the slip bands is blocked by the other, 

Stokes et al, have shown that the slip distribution in the cry'stal at the 

time of crack nuci~ation controls whether. crack nucleation or crack 

propagation is tlie critical st'ep in brittle failure, ll Cracks nucleated 

with little slip propagate immediately and cause failure, However, if 

a large number of slip bands are present, the nucleated crack may be 

stabilized between two of them and plastic flow will continue, 

. . 
· C, The Plasticity of Polycrystalline Aggregates 

It is difficultto use the experimental results obtained with 

single crystals for a· quantitative pre·diction of the properties of poly

cry'stals, b~cause the crystals in a polycrystalline aggregate ·do not 

behave as indiv:ldual single crystals, They are strongly influenced by 



-4-

their neighbors and by the necessity for maintaining boundary contact 

during plastic deformation. 

Carpenter and Elam observed that, during tensile deforma

tion of large -grained aluminum, neighboring crystals appear.ed tocexert 

a supporting effect on each other, 
13 

Deformation at the boundary was 

less than that at the center of the crystals; this effect was noticeable 

2 to 5 mm from the boundary. 

Paxton et al. found that, in iron, no slip occurred within 
14 about 5 microns of the boundary. Between 5 and 20 fl. from the 

boundary fine slip occurred, and this went to coarse slip b-eyond 20 fJ. 

from the boundary. 

Other investigations, however, have shown that d,efo~mation 
is often increased in the region of a boundary. Figure I giv'e~"some 

of the results of Boas and Hargreaves 15 relative to the deformation of 

large-grain polycrystalline aluminum. It can be seen that there were 

wide differences in deformation from grain to grain. The geometry 

of the aggregate influenced the actual stress on the grain and the ex

tent of its deformation. The deformation was also inhomogeneous 
' ' 

within each grain; the grains deformed at their boundaries in a manner 

tending to accommodate the deformation of their neighbors. In this 

way, local slip only indirectly related to the applied stress can develop 

at grain boundaries. 

According to Taylor, at least five independent operating slip 

systems are necessary to maintain boundary contact in a plastically 

deformed polycrystalline aggregate. 16 LiF has only six slip systems 

that normally can be operative at room temperature, and it is unlikely 

that all of them, or even five of the~, will alW?YS be suitably oriented 

for deformation under the applied stress. For this· reason, the duc

tility of polycrystalline LiF should be strongly -influenced by the limited 

number of slip elements available for deformation. Hexagonal metals \.· 

such as zinc and magnesium also have a limited number of slip elements 

that are normally operative at room temperature. The ductility of hex-

agonal metals is much less than that of face-centered cubic metals, in 
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TEST SPECIMEN 

GRAIN NO. 

AVERAGE% 
ELONGATION 

GB GB GB GB GB GB 

2 3 4 5 6 7 

3.4 2.9 3.2 10.1 13.7 8.8 2. 7 

em. 

MU-28298 

Fig. 1. Local deformation of the grains of an aggregate 
after 5% elongation of the test specimen (from Boas 
and Hargreaves, reference 15). 
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which 12 slip systems are available, but they do show slight plastic 

deformation at room temperature. The question then arises as to how 

deformation is accommodated in these metals if Taylor's requirement 

is rigorously obeyed. 

The deformation of bicrystals and polyc:rystals of hexagonal 
. 17 

metals has been the subject of several investigations. Gilman, 

investigating zinc bicrystals, and Mote and Dor~ 18 in a similar study 

on magnesium bicrystals, concluded that boundaries were barriers to 

dislocation movement. However, stresses resulting from this blocked 

slip were often relieved by local deformation in neighboring grains. 

Hauser et al. also found that local grain boundary deformation and 
. b d h . 1 11' . 19,20 gra1n oun ary s ear were common 1n po ycrysta 1ne magnes1um. 

Thus, it appears that grain boundary contact is maintained by local 

deformation in the region of the boundary. 

Information on deformation of polycrystalline NaCl struc

tures is limitedto silver chloride. Nye used polarized light to observe 
21. 

slip bands and stress concentrations in AgCl. He proposed the fol-

lowing process for polycrystalline deformation. When the critical re

solved shear stress is reached on a particular grain, it slips. The 

slipped grain then exerts a nonhomogeneous stress on its neighbors. 

It is unlikely, however, that a slip plane in a neighboring grain will 

meet the operating plane in the first grain in a line in the boundary. 

Therefore, the boundary acts as a barrier and an internal stress in 

the neighboring grain is developed by slip in the first grain. 

D. Fracture of Polycrystalline Aggregates 

Gilman has pointed out that the fracture of a polycrystalline 

aggregate involves three distinct steps: the nucleation of a crack, the 

propagation of this crack in· the crystal where it was nucleated and, 

finally, the propagation of the crack into a neighboring crystal. 
22 

Zener first suggested the idea that cracks could be nucleated by the 

coalescence of edge dislocations that are blocked in a slip band by 

some obstacle such as a grain boundary. 
23 

The theory as developed 

quantitatively by Stroh gives an atomistic description of the crack 

nucleation mechanism. 
24 

Slip occurs first in the most favorably 

t::·· 
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oriented grains and continues until dislocations pile up at a grain 

boundary, High local shear and tension stresses exist at the head of 

the pile up, This local stress is relieved if enough mechanisms of de

formation become operative in the original and adjacent grain, If 

local deformation does not occur, pile-up will continue until a crack 

is nucleated. 

Gilman found that blocked edge dislocations do initiate such 

fractures i:h zinc, but that the crack is nucleated in the slip plane 
17 

rather than perpendicular to it as suggested by Stroh,
24 

In zinc, blocked 

screw dislocations are not effective in reducing fracture stress. In his 

study of the fracture of MgO bicrystals, Westwood also found that 

grain boundaries are effective barriers to slip. 
2 5 

Dislocations pile up 

at the boundary, and fractures originate in the boundary at points where 

two slip lines from opposite sides of the boundary meet. The fractures 

move out of the boundary onto a cleavage plane as soon as they leave 

the fracture origin at the slip band, 

Gilman has also discussed the possibility that crack prop

agation rather than crack nucleation is the critical step in brittle fail

ur.e. 
22 Thus~ the initiation of a Griffith crack by a dislocation nucle""

ation mechanism may be relatively easy~ while the movement o.f the 

crack through areas that increase its energy (such as grain boundaries) 

is the more difficult step. 

It will be shown later that three-grain junctions play an im

portant role in the fracture of polycrystalline LiF, The only discus

sion of deformation and fracture at this type of junction has been in 

connection with grain boundary sliding in high-temperature creep. 

Zener pointed out that the relaxation of shear stress across any one 

grain boundary of a 3 -grain junction will result in a stress concentra-

tion identical to that produced by the relaxation of s:hear stress across 
23 

a crack, 

junction. 

The result is an area of hydrostatic tension at the grain 

Betteridge and Franklin discussed a slightly different con-

figuration, in which shear across one boundary produced shear in the 

grain at the end of the boundary, 
26 

This situation, as pictured sche

matically by Cottrell, 
27 

is shown in Fig. 2. 



-8-

c 
A 

z 
8 

MU -28299 

Fig. 2. Accommodation of a shear displacement along the 
boundary between grains A and B by plastic deformation 
in zone Z of grain C (fr<;>m,Cottrell, reference 27). 
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From the foregoing theories and observations, it is seen 

that the processes of deformation and fracture· are interrelatedo The 

interpretation of the fracture process is that deformation, or more 

precisely the blocking of deformation, is the mechanism that creates 

the very high local stresses necessary for the initiation of fractureo 

If these local stresses are not relieved by plastic deformation, they 

may initiate fracture by the nucleation of a Griffith cracko If the 

Griffith crack is not stabilized, either by striking an obstacle or by 

plastic flow at the crack tip, it will propagate and brittle failure will 

resulto 
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II. EXPERIMENTAL PROCEDURE 

The plan of this work was first to obtain a quan~ity of uni

form high-purity LiF. Cleaved single crystals of this materia~ were 

then used as controls to evaluate techniques for cutt~ng, polishing, and 

annealing LiF pQlycrystals, Polycrystalline specimens were p~epared 

from this same material and tested in bending. An etch was developed 

which showed dislocation slip bands on all crystallographic faces of 

LiF. Through the use of this etch, the observed macromechanical prop

erties were related to the microstructures and microdeformation of the 

polycrystalline specimens, 

A. LiF Purification and Single-Crystal Growth 

Lithium fluoride was purified by a modified Bridgman normal 

freezing method, A diagram of the vacuum resistance furnace is shown 

in Fig, 3. The furnace core was 2-1/2 -in, -i. d., 30 -in, -long alumina, 

It was externally wound with Kanthal. A-1 wire on the center 10 inches. 

Power was supplied by a 5-kW saturable reactor, and the temperature 

was controlled by a Leeds and Northrup CAT controller. A Pt--

Pt-l<P;1o-Rh temperature control thermocouple was placed outside the 

core against the center winding, and four Chromel-Alumel monitoring 

thermocouples were placed inside the core along the hot zone. The 
0 -4 

pressure at 900 C was 1 X 10 mm Hg. 

When alumina thermocouple tubing was in contact with the 

inside or out~ide of the furnace core, there was electrr:ical leakage 

from the winding through the alumina insulators to the thermocouple, 

This electrical leakage became ,noticeable above 700 °C and caused 

the thermocouple to float at 60 volts ac above ground; erroneous tem

perature readings, as high as 40 °C, were then indicated by electronic 

potentiometer instruments. To eliminate this error, the inside Chrome!- .., 

Alumel thermocouples were made with MgO-insulated, inconel-clad ther

mocouple stock, The thermocouple junctions did not touch the furnace 

wall and the Inconel sheathes were grounded, The exterior Pt ~ Pt 

1 Oo/o-Rh control thermocouple, which was in contact with the furnace 
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MU-26045 

Fig. 3. Diagram of vacuum furnace used for purification of 
materials and single-crystal growth. 
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winding 1 was insulated with boron nitride 1 as shown in Fig. 4. This 

mounting eliminated all electrical pickup ~nd gave highly responsive 

temperature control. The temperature inside the core was held con

stant to ± 0.2 °C at 900 °C. 

The graphite crucible was 2 in. o. d. and 4. 5 in. high, with 

I/8-in. walls. It had a cone with an angle of about 130 deg at the 

bottom . No corrosion of the crucible or furnace parts by LiF was 

observed over several hundred hours of operation. Because LiF 

vaporizes as a molecule~ 28 no fluorine gas was present. Also, be

cause of the vacuum, water vapor was not present to react with the 

LiF to form Li
2

0 and HF, 

The starting material was Baker Analyzed Reagent grade 

LiF of 99.6 to 99.96% purity. Normal freezing purification was ob

tained by first melting the entire crucible charge and then lowering 

the crucible out of the hot zone at 1/4 in. per hour. Impurities that 

lowered the freezing point of LiF were concentrated in the center of 

the ingot. The clear material broken out of the ingot then served as 

the next charge and the process was repeated. Four such treatments 

were necessary to obtain ingots that were completely clear. Twelve 

hundred grams of uniform, high-purity material was prepared in this 

way and several single crystals were obtained in the fourth-pass 

freezing. 

B. Polycrystal Formation 

Polycrystalline ingots were formed by lowering a rectan

gular flat-bottomed graphite crucible containing molten LiF out of the 

hot zone of the furnace. The crucible dimensions were 2 in. long by 

2 in high, and 3/8-in. wide with I/16-in. walls. The grain size was 

varied by lowering the crucible at rates ranging I to 96 in./hr. LiF 

has high thermal expansion and low thermal conductivity and is, there

fore, sensitive to thermal shock .. The minimum grain size obtained 

with the rather moderate quenches used in this study was about 3 mm. 

... 
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THERMOCOUPLE~~~' 
LEADS 

2-HOLE 
THERMOCOUPLE 
TUBE 

ALUMINA TUBE 

ALUNDUM 
CEMENT 

BORON NITRIDE 
BLOCK 

ALUMINA 
FURNACE CORE 

MU-26046 

Fig. 4. Detail of the boron nitride mounting for the tem
perature control thermocouple. 
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Crystallization started at the bottom and sides of the crucible. Be

cause of the volume contraction of LiF when it freezes, the upper 

parts of the ingots contained large voids. Only the bottom 1/8 in. of 

each l-in, -high ingot was used to prepare a polycrystalline test spec-

1m en. 

c. Specimen Fabrication 

1. Cutting 

A polycrystalline ingot was cemented to a bakelite plastic 

slab with Dekhotinsky cement, One test specimen 2 in, X 3/8 in. Xl/8 

in, thick was then cut from the bottom of the ingot with a diamond saw 

using a smooth abrasive blade cooled by tap water, SingleL.crys_tal. 

specimens were prepared either by cleaving or by cutting in the same 

manner as polycrystalline specimens. The cement was removed from 

the specimens with ethyl alcohol. 

2. Polishing 

Surface damage was removed from cut polycrystal specimens 

by polishing 6 to 12 hours in 200 cc of hot (60 to 120 °C) concentrated 

phosphoric acid. The specimens were cooled in the acid. They were 

then rinsed in water, ethyl alcohol, and anhydrous ether, About 0.01 

to 0. 02 in. was removed from each surface. This polish was slightly 

selective in its attack on different crystallographic faces, but stirring 

the solution or rotating the specimen aided the attainment of a smooth, 

uniform surface, Single -crystal specimens were polished in a 2o/o 

NH40H solution, as described by Gilman and Johnston. 2 

3. Annealing 

Specimens were annealed in vacuum in the same furnace 

described in Sec. II-A, They were placed in a vertical position in a 

graphite rack in a covered graphite crucible, with only the ends of 

the specimens in contact with the graphite. The anneal schedule con

sisted of heating to 810 °C in 2-1/2 hours, soaking for 2 hours, and 

then cooling to room temperature in 4-1/2 hours, as shown in Fig. 5. 
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D, Bend Tests 

Bend tests were carried out in four -point loading with an 

Instron testing machine, A schematic diagram of the loading jig is 

shown in Fig. 6, The crosshead travel rate was 0.005 in. /min in all 

tests. 

Bend tests have two major limitations in their usefulness 

for the measurement of mechanical properties of ductile materials. 

First, true stress- strain behavior cannot be evaluated from bend 

tests without having accurate tensile and compressive stress-strain 

curves for the material under test. Secondly, stress is not uniform· 

but varies in intensity and sign across the thickness of the specimen. 

However, bend tests have several advantages besides the fact that the 

specimens are relatively easy to fabricate and to mount for testing. 

Because the maximum stress is at the outer fiber, fracture usually 

originates at, or near, the exterior tension surface. Because of the 

stress gradient across the specimen, the fracture sometimes prop

agates slowly, and the test can be stopped before complete failure oc

curs. Furthermore, bend specimens usually exhibit greater ductility 

than similar tension specimens, 

In order to compare the stress -strain behavior of specimens 

tested in this study, the following methods of calculation were adopted. 

1. Outer Fiber Strain 

In general, the unit strain 

subjected to pure bending is 

E = h/2r, 
m 

E at the outer fiber of a beam 
m 

( 1 ) 

where h is the thickness of the beam, and r is the radius of curva

ture of the neutral axis, 29• 30 This relationship assumes uniform 

deformation and identical stress-strain curves in tension and com

pres sian. In this study, the beam was assumed to bend in an elastic 

arc of uniform radius between the beam supports. From the geometry 

of a circle it follows that 
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= [ ( B + C )2 L 
2 

] 1/2 
r 2D. + 4 ' (2) 

where 

(3) 

and D. = deflection at the load points as measured, a = the moment 

arm, .and L = the support span length. 

For the 1.25-in. support span and 1/4-in. moment arm used in this 

study, Eq. ( 1) reduces to 

E = 4 • Do• h, 
m 

(4) 

with negligible calculation errors on machine def~ect~ons· up to 0. 015 

in, 

Equation (2) places a lower limit on outer fiber strain, 

Because of plastic deformation, the radius of curvature of the central 

section of the beam was actually less than that calculated in Eq. (2). 

Measurements made from enlarged photographs of heavily deformed 

single .,crystal specimens gave plastic strains of 3 ;:tnd 4% while the 

calculated Em were 2,2 and 2,8·o/p, respectively. Although the error 

is large at large strains, it is much less for the small strains (0,2 to 

0.8% ) calculated for polycrystalline specimens, Strains calculated, 

using Eqs. (1) and (2) are called "Calculated Outer Fiber Strains" in 

the following discussion, 

2. Outer Fiber Stress 

Outer fiber stress was calculated also assuming elastic be

havior. The equation used was 

u = Me/! , 
m 

(5) 
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where <Tm = maximum oute~ fiber stress, M = moment in the central 

section, c = hal£ the depth of the rectangular section, and I = moment 

of inertia, 

I is given by 

I= bh
3 
/12, (6) 

where b is the width and h is the thickness <;>f the beam, Equation 

(5) gives the upper limit of outer fiber stress, and this value is called 
11 Calculate<i Outer Fiber Stress11 in the following discussion, 

E. Etching and Microscopic Examination 

Polycrystalline specimens were etcheq after testing in a 

solution of 4% HBF 
4 

(Baker and Adamson fluoboric acid, 48-50%, 

Purified) in 190- or 200- proof ethyl alcohol. The crystal was allowed 

to rest in the solution without agitation or stirring. The action of the 

etch depended on the concehtration of acid and solution prodycts. 

Fifty cc of solution was used for each crystal, and the etching time 
' 

varied from0.5 hour for small single crystals (l/8X l/8X 1 in,) to 

1. 5 hours for large polycrystals (3/8 X 1/8 X 2 in. ). An evaluation of 

the reliability of the etch is described in Section III-A. 

Crystals were examined microscopically by reflected light 

with a metallograph and by transmitted light with a petrographic mi

croscope., The light transmission of polycrystals was improved if they 

were polished for 1 minute in Gilman and Johnston's etch A, 
2 

either 

befo:r:e or after etching in the HBF 
4 

solution. The index of refraction 

of LiF at ll.l. .is 1. 38711. 31 The use of n- butyl alcohol (index of refrac

tion, I. 399) as an immersion medium facilitated transmitted-light ex-
, ~ ' 

amination of the specimens by obliterating the lower specimen surface 

that was out :of focus, Photographs were taken with trans::nitted light, 

using a 32-mm or 48-mm lens for lOX or 5X magnification, and a 
. ; ·: . ' ' ' ' .. ' . 

petrograp~!c microsc;ope for h~gher magnifications, 

•··• ':•'< 
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IlL RESULTS 

A. Etching 

The reliability of the 4o/o HBF 
4 

etch used i,n this study was 

established by comparing its ability to show up dis~occ;~,tiop. pits on a 

( 100) face with Gilman and Johnston's etch A. 
2 

These _authors have 

shown that the latter etch reveals both fresh and aged di~}ocations on 

{100} faces of LiF. Figure 7(a) shows a (100} face--ofa lightly de

formed LiF crystal which was etched in etch A. The :dia~onal lines 

are edge bands, and the horizontal lines are screw, bands~ This crys

tal was chemically polished (in 2o/o NH
4

0H) until ~t ~as smopth, and 

then re -etched in 4o/o HBF 
4

• Figure 7(b) is a photogr~ph of the same 

area after the second etch, and it shows that t4e same slip bands were 

etched in both cases. The same results were obtaineq. wpe·n the se

quence of etching was reversed. The screw bands we·r!;! going into ~he 

crystal on a plane at 45 deg to the plane of the photograph. 'They were 

displaced in Fig. 7(b) by an amount equal to the depth of (100) surface 

removed by the chemical polish. The center sere~ b?-nd in Fig. 7(b) 

appears to split because the surface was not a perfectly flat (100) face. 

The subboundary at the right edge of 7(a) was not etc:qed in 7(b). Some 

subboundaries were etched by the HBF 
4 

etch and others were not; the 

reasons for this selectivity are unknown. 

Figure 8(a) is an enlarged view of the junction at the arrow 

in Fig. 7(a). The pits show the regular pyrami,d shape characteristic 

of Gilman and Johnston s etch A. Figure 8(b) is the same junction 

etched with 4o/o HBF 
4

• The HBF 
4 

etch produced pits 'that were less 

regular and less sharply defined than the pits prod\lce:d by etch A, but 

the general features of the etched bands were the same in both cases. 

Figure 9(a) shows slip bands on a (00 1) face that were 
. ~ 

etched with 4o/o HBF 
4

, and Fig. 9(b) is the ( 11 0) face of the same crys- ~· 

tal. They show that the slip lines etched on (00 1) were also etched on 

( 110). A rather large misorientation across the subboundary on ( 110) 

can be seen by looking along the slip lines in Fig. 9(b). This crystal 
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•. 

/ 

(a) O.l~m (b) 

ZN-3345 

Fig. ?(a). Slip bands etched by Gilman and Johnston's 
etch A on a ( 100) face. Reflected light. 

(b). Same area, polished and then etched in 4% HBF 
4

• 
Fi.hn reversed in printing. Transmitted light, 
73X. 
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(a) 0.05 mm (b) 

ZN-3347 

Etch pits from etch A. This junction is indicated 
by the arrow in Fig. 7(a). Reflected light. 

Same junction, HBF 4 etch. Film reversed in 
printing. Transmitted light, 400X. 

l 
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(a). 

(b). 
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./ 
/--

(a) (b) 0.5 mm 
t I 

ZN-3348 

4% HBF 
4 

etch on two crystallographic faces. 

Slip lines on a (001) face. 

Slip lines on an adjoining (110) face. 
Transmitted light, 23X. 
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was cut on a diamond saw, che m i cally polished, annealed, and de

formed in bending . 

A singl e crys tal of L i F was deformed in compression. One 

end of the crystal was the n ground i n t o the shape of a hemisphere , 

chemically polished, and etche d in HBF 
4

. F i gure 9(c ) is a pict ure of 

the hemispherical end taken lookin g down the (001 ) compression axis of 

the crystal. It may be seen from t h e figure that t he etch is equally ef

fective on all crystallographi c p l anes . 

The effe ctiveness of HBF 
4 

as an etchant is fur t h e r illustrat ed 

by its effect on polycrystalline spe cimens. The or i entatio n s of several 

individual grains in some of the polycryst alline speci men s , all of which 

were etched, were obtained from Laue x - ray back-reflection pictures. 

The positions of the poles of the planes of these grains which were in 

the tension or compression surface of the pol ycrystalline specimen are 

shown in 'Fig . · 10 .. This figure a lso shows that there was a random 

orientation of grains in the polyc r ys t alline aggregates, 

B. Single - Crystal LiF 

The single crystal s used in this study were obtained from the 

purified material described in Section II - A. 

1. Effect of Sample Treatment on Ductility 

Figure 11 is a replot of the I n stron load-deflect ion curve 

which shows the loading charact eristics of the four-point bending appa

ratus used in this study. A machine offset of about 0.0005 in. occurs 

at about 0. 25 pound. Figure 11 also shows in detail the slight amount of 

plastic flow that preceded fracture in as - cut single -crystal LiF. 

Typical s t ress - s t rain curves for single crystals of LiF are 

shown in Fig . 12 . (St ress-s t rai n refers to calculated outer fiber stress 

and calculated outer fiber s t rain as explained in Sec. II-J:?-2.) The cut 

samples were prepared by cutting with a diamond saw along four {100} 

cleavage planes . The cut ting introduc e d considerable surface damage ; 

the as -cut specimens were r ela tively bri ttle . However , as -cut spec 

imens always underwent a small amount of plastic deformation before 

fracture. Thi s behavior i s c onsis t ent with two possible mechanisms 
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1.0 mm 
I 

ZN-3349 

Fig. 9(c ). Slip lines on a single crystal deformed in 
compression. 4 % HBF 

4 
etch. Photograph is in 

< 1 00> directions. Transmitted light, 1 OX. 
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H-2 

H-4 

K-1 

H-3 

J-2 
~ 

H-6 

MU - 28198 

Fig. 10. Stereographic triangle, showing the orientation 
of individual grains in polycrystalline specimens. 

.. 
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Fig. 11. Plasticity in as -cut single -crystal LiF. 
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r-AS CUT 

VrT· 
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/\s 
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CLEAVED 

/ I 
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MU-28 165 

Fig. 12. Typical stress-strain curves for single crystal 
LiF. 
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for failure. Failure was caused either by the propagation of cracks 

introduced by the sawing in whi ch case plastic flow was merely inci 

dental to the failure, or by cracks nucleated by the plastic flow. The 

second mechanism is believed to be the correct one for the following 

reasons : 

(1) The fracture strength was a lways high (av. 2980 ; range 

2550 through 3340 psi), whereas a flaw mechanism would be expected 

to give a few relatively weak samples . 

(2) It has been observed that l arge cracks were not alt'ered 

by annealing, but in every case the ductility of c u t specimens was re

stored by annealing. 

(3) There was an obvious interference to dislocation motion, 

as evidenced by the small amount of plastic flow that occurred at high 

stresses . 

The postulated fracture mechanism i s that the damaged surface acted 

as a work-hardened layer which was a barrier to dislocation movement. 

This surface layer then had an embrittling effect similar to the coatings 

investigated by Westwood, 7 in which fracture was nucleated by disloca

tion pile-up under the surface layer . Removing the damaged surface 

layer with a chemical polish restored the ductility, as shown in Fig. 12. 

It has been shown that a low-temperature anneal hardens LiF 

single crystals . 5• 6 The cut - polished and as -cleaved specimens in Fig. 

12 came from slowly cooled single - crystal material. In addition, the 

cut specimens were heate d to about 135 °C for 1 hour while they were 

being cemented to and remov e d from the sawing supports. The rel

atively high yield and work hardening of cut-polished specimens, and 

the similar work hardening of as -cleaved specimens, may be attributed 

to increased hardness of these crystals .. A high-temperature anneal 

reduced the yield and work hardening of these crystals to values similar 

to those for cut-annealed specimens 

Thus, ·our experiments show that different forming methods 

and heat treatments can introduce large variations in the mechanical be

havior of otherwise similar single crystals of LiF. However, after a 
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suitable high-temperature anneal , all specimens , both cut and cleaved, 

exhibited similar yield points and ductility . The technique that was 

then adopted for the preparation of polycrystalline specimens consisted 

of cutting, followed by chemical polishi ng and a high-temperature anneal 

as described in Section II-C . 

2 . Crystal Orientation and Macroscopic Stress -Strain Curves 

Figure 13 shows stress-strain curves for crystals with three 

different orientations . The stereographic projection in the figure shows 

the location of the specimen axis and the normal to the tension and com

pression surfaces . Crystal A was cut with the same orientation as the 

usual cleaved specimens , and B was cut with the side face (I 00) and the 

top and bottom faces (0 1 I) . Specimen C was oriente_d with its axis 

close to the [I 11] direction. A and B were cut and annealed, and crys

tal C was cut and chemically polished but not annealed. 

There were large differences in the macroscopic stress

strain curves of the three crystals , However, it can be shown as an 

approximation that the resolved-stress vs . strain curves were not as 

different as Fig . 13 indicates . For this approximation, the calculated 

outer fiber stress CJ was resolved into the slip plane and slip direc-
m 

tion by the usual formula 

T = cr cos :x.. cos e, 
m 

(7) 

where T is the resolved shear stress . The angle between the tension 

axis (taken here as the specimen axis) and the normal to slip plane is A.; 

the angle between the tension axis and the slip direction is e. The re

solved-stress vs strain curves are given in Fig. 14. The maximum 

difference in stress between A and B is thus reduced from 1900 psi to 

200 psi, and the maximum difference between A and C' is reduced from 

9600 to 950 psi. The yield stress was taken as the point where the 

stress -strain curve first deviated from a straight line, The average 

calculated outer fiber yield stress for five samples with orientation A 

was 1180 psi , and the average for four samples with orientation B was 

;::. :_;90 psi . The average critical resolved shear stress for these two 

/ 
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Fig. 13 •. Stress-strain curves in bending for LiFsingle 
crystals of different orient;:l.tions. 
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Fig. 14. Resolved-stress vs strain in bending for the same 
crystals shown in Fig. 13. 
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orientations was 590 and 648 psi respectively. 

C. Deformation of Polycrystalline LiF 

Polycrystalline specimens were made from the same purified 

material as the single-crystal specimens. They were 2 in. long by 

0.350 in. wide, and about 0.1 in. thick. Tests were carried out in 

four-point bending on a L25-in. support span with a O. 75-in. center 

span of constant moment. The grain size was relatively large in all 

cases and ranged from 11 to 29 grains inside the L25-in. span. Each 

grain extended through the thickness of the sample. 

1. Macroscopic Stress-Strain Curves 

Figure 15 shows stress -strain curves for several polycrys-

talline specimens, and Table I is a tabulation of data for the specimens. 

The outer fiber yield stress ranged from 1030 to 1730 psi. It was found 

that grain growth occurred during the annealing; therefore, to obtain 

small grain specimens, D and E were tested without a final anneal. The 

two ingots from which D and E ~ere qut were cooled on the same schedule 

as annealed specimens. D and E were then cut from the ingots (without 

cementing}, chemically polished, and then tested. The other specimens 

were cut and annealed as described in Sec. II-C. 

All polycrystalline specimens underwent some plastic de for

mation before fracture. Specimens K and L were unusual in the large 

amount of plastic deformation preceding fracture. In both specimens, 

the major part of the deformation occurred in local areas where one or 

more favorably oriented grains extended across the width of the spec

imen. Therefore, it is thought that the plastic deformation of these two 

samples was not representative of true polycrystalline behavior, but 

rather of the local deformation of individual large grains. However, as 

is mentioned later, the influence of grain boundaries on the fracture of 

these samples cannot be neglected. 

2. Observations on Etched Polycrystals 

Figure 16 is a photograph of the four sides of specimen J 

after it had been tested in bending and etched in 4% HBF 4 • The spec

imen was polished before annealing. Considerable grain growth 
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Fig. 15. Stress-strain in bending for polycrystalline LiF. 



Table I. Grain size and stress - strain values for polycrystalline lithium fluoride, 

Specime n St rai n a t Yi e l d St rai n at Fracture Number of grains L e ngth of grain boundaries 
yield s tre ss fracture s t ress (withi n support (on tens i o n surface wit hin 
(o/o) (psi) (o/o) (ps i ) span ) support span) 

(em) 

D 0 , 04 1530 0 . 076 2150 29 12. 5 

E 0 , 06 1195 0.112 1730 28 II . 6 

F 0. 043 1510 0 . 096 2070 22 12.0 

G 0 . 061 1730 0 . 118 2420 20 10. 6 

H 0 , 025 1030 0.206 2280 17 8 . 1 

I 0.068 1300 0.22 2360 11 6 . 0 

J 0.08 1400 0.228 2460 17 8 . 2 
I 

0, 624 
v.> 

K 0,08 1125 1500 14 7.0 lJl 
I 

L 0 . 064 1200 o. 798 2430 14 8.0 
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TENSION 
SURFACE 

ZN-3344 

Fig. 16. Polycrystalline specimen J etched after a bend 
test to fracture. Solid dark lines on the tension surface 
mark the support points. The load points are visible on 
the compression surface. The horizontal line through 
the center of the specimen is the fracture. Transmitted 
light, mosaic picture, 5. 2X. 
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occurred during t h e ar nea", but the origina grain bounda r ' es as de

line a ted by t he polish are till visible in t he figure . T h e general 

appearance of this specimen i s typical o f the d e form ed pol yc rys \ca llin.e 

specimens . Th e deformation was i nhomogen•e us f r om grain to g r ain, 

and t h is behavior i s attributed to the various orientations of t h e :ind ivi

dual grains w ith r espect to t he applied s t r ess . The deformation w as 

a l so inhomogeneous within t he gra1ns, and loca deformation a t grain 

boundarie s m ay be seen in several places. 

A phot omicr-ograph of t h e .hr ee - grain junction at t h e upper 

r i ght o f t h e tension surface in Fig. 6 is s hown in F i g. 7a. The t hree 

grains are identiff. ,ed a.s .J -1, - Z.p and J - in F i g. 17a. Grai J -·3 shows 

the position of the t hree-grain j uncti on be for e amnealing b e cause of t h e 

sligh.t selectivit y of the polishi ng solution which was applied prior to a.n

nealing. Local de formation m ay be seen in J - 2. at t he boundary between 

J - 2. and J -3. L ocal deformation can also be seen spr eading from t he 

junction into J-1 and J-3. Figur e 17 B is t h e same area under cross 

nic ols. The r ght egion.s are firs t- o rde r white birefrin ge ce whic h in

di c ate areas of residual s t resses. Figure l?C is a furth er m agnification 

of a portion of the horizontal boundary between J - 2. and J -·3 showing t h e 

fine, l ocal bo undary s lip. 

Figure 18 s hows the orientation of t h e t hree grains of F i g. 17, 

and a more complet e s te n=:ographic projection for grain J -· 2. is given. i n 

F i g. 19. Th is figure. like F i g. 18, i s p otted with t h e pol e of the ten

sion surface at the center of the projecHon. The s lip t race s o n t h e ten

sion surface of t h e crystal appear on the stereograph ic p r oject i on as 

point s on t h e basic circle . By meas u r ing t h e a n gular positions of t h e 

slip t r aces in t h e c rys al, and comparing them with t h e po itions of the 

pl a ne t r aces in the stereograph ic proj ection, t h e s lip p l a nes correspond

ing t o t h e traces in the crystal can be i dentified. T h e angl es w e re m eas

ured eith e r on a m icroscope stage o r wit h a prot ract or on a t racing from 

a phot omicrog raph, and t h e projections we r e p l ot ted using a 2.0 -cm Wulff 

Net . F ifty-four slip t races w ere measured on 14 grains of var i ous 

orientations, and compared w ith t h e c rresponding p ane t r aces in t h e 
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mm 
I 

ZN -3350 

-T 

Fig. 17A. Three-grain junction, tension surface, specimen J. 
The tension direction is labelled T. 
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ZN -3346 

Fig. 17B. Same area as shown in Fig. 17A, but with crossed 
nicols. 

' . 
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Fig. 17C. A section of the horizontal boundary between grains 
J -2 and J -3. 
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MU-28199 

Fig. 18. Stereographic projection for the three grains shown 
in Figs. 17 A-C. 
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(Oil) [011] (4) 

(iiO) [ 110] 
(I b) 

(011) [Oil] 
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MU - 28200 

Fig. 19. Complete stereographic projection for grain J -2. 
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appropriate stereographic projections, Fifty measured slip traces 

were within ±2 deg of the plotted plane traces. Two slip traces were 

3 deg in error, and two others were 4 deg in error, A summary of 

the orientation data for the slip systems· in grains J -1, J -2, and J -3 is 

given in Table II. For reference, a standard (001) stereographic pro

jection and a numbering system for slip systems of the type {110} (11~ 
are given in Fig. 20 and Table IlL 

The fine boundary slip in J -2, shown in Fig . 17C, corresponds 

on the stereographic projection for this cryst al to the (010) slip plane, 

The nearest {110} type plane that might correspond to the observed 

trace is the (Iol) plane . However , this pl.ine is 15 deg away from the 

measured position of the slip trace and is outside the range of error in 

these measurements, A comparison of the positions of the (0 10) and 

(Io 1) traces is given in Fig. 17C. 

There are two possible slip directions in the (010) plane: [Iol] 

and [101]. It cannot be determined from Fig. 19 alone which slip di

rection was operating. The (0 1 0) plane made an angle of 73 deg with 

the surface of the specimen, and the [Iol] and [101] slip directions 

made angles with the slip trace of 85 and 5 deg respectively. Therefore, 

at the surface, the dislocations were either almost pure screw- or al

most pure edge-type. 

Crystal J -3 on the oilier side of this boundary was very close 

to the usual {1 00} cleaved single -crystal orientation. The diagonal slip 

traces in this crystal were edge bands ; the vertical traces were screw, 

If the displacement caused at the boundary by these edge bands was re

lieved by local plastic flow in J -2, then the fine boundary slip in J -2 was 

probably on the system (0 1 0) [ 101], i.e. , nearly edge - type. The re

solved-shear stress on this slip system from the applied load was, at 

the fracture stress for this specimen, about 880 psi; for the other slip 

system, ( 010) [I 0 1], it was about 540 _psi. 
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Table ll. Orientation data for slip systems in individual grains . a 

Grain 

J - 1 

J - 2 

J - 3 

J - 4 

J - 5 

H -1 

H - 2 

H - 3 

H - 4 

H - 5 

Slip 
systen1 

6 
5 
4 
3 
2b 
lb 

(O IO)(lo I] 
(010)[ 10 I] 

lb 
3 
2b 
4 
6 
5 

lc 
2c 
5 
6 

lc 
2c 
3 
6 
5 
4 

3 
lb 
2b 
4 
6 
5 

Ia 
2a 

Ia 
6 
3 
5 
4 
2a 

I 
5 
6 
2 
3 
4 

69 
68 
53 
53 
76 
13 

27 
27 
57 
72 
45 
19 
76 
66 

48 
42 
43 
47 
89 
86 

31 
71 
72 
56 
89 
29 

50 
42 
48 
40 
85 
89 

83 
51 
60 
60 
68 
10 

68 
14 
46 
84 
73 
55 

59 
50 
42 
31 
76 
84 

77 
40 
58 
66 
80 
20 

10 
5 1 
57 
80 
64 
69 

68 
69 
53 
53 
13 
76 

76 
66 
45 
19 
57 
72 
66 
76 

42 
48 
47 
43 
86 
89 

71 
31 
29 
89 
56 
72 

40 
48 
42 
50 
89 
85 

10 
60 
68 
51 
60 
83 

46 
84 
68 
14 
55 
73 

31 
42 
50 
59 
84 
76 

20 
66 
80 
40 
58 
77 

80 
57 
51 
10 
69 
64 

Plane Direction 
cosA.cos€1 angle ~ 

0 , 13 
0 . 13 
0 , 36 
0,36 
0 . 24 
0 . 24 

0 . 22 
0.36 
0.38 
0 . 29 
0 . 38 
0 . 29 
0 .1 0 
0.10 

0 . 50 
0.50 
0 . 50 
0.50 
0 , 00 
0.00 

0 . 28 
0 . 28 . 
0 , 27 
0,00 
0,00 
0, 27 

0 . 49 
0.50 
0,50 
0.49 
0.00 
0,00 

0,1 2 
0 . 3 1 
0.19 
0,31 
0 . 19 
0 . 12 

o. 26 
0 . 10 
0 . 26 
0,10 
0.17 
o. 17 

0,44 
0.48 
0,48 
0.44 
0.02 
0,0 2 

o. 2 1 
0,31 
0. 09 
0.31 
0 . 09 
0 . 2 1 

0.17 
0 , 34 
0,34 
0 . 17 
0 . 16 
0 . 16 

42 
48 
47 
43 

73 
73 
77 
44 
50 
72 

42 
49 
86 
88 

68 
82 
25 

41 
86 
79 
5 1 

51 
76 
30 
31 
76 

35 
90 
87 
30 

86 
48 
48 
77 

43 
83 
32 
3 1 
83 

87 
47 
43 
90 

87 
86 
86 
85 

85 
5 

42 
25 
18 
50 

88 
88 

2 
4 

9 
22 
69 

74 
II 

4 
76 

0 
62 
26 
28 
62 

4 
60 
54 

2 

13 
64 
64 

0 
59 
14 
13 
58 

0 
88 
86 

3 

Remarks 

Small local slip 
Small local slip 
Long slip throughout crystal 
Long slip throughout crystal 
Not operating 
Not operating 

[
Boundary slip, two possible 
syste1ns 
Heavy, long slip 
Light slip 
Heavy, long slip 
Light slip b 
Not operating 
Not operating 

Moderat e slip 
Heavy slip 
Heavy slip 
Heavy slip 
Not operating 
Not operating 

Light slip 
Heavy boundary slip 
Moderate slip throughout crystal 
Not operating 
Not operating 
Not operating 

Moderate slip throughout crystal 
Moderat e slip throughout crystal 
Moderat e s l ip throughout c r ys ta l 
Moderate slip throughout crystal 
Not operating 
Not operating 

Very light , upper part 
Very light, lower part 
Major slip, upper half crystal 
Major slip into bounda ry 
Fine slip, upper boundary 
Not operating 

Maj or slip throughout c r ys tal 
Very light 
Very light 
Major s lip throughout crystal 
Not operat ing 
Not operati ng 

Major slip, upper part c r ystal 
Light 
Very light, three lines only 
Major slip, lower part crystal 
Not operat ing 
Not ope rating 

Light 
Light 
Light hori zo ntal t op and bottom 
Major s lip into boundary 
Light vertical at Rt . boundary 
No t operating 

Moderat e , near horizontal 
Long s l ip, Fig. Zla 
Long slip, Fig. ZZa 
Moderate, near ve rtical 
Very light, one or two lines 
Not operating 

aTh~ · numbering system fo r {I 10) ( 1 I o) t ype slip systems is given in TablellL TheA is the a ngle between the t,ormal to tl:.e 
slip plane and the t ension or compression axis (taken as th e specimen axis), a nd B is the a ngle be tween the 
s li p direction and thi s axis. The heading 11 Plane angle'' refers to the angle that the slip p l ane makes with the 
tension or compression surface . The heading ' 1 Direct ion a ngle" refe r s to the angle that the slip direction 
m akes with the s lip trace on the tension or compression surface. A ll operating slip syst ems in a grain are 
lis t ed in the sequence in w hich their slip trace appears in the appropriate figure , starting at the ver t ical and 
going c lockwise . 

bThis system, the alternate possibility to the (010) system, was operating in another part of this grain , The 
measu r ed angles between the traces of the (0 I 0) and (I 01) agreed with the plotted angles of Fig. t 9 . 
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Fig. 20. Standard (00 1) stereographic projection. 
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Table III. Reference table for slip syst ems in an NaCl 

s tructure , as seen in a standard (00 1) stereo graphic 

projection. 

Slip Slip Slip Slip 
system No . system No . system No . system 

(IIO) [IIo] I a (II O) [ IIO] Ib ( IIO ) [IIO] lc ( 110 ) [IIO] 

(llO) [IIO] 2a (I Io ) [ 110] 2b (IIO ) [ IIO] 2c (IIO ) [110] 

(Oil) [Oil] 

(Oli)[Oil] 

(IOI) [Iol] 

{101)[101] 
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Room-temperature slip on a {100} plane is difficult in LiF. 

Gilm~n found that for single crystals of LiF tested in torsion, {1 00} 

, (110) type slip did not occur below about 400 °K, Johnston, on the 

other hand, found this type of slip at room temperature for crystals 

tested in compression; 32 the stress level, however, was about 15 

times that necessary for {110} \l 10) type slip, It is thought that the 

(0 10) boundary slip observed in this case resulted from the combina

tion of two factors: one, a relatively high resolved stress from the 

applied load, and two, a high concentrated stress at the boundary re

sulting from large-scale deformation of the adjacent grain, J -3. It 

is interesting to note that considerable deformation was accommodated 

between grains J -2 and J -3 without initiating fracture, 

Another interesting feature of this junction was the local slip 

extending upwards into J -1 from the three-grain junction as seen in 

Fig. 17 A. This slip pattern is similar in appearance to the shear zone 

predicted by Betteridge and Franklin for grain bo~ndary sliding in 

creep, 
26 

and represented schematically by Cottrell as shown in Fig. 2. 

Thatthis slip was related to some local stress may be inferred from 

the very low resolved stress factor (0.13) of the operating systems. 

(J -1, 5, 6, Table II). The slip, like the (0 10) boundary slip mentioned 

previously, was confined to a local region of the crystal. Long -range 

slip on the other operating system (J-1, 3, 4, Table II) which had ahigh 

resolv~d-stress factor (0.36) may also be seen in Fig, l7A. 

Figure 21A shows an example of long-·range slip from a par

ticular boundary in the compression surface of specimen J (lower 

right, Fig. 16 ). The slip was associated with the diagonal boundary be

tween grains J -4 and J-5, and it was not present along the vertical 

boundary indicated by the arrow in Fig. 21A. Figure 21 B shows the rel

ative orientation of grains J--4 andJ -5, and Table II gives data for the 

orientation of the slip systems~ All the systems with high resolved-stress 

factors were operating in J -·5. The systems operating in J -4 had much 

lower resolved-stress factors which were all approximately equal. The 

much denser slip ih the system associated with the boundary was then 
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I J -4 

.I 

C- -C 

\ 

\ . . '(, 
0.5 mm 

ZN-3352 

Fig. 21A. Slip from a boundary in the compression sur
face of specimen J. The compression direction is 
labeled C. The misorientation in the boundary was 
15 deg twist and 30 deg tilt. 
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I 

Fig. 21B. Stereographic projection, grains J-4 and J-5, 
showing relative orientation. 
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probably the result of stresses developed at the boundary by the de

formation of the lower grain, J -5. The additional fine boundary slip 

(in the J- 5, 1 b slip system) was probably also due to these same 

stresses. 

Figure 22A shows two heavily deformed grains in the tension 

surface of specimen L, and Fig. 22B is the stereographic projection 

for these grains. Both grains were close to {1 00} type cleaved orienta

tion and the misoriep.tation between them was not large. The slip traces 

running vertically in the grains were screw bands. Gilman found that 

screw bands were readily accommodated in a boundary in a zinc bycrys

tal, 
17 

and Fig. 22A indicates that this fact also holds for a small-angle 

boundary in LiF. 

A more complete picture of the interaction of several grains 

in an aggregate is given in the data from specimen H in Figs. 23A-C, 

24A-B, and Table II. It was not possible to reconstruct the actual se-

quence of slip, but several interesting features were present. 

T,he major slip bands, i.e., the most numerous and heavy 

long-range bands present in grains H-1 through H-5, all had considerable 

edge component. The slip directions of these systems made angles of 

from 0 to 28 deg with the slip trace in the tension surface. With the ex

ception of two major slip systems, all the major slip systems had, at 

the fracture stress for this specimen (2280 psi), resolved shear stress 

ranging from 593 to 1094 psi. The lower value is near the value of 590 

to 650 psi obtained for th~ resolved-yield stress for two different orien

tations of single crystals of this same material. The slip system No. 5 

in H-2, which slants steeply down to the right {Fig. 23A and H-2, 5, 

Table II), was a major system of almost pure edge-type operatingcunder 

a resolved-shear stress from the applied load of only 228 psi. The 

other major system (H-1, 5) was operating at a resolved stress of 430 

psi. 

The slip systems operating in H:-3 at the boundary between 

H-3 and H-4 in Fig. 24A were probably accommodating the increased 

length of this boundary as H-4 deformed. Similarly, the nearly verti

cal and horizontal slip in H-5 which originates at the boundary between 



-51-

T-

l 
l-2 

l-1 
\ 

0.5 
I 

-T 

mm 
i 

ZN-3353 

Fig. 22A. Deformation at small-angle boundary in the 
tension surface of specimen L. 
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MU - 28305 

Fig. 22B. Stereographic projection of deformed grains 
L-1 and L-2. 
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Fig. 23A. Slip and fracture in specimen. H. 
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Fig. 23B. Identification of grains in specimen H. Mis
orientations between grains: H-1 and H-4, 33 deg 
twist and 45 deg tilt; H-2 and H-4, 14. deg twist and 
31 deg tilt; H-3 and H-4, 29 deg twist and 22 deg tilt. 
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Fig. 23C. Stereographic p r ojection, grains H-1, H-2, H-4 
(see Figs. 23A-B). 
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ZN-3355 

Fig. 24A. Slip lines at a grain boundary on the tension 
surface of specimen H. Specimen axis is vertical. 
Transmitted light, 23X. 
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MU . 26306 

Fig. 24B. Stereographic projection, grains H-3, H-4, H-5 
(see Fig. 24A). 
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H-4 and H-5 is of almos t p u r e e d g e -type a nd w a s a lso a c c ommoda t ing 

deformat ion i n H - 4 . The r e. s o lved she a r :::t r e ss f rom t he applied l oad 

on the latte r t wo s y s tems (H - 5, 1, 2 , Tabl e ll) was 3 68 p s i. Slip of t h e 

type present in the curve o f t h e bo unda r y of H - 5 wa s rat h e r c ommon i n 

s everal specimen s . 

The r e were sever a l exampl es of small loc al s lip sys t ems 

operating with extr e mel y l ow r e s olved- s h e ar st r es s es . The fi ne hor

izontal slip a t t he t op a nd bottom of H - 4 , a nd t he li ght v ert ical s li p i n 

H-4 near t he boundary betwe e n H - 4 ar. d H - 3 (H - 4 , 3 , 4, Tab le ll) had r e

solved-shear s t ress e s from t h e app lied l o a d of. only 205 psi . Thus , 

small local slip s y s tems w e r e m a de t o ope r a.te although t h e resolved 

stress on t hem from the appli e d l o a d w a s c ons i d e r a bly bel ow t he crit

ical yield stress . The additio nal s t r e ss for ope ration of t hese systems 

mus t have develope d from t h e i:ntera.ct i o n of defo r m i ng grain s .'.n t h e ag 

gregate . 

D. Frac t ur e o f P olyc r y s talline L iF 

l. Fracture through 3 - Gr a in J u ctions 

Wit h t h e exception o f spe cim e ns I a n d K , a ll t h e fr a.ctur e s of 

polycrystalline LiF had c ommon featur es . The f r a cture went through 

a 3-grain junct ion on t he t e n si o n s u r f a c e, pass e d a lon g a boundary for 

a short dis t anc e ne a r t h e j u n c tion , a n d th en mo ve d out of t he boundar y 

and int o a crystal. Th e boun d a ry a n d junction w e re in t h e c e nter o f the 

specimen, and t h e frac t ur e did n o t ori ginate at a b o u n d a r y a t t h e out

side edge of t h e spe cimen. 

Typical e x ample s of fr a t u r es t h rough 3 gr a i n j unction s may 

be seen in F i gs . 16 , 2 3 A a n d 25 . I n t he cas e o f specim e n H (F ig s . 

23A-C ), the f ra ctu re probably ori gi nat;e d a t h e b o u n da r y near t h e 3 -

grain junction. B e cau se of h e l a rge overa 1 deforma t ion o f H-4, the 

region of H-4 ne ar t h e 3 - g r ain j unction was h igh l y stre ss e d . This 

condition is indicat e d by h e exis tenc e o f t h e hor i zo nta slip ope r ating 

in this area a t a r es olv e d s t r e ss f r o m t h e a pplied l oa d o f o n l y 205 ps i . 
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Fig. 25. Incomplete fracture in the tension surface of 
specimen F. 



-6 0-

The fracture path branched in two near t he junction. One pat h followed 

the boundary and t he ot h er path cut transgranula rly across the tip of 

H - 4. This behavior also indicate s t hat t h e part of H - 4 near t he apex of 

the junction was highly s t r e ssed. A lthough the macroscopic stress on 

the specimen at f ract ur e was 2280 psi , t he stress on t he maj or slip 

system in H -2 , running into the boundary b etween H - 2 and H - 4 , was 

only 593 psi. The frac t ure may h ave b een nucleated at this boundary 

by a Stroh mechanism, when this slip system yielded, 

Nabarro has pointed out that because slip (in met als) o ccurs 

only in discrete bands with a spacing of 10 -
4 

em, t h ere must be a 

region about 10 -
4 

em thick a t a grain boundary where coherence of t h e 
33 grains causes sever e elas t i c dis t ortion and slip on unfavorable plane s. 

Accommodation of the large blocks of long - range slip pre sent in t his 

polycrystalline LiF must a~so result in elastic dis t ortion and high bound

ary stresses. 

Although fractur e s originated at boundaries and followed a 

boundary for at least a short dis tance , t his effect is t hought to be a result 

of high boundary stresses rather t han inherent boundary weakness, This 

conclusion is based on two observations : (a) fractures often moved out 

of boundaries even t hough t h e boundarie s were still suitably oriented for 

fracture unde r t he applied tension, and (b ) two polycrystalline spe c ime ns 

containing small amounts of MgF
2 

( < 0,2 and< 0 . 5o/o) failed with violent 

fractures at 13 3 00 and 10 500 psi respect ively, with no apparent plastic 

flow. The boundaries in these ' specimens withstood stresses four to five 

times the fracture s t r e ss obtained with pure LiF. Assuming that the 

MgF
2 

did not have a large effect on t h e strength of t h e boundaries , then 

the low fracture stress of pure LiF cannot be attribut ed t o inher ently 

weak boundaries. It is of inte rest to note t h at the fractur e str ength of 

the doped specimens was in the same range as the yield stress (::::: 14 000 

psi) reported by N adeau and Washburn for single crystals of LiF dope d 

with about 0.2o/o MgF 
2

. 6 A direct comparison is difficult because t h e 

hardening effect of this impurity is extremely sensitive to heat treat 

ment. However , even in these strong, and apparently brittle, polycrys 

talline specimens , some localized p lastic deformation may have been 
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necessary to initiate "fracture. 

2. Fracture in the Slip Plane 

Figure 26A is c:t photomicrograph of the fracture in specimen 

K as seen from the side of the specimen. The specimen axis i s hor

izontal, and the tension surface is at the bottom of the picture . A 

grain boundary runs from top to bottom in the right half of the picture. 

The plane of the crack in the left grain is nearly perpendicular to the 

plane of the picture , and the crack did not intersect the grain boundary 

on the tension surface . The dark areas in Fig . 26A are shadows caused 

by the fracture surface . The orientations ofthe two grains are shown in 

Fig . 26B. The orientation of the left grain was close to the usual orien

tation for cleaved single crystals . The slip system operating in the 

left grain was (110)[110] , and the etched traces parallel to the fracture 

are almost pure edge bands . 

It is thought that the fracture nucleated by dislocation pile -up 

at the grai n boundary. However , the fracture nucleated, or at least 

propagated, in the slip plane rather than perpendicular to it as predicted 

by the Stroh theory. The possibility of this type of fracture in ,the slip 

plane was first suggested by Bullough (see reference 34) , and is similar 

to the fractures of zinc as observed by Gilman. 17 
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Fig. 26A. Photomicrograph of fracture in specimen K, 
as seen from the side of the specimen. 
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Fig. 26B. Stereographic projection of orientations of 
grains K-1 and K-2 (see Fig. 26A). 
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IV . DISCUSSI ON OF RESULTS 

A . Plastic F l ow and Fracture 

The marked influence of crystal or ientation on t h e shape of 

the macros copic stress -strain c urve of L i F was de mons t r ate d with 

single crystals . Polyc r ystalline specim ens c ons i s te d of many crys t als 

with various orientations. Favorably oriented grains deformed firs t 

under the applied s t ress , but t h eir deformation was h indered by un

favorably ori ente d neighbors whic h w e r e not d e forming as readily. The 

shape of the s t ress - s t rain c urve was the r e sult of t he a c tion of t he a p 

plied s t ress on grai ns of var i ous orienta ti o n s and of the inte r action o f 

neighboring grains which m aintained boundary contact dur ing deforma

tion. Hence , the resulting m acroscopic s t ress - s t rain curve of a t rue 

polycrystalline spe cimen had little r e sembla nce to a stress - s t rai n 

curve of a favorably orie nte d s i ngl e crystal. 

It is of interest t o note i n t his connection that, according to 

Eq. (7) , a cryst al wit h t h e cub ic NaCl s t ructu re which is s t ressed in 

pure tension or c ompress ion in t h (111) di rection has no resolved 

shear str e ss on a {110} (110) t ype of s lip sys t em. This fact is s igni

ficant b ecause a t least one c rys tal in a polycrystalline aggregate vvould 

be expected to have t h is orientation and t hus b e unabl e to d e form at all 

under the applied str e ss . 

A ccording t o T a y lo r , at leas t five slip s ys tems mus t operate 

to obtain plas tic d eformation wi t h grain bounda ry c ont i n uity in a poly

crystalline aggregate . 16 L i F h a s only six slip systems normally op

erative at room tempe rat ur e , a nd the proba bilit y that five of thes e 

may b e suitably ori e nted for d e forma ion to occur in all crystals of an 

aggregate b efore fractur e oc c urs is ext r e m ely r e mote. For example, 

in the ten grains listed i n Table II , t h e numbe r of operating systems 

were distribute d as follows : 

operating s ystems 

3 
4 
5 
6 

grains 

l 
6 
2 
l 
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The limited number of available slip systems is thought to be the 

major factor limiting the ductility of polycrystalline LiF aggregates, 

Many of the observations of the present study regarding the marked 

decrease in ductility in going from EJirigle -crystal to polycrystal LiF 

may be related directly to the limited number of slip systems available 

in LiF. 

A number of theories relating grain size to the strength of 

polycrystals us ·e a g~ain size parameter of d -l/2, where d is the 

average grain diameter . This paramet er originates in the con dition 

for crack nucleation at a blocked slip band, where the longes t slip band 

is taken as the grain diameter . In this study, the grains were very 

large, with op.l_y a small variation in grain size among the specimens, 

There were many · large slip bands present, and crack nucleation is 

probably not limited by the length of the slip bands within the grains. 

With the exception of K , all specimens fractured in the range 1730 to 

2460 psi, and no correlation between grain size and fracture stress 

was observeP, in the limited number of specimens tested. The fracture 

was probably initiated by some stress concentration, and the macro

scopic fractU;re stress was only indirectly related to conditions exist

ing at the origin of the fracture. Furthermore, the grain size in these 

samples was too large to give a true random distribution of stress con

centrators and, therefore , some constant minimum fracture strength. 

If the view is taken that the fracture stress in these large

grain samples was independent of grain size , then the shape of the poly

crystalline stress -strain curves can be rationalized as follows. Grain 

boundaries were barriers to slip, so that specimens with smaller grains 

had greater resistance to deformation. Because of the grain-boundary 

barriers., the stress in small-grain samples built up more quickly to 

the fracture stress, i.e., with less plast ic deformation. Figure 27 

shows the correlation obtained when the -percent strain at fracture is 

plotted against the length of grain boundaries in the tension surface. 

(Measured by running a map distance -measuring device along the bound

aries on a photographic enlargement similar to Fig. 16. ) 
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Fig. 27. Correlation of the length of grain boundary 
in the tension surface with the strain at fracture of 
polycrystalline LiF. 
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With the exception of two very large grain specimens, K 

and L, which underwent unusually large amounts of plastic deformation, 

the strain at fracture decreased with increasing boundary ·length. This 

grain size is not in the range ( <l!J.) where Parker predicted increasing 

ductility with decreasing grain size. 
34 

This prediction, like the frac

ture theories, was based on the idea that the grain size would limit the 

length of the slip band that initiates fracture. 

Grain boundaries were strong barriers to slip in the sense 

that slip from one grain was seldom propagated directly into a neigh

boring grain. This observation is consistent with the statement of 

Nye and others that the slip planes of two adjoining grains are not likely 

to meet in a line in a boundary. 
21 

However, the boundary contact was 

maintained during slip, and stresses resulting from slip in one grain 

were transmitted across the boundary into the neighboring grain. If 

a suitably oriented slip system was available, this second grain then 

deformed to accommodate the deformation in the first grain. This 

description is oversimplified because, in the general case, both grains 

were deforming under the applied stress at the same time as they were 

deforming locally to maintain boundary contact. Thus, two types of 

slip were operating that were only indirectly related to each other. 

It is thought that the fractures associated with boundaries 

and 3-grain junctions were aided by boundary stresses. Some defor

mation occurred at the fractured boundary in every case. This was 

either deformation of neighboring grains under the applied stress, or 

deformation of one grain against a relatively undeformed neighboring 

grain. The cracks may have been nucleated by coalescence of edge 

dislocations by a Stroh mechanism. Stroh developed his theory on the 

basis of a pile -up of a single band, or several closely spaced bands, 

against a simple boundary. It has been shown that 3 -grain junctions 

were regions of high residual stresses, and it is probable that such 

areas were preferred sites for crack nucleation. The exact origin of 

fractures could not be determined. However, they were at or near the 

3-grain junctions, and the fractures then generally followed the highly 
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stressed boundary before moving out of the boundary onto a cleavage 

plane. 

B. Fracture in the Slip Plane 

As mentioned earlier, Deruyttere and Greenough,
35 

and 

Gilman36 have developed quantitative theories for the development of 

cleavage cracks in the slip plane by blocked edge dislocations. This 

type of fracture was suggested for specimen K (Fig. 26A-B), Some 

physical properties of LiF used in the following calculations are sum

marized in Table IV, and conditions at fracture for specimen K 1n 

Table V, 

Gilman has calculated the fracture stress for a zinc crystal 

which was oriented with the basal plane almost 90 deg to the tension 

axis, He assumed a blocked dislocation pile -up containing n disloca

tions acting as a single large dislocation with a Burger's vector equal 

to nb. The condition for fracture is that the relaxed elastic tensile 

and shear strain energy released when the crack is formed shall ex

ceed the surface energy of the new crack, Gilman derives an equation 

for the number of dislocations necessary for the crack nucleation: 

n = 4y 
bCJ 

n 

i E(i-v)Jl/2 l G . 
(8) 

From the values in Tables IV. and V, we find n equals 885 disloca

tions. The shear stress T, necessary to hold this number of blocked 

dislocations on a slip band of length L, was then calculated by using 

the formula 

T = 3Gnb 
2rrL ' {9) 

In this case, the slip-band length L was taken as the length of the 

slip band that ultimately fractured, i. e., the distance along the frac

ture from the tension surface to the grain boundary, as seen in Fig. 

26A-B. This gives the stress necessary to hold 885 dislocations on 
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Table IV. Some physical properties of lithium fluoride, 

Symbol 

G 

E 

v 

'( 

a 
0 

b 

Symbol 

e 

(J 
n 

(J 
s 

L 

Property Value . Source 

Shear modulus 6 11 I ,25Xl0 dynes ern 
2 

Ref. 3 

Young's modulus · 11 I 10,8 XlO dynes ern 
2 

Ref. 36 

Poisson's ratio 0.27 Ref. 2 

Surface energy 700 ergs/em 
2 

Ref. 36 

Lattice spacing 
-8 ASTM data 4,027X10 ern -

cards 

Burger's vector 
-8 .J2 5. 68X1 0 ern a 

Table V. Fracture conditions for specimen K. 

Property 

Angle between tension 
axis and slip direction 

Angle between tension axis 
and slip plane normal 

Outer-fiber stress at fracture 

Normal stress on the slip 
plane at fracture 

Resolved shear stress at 
fracture 

Length of slip band-taken here 
as the crack length from the 
tension surface to the grain 
boundary. 

Value 

51 deg 

39 deg 

z l0.6Xl0 
7 

dynes/crn
2 

z 6,25X10
7
dynes/crn

2 

5. 18Xl0 7 dynes/ ern 
2 

3, 57Xl0 - 2 
ern 

0 
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4 2· 
L as ::::; 43Xl 0 g/ em .. The discrepancy in numbers arises from 

- 4 2 
Gilman's much higher normal stress for zinc (32Xl0 . g/cm ) and 

longer slip band length (0.4 em). 

A slightly different approach by Deruyttere and Greenough 

also uses a blocked array on a slip plane as the fracture source. 
35 

However, their condition for crack nucleation is that a crack of length 

equal to the distance between the first two dislocations in the array 

opens up if the elastic energy of the dislocations equals the surface 

energy of the crack. 

The maximum number of dislocations that can be placed on 

a slip plane of length L is given by Eshelby, Frank, and Nabarro 37 

as 

1rLo- k 
s 

Gb 00) 

where k = (1- v). For the shear stress and crack length_of this sample, 

we find n = 119 dislocations. The distance x between the first two 
0 

dislocations in a pile-up is 

(11) 

The condition for crack initiation is that the dislocation elastic strain 

energy be equal to the surface energy of a crack of this length, so 

2 
0" = s 

L84G
2

b
2 

47r
2

Bk
2 

L 
{12) 

In Eq. ( 12), B is the elastic strain energy of an edge dislocation and 
. b 27 1s g1ven y 

(13) 
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Deruyttere and. Qr;eenough' s expression (Eq. 12) is simplified if the 

right side of Eq. ( 13) is substituted for B so that the condition for 

crack nucleation becomes 

2 
(J = s 

1.84Gy 
81rkL 

(.14) 

The shear stress calculated from this equation is 3. 5XI0
4
g/cm

2
, 

which compares favorably with the actual resolved shear stress of 

5.18Xl0
4 

g/ cm
2

. 

The stress gradient in the behd test specimen was neglected 

in this calculation. The error was not large, and the corrected stress 
4 

at the head of the pile-up at the boundary was 4.85Xl0 vs the value 

5.18Xl0
4 

g/cm
2 

that was used. 

The single instance cannot, of course, be considered a verifi

cation of this formula. It is of interest to note that the condition for 

fracture given in Eq. ( 14) has, like other fracture -criteria formulae, 
-1/2 a fracture stress dependence on L . 
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V. SUMMARY AND CONCLUSIONS 

!, ''• 

( 1} Techniques for forming polycrystal LiF from·the melt 

and -for fabricating polycrystalline test specimens were developed and 

evaluated using single-crystal ,LiF as a_ control. 

(2) The shape of single -crystal stress -strain curves was 

found to <.lepend on modes of sample preparation and crystal orientation. 

(3} Large-grain polycrystal LiF, ranging 1 to 2·rnm in size, 

was tested in bending. Some plastic deformation was observed in all 

cases; and the outer fiber strain (elastiC- and plastic} ranged from 0.076 

to 0. 798o/o at fracture •. The ductility of polycrystals was much less than 

that of ·single crystals• 

(4} There was only a small variation· in. grain si·ze among 

the samples because of·easy grain growth during anneal; no correlation 

between grain size and' fracture stress was .thus evident. ·For the 

smaller-grain-size samples, the strain at fracture decreased with in

crease of total length of grain boundari'es on tension surface~ 

(5}. An etch, consisting of 4o/o HBF4 in 190 proof ethyl al

cohol, was developed which revealed dislocation slip bands on all crys

tallographic faces of LiF. The deformation of polycrystalline LiF was 

investigated by using this etch. 

(6) Plastic deformation was inhomogeneous among the grains 

of a polycrystalline aggregate. This inhomogeneity was attributed to 

differences in orientation of the grains with respect to the applied 

stress. 

(7} Deformation was also inhomogeneous within individual 

grains as a result of interactions between grains. Boundary contact 

was maintained by local deformation near the boundary or by long

range secondary slip in neighboring g:rains. 

(8) Local deformation along grain boundaries often occurred 

on slip systems that had very low resolved-shear stresses from the 

applied load. The resolved-shear stresses were as much as 350 psi 

below the critical yield stress for the {110} (110) system. In one case, 
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wherein conditions were favorable for the development of a highly lo

calized stressed condition without the development of a fracture, local 

boundary slip was observed on a (010)[101] plane. 

(9) Three-grain junctions were points of severe residual 

stresses, especially if local boundary deformation occurred along 

boundaries near the jun'ction. 

( 1 0) Fractures originated at boundaries close to or at 3-

grain junctions and traveled in the boundary before moving into a cleav

age plane. Fractures were thus mixed, transgranular, and inter

granular. 

( 11) Grain boundaries were not inherently weak, and they 

were often able to accommodate large amounts of local plastic flow. 

It is thought that fractures occurred at grain boundaries where stresses 

arising from deformation were not relieved by plastic flow. Because 

LiF has a limited number of slip systems available for plastic flow at 

room temper~ture, high local stresses were not always relieved by 

local deformation. These observations are in general agreement with 

present theories on the interrelation of deformation and fracture. 

At least two possibilities remain for enhancing the ductility 

of polycrystalline aggregates of materials with ductile properties 

similar to LiF. One is the suggestion by Parker that extremely small 

grain size would prevent the development of high local stresses by 

limiting the length of slip bands within individual grains. 
34 

A second 

possibility is that, if the number of operating slip systems could be in

creased from 6 to 12 by somehow promoting easy slip on the system 

{100} (110) , then high local stresses might be more easily relieved 

by local plastic flow. This hypothesis is being tested by deforming 

polycrystalline LiF at temperatures above 400 °C, where this second 

system becomes easily active. 
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