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CREEP OF LITHIUM FLUORIDE SINGLE CRYSTALS
AT ELEVATED TEMPERATURES

Donald R. Cropper
Inorganic Materials’Researchybivision; Lawrence Radiation Laboratbry,
and Department of Materials Science and Engineering,
College of Engineering, University of California,
Berkeley, California
ABSTRACT
The creep deformation of lithium fluoride single‘crystals.was
studied in compression over the temperature range 65004750°C (0.8-0.9 Tm);
Extended primary creep was observed for crystals deformed with tﬁe com—
pression axis in <100> orientation; streins of.0.20 or more were required
for the establishment of steady-state conditions. Crystals with compres-
sion axes in the <111> direction reached steady-state quickly, at strains
of 0.05 or less. The steadj;state strain rate was found to be propor-
tional to the stress raised to the power n, where n ranged from 3.1 er 
<111> crystals to 4.1 for <100> crystals. The activation energy for
creep was determined to be 53 + T keal/mole over thé temperature range
cénsidered, regardless of crystal orientation or impurity content up to
300 ppm total impurities; this compares favorably with the activation
‘energy‘for lattice diffusion of the fluorine ion in LiF. Well de&eloped

substructures were observed in the deformed crystals with,the'subgraih

diameter varying inversely with the applied stress. These results sug-

~gest that the creep deformation of lithium fluoride single crystals may

be similar to that for metais and is probably dépendent upcn the dis-

location climb prodess.

b
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I.ffiNTRQDUCTION”'
Whilevthé mechéniéal behaviprbéf iohi;_c£ystélsvhas been'fhe'subjegf
of‘inténsive stﬁdy-dﬁring'récéntvyeérs; £hefe ishgurprisiﬁgly liffle in—;
fofmétibn in the liféraﬁurekdn the.high témperatufe creep.beha&iéf'of |

such materials. Creep is usually defined as the continued deformation

- of a material at a constant stress and témpefaturé, and is characterized

by the general feétﬁreé shown in Fig. 1. The'curvé labeled A is-reﬁre—
sentative of:éreep at relatiﬁély low températures,‘usually <0.5 Tm,,and
is normally referred to as transient or iogrithmic creep. Here the in-
stantaneous>strain rate,_é, continuously deéféasesbwith time uptilbno
further deformation is cbserved. At sqﬁewhat'highér‘témpérafures,
normally >0.5 Tm, cfeep behaﬁiof is‘usuéily gharactéfized 5y curves
similar to that.labeied B.. Here fhé pefiodfof decfeésing é_(regiOn Iy,ﬂ
called the primary cfeep feriod is followed by a ﬁeriod of constant

strain rate (region II). The strain rate in this périod,‘és is referred

 to as the steady-state or minimum creep rate. Uﬁder'certain conditions

steady-state (region.Ii) creep may oécurtvithoﬁt a primary or transient

_éreep period. The steady-state strain rate is then reached immediately

on application of the stress. A period of incréasing strain rate

. (region III) is often observed for tensile creep tests and is ﬁsually

tefminated by fracture -of the creep specimen;,

A. “Analysis Of Creep Deformation

Most étudies'df éreep'deformaiion are confined té»measurémenté made
in region II,'under "steady staté"ECreep éohditibns.v’Here the observed
rate of deformaﬁion mayvbevenvisioned-as a‘balahcé between fhe wqu
hardening induced by4éontinued deformafion'aﬁdithe recovery prdcesSés

’
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‘operative at high temperatures{

The Various £héoreticaifmodeis aescfiﬁiﬁg>steady~state creep wefe
reéently reviewed‘by Mukhérjee,vﬁirdaaﬁd ﬁornl who  coneluded thaftin fhev"
fegimé.of high températurés (>O}5'Th) éhd intermediate stresses where
disloéatibn procésses are iikely to”domiﬁatevdéfofmation Behavior, the .‘

best description of creep is given by an expression of the form.

E=a® @y ()

where € is the steady-state creep rate, G is the shear moduius,'b.isv’
the Burgers vectbr, k is the Boltzménn'éoﬁstant, T is the absolute
temperature, O is the applied stress, D is the diffusivity, and A and n

are dimensionless constants. The diffusivity term D, being of the form
D =D e /E C(2)

contains the temperature dependence of the creep rate; the activation"

. energy for creep Qc has been shown to accuratély;agree with the activa-

tion energy for self diffusion when the temperature dependence of the
shear modulus G is taken into account in Eq. (1).
Many workers approximate the relaﬁipnship between creep rate, stress

and temperature by a phenomenological'expression'of the form

f = :#e-Q/R¢ ' -v;-v : . R (3).



'»?yggéh; éé shown By MukherjeeAéﬁnal;z is neiﬁher diménsionally nor ex-

fﬁpé?iﬁen£§ily correct. Neyértﬁeless, the values of n, the stress exponent
faﬁd %héiappareht activation eﬁergy, Q, are frequently presented as |
evidence that a particular mechanism is the rate controlling step for
greep. In many.cases, agréement between direétly measured Q values ahd
sélf—diffusibn éctivation energies are satisfaCtéry; however, Mukherjee
et al.2 have shown that in metallic systems the agreement is improved
when‘Qé_is calculated in terms‘of the parameters of Eq. (1). It is sug-

~ gested, therefore, that studies of creep deformation in non-metallic:
systems for which shear modulus data are.available be presented in terms
of Eq. (1), if applicable. This procedure facilitates comparisén of the
behavior of metallic and non-metallic materials.

B. 'Creep of Ionic Materials

The majority of creep measurements reported in thé literature on
ionic solids have been made on NaCl. The single crystal compression
measurements of»Christy,3 Gegﬁzin et al.,h Ilschner and Reppich.,5 Blum

and Ilschner§ and Schuh, Blum and Ilschner7

all result in a power law
stress dependence of the steady state strain rate with n N 45, Acﬁivap
tion energy values are not as consistent ﬁith a reported range from |
46 kéal/mole to v82.4 keal/mole. In fine-grained NaCl polycrystals,
tested in bending, Kingery and Montrone8 observed "viscous deformation"
af high temperatures, i,e., strain rate directly proportional.to stress
and to the diffusivity of the C1 ion. In contrast, Burke9 found a
power law relationship for coarse-grained NaCl deformed in compression

with a stress exponent of n = 5.0. He obtained an activation energy

value of 49 kcal/mole at high temperatures in good agreement with that

R



for C1~ ion lattice diffusion in NaCl. LeComtelO measured activation
energies for creep in polycrystalline NaCl in compression and found an
increase in Q with temperature from 12.5 kcal/mole at 29°C to 30 kecal/
mole at 300°C. |

Other studies on creep behavior in ioﬁic materials include thé early
work of Christyll on AgBr single érystals in which a @ somewhat higher
than self diffusion activation energies for either ionic Species was
measured. Recently Cannon and Sher‘by12 conducted creep studies in com-
pression on polycrystalline NaCl-KCl solid solutions and found the
steady-state creep rate to be proportional to the third power of the
stress and to the diffusion coefficient of the cation. Pure poly-
crystalline KC1 was found to obey an n=5 power la&.

Polycrystalline LiF has been studied under compressive creep con-
ditions by Cropper and Langdonl3 who found a power law_streés dependence
with n=6.6 and an activation energy of 50.1 kcal/mole in good agfeemeﬁt
with that for F diffusion in the intrinsic range. A study of the corre-
lation between activation energies for creep, fracture and sublimation
by Betekhtin ahd Bakhtiboevlh was made fraom creep measuremeﬁts on NaCl,
KCl and LiF single crystals. They concluded that the stress dependénce
of the stéady—state strain rate was logarithmic, i.e, éaeBO and obtained
an activation energy value of @70 kcal/mole for LiF. |

The purpose of the present investigation’is to expand creep measure-
ments on ionic single crystals to the IiF system at high temperétures.'

" An attempt is made to deduce the particular rate controlling mechaniémf
for creep in the limited range of temperatures and strésses considered;

and the results are compared to those obtained under similar conditions



fdr other materials.
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II." EXPERIMENTAL PROCEDURE
A.f.Materia;s
Lithiﬁm fiuoride,SInglé'éf&stéls Qer¢Iéurchasea frbm fhe Harshﬁw
Chémiéal.Compéhy, Cleveland,.Ohio;.as cleaved blanks aninally 1 inch by

1 inch by 1/4 to 5/16 inch thick. .Three differéhtgcommerciai grades

were obtained, henceforth to be referred to as monochromator quality

(Mono.), infra-red quality (I.R;j; and vaéuum ultra~violet quality (u.v.),
in increasing degrée of purity, Spectrographic analysis was employed

to identify the principal cation iﬁpurities present, summari;ed in

Table I._ Detection limits are indicated by the numbef§.in parenthesés
following eacﬁ-eleﬁent. From these reéults bthe major différence betweén

the three grades of materlal appears to be the presence of 300 ppm Mg in o

the monochromator quality crystals.

Table I. Cation impurities in ppm.

Element . Mono. . I.R.. U.V.
Magnesium (5) j . 300 a5  Ap
Caleium (3) . = 5 100 NG
Copﬁer (2) <2 SN2 ; <2

¥ Determlned by Amerlcan Spectrographlc Laboratorles, Inc., Sén Francisco,,

California.
Specimens for‘creép-tests were prepared by sawing with a small resin

bonded diamond impregnﬁted blade.-:CrystalS'to'be deformed with the

- applied stress parallél to <100>‘wéreveasily obtained by making cuts

parallel to the {100} cleavage faces .of the blanks. Thesé specimens,



-8

henceforth referred to as <1l00> crystals were right rectangular parallele-

h g

pipeds normally 7/16 t§ 1/é inch long and 1/k4 £ov5/16 inch thick; Length
to thickness ratios of the majority of the <100> crystals thus ranged
from 1.5 to 2.0. A limited number of <100> specimens were prepared iﬁ
the form of cubes, i.e., with length to thickness ratios éf 1,0,
Crystals to be deformed with the applied stress parallel to <111>
were cut fram cubes of <100> oriented crystals using a procedure similar

15 A <100> cube\was

to that described previously for Mg0O by Hulse et al.
cemented to a jig machined from bakelite such that the <111> axis of the
cube was parallel to the diamond saw blade. Two identical resin bonded
blades separated by a spacer were then employed to make two pairs of
parallel cuts at right angles resulting in & prism with square cross- .'
section and a <l11> axis. Due to the limitation of a 5/16 inch maximum
thickness of the original cubes, the <111> specimens were necessarily
smaller than the <100> Crystﬁls; typical cross sections were ~v.140 inch
thick. These crystals were then éut to the appropriate length to obtain
length to thickness ratios between 1.5 and 2.0,
After cutting to the appropriate dimensions, all specimens were:
mounted in a special jig and sanded on both ends with "O" grade emery
polishing paper to insure that the ends were flat,'parallel to each
other and perpendicular to the loading axis. Prior to testing, each. | N
crystal was polished for 1/2 hour in 85% H3PO, at 100—lé0°C to remove
the surface damage incurred in cutting. Masking lacquer was used to
protect the ends of the specimens from attack during the chemical polish
in order to maintain flatness. Diséppearance df birefringence effects

from the crystals after chemical polishing confirmed the removal of the
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damaged surface layer.
-vB;_:Apparatus
Specimens were ﬁested'in compression in -a small dead-load testing

machine ‘similar to that described by-Sherby.l6 ‘The total strain was

continuously meaSured by a linear varisble differential transformer and

recorded by1afrecofdinghpotéhiiometer. O&erall,stréin sénsitivity was

* 5x 1055. Elevated temperatures.were obtained by a small resistance

furnace positioned around the specimen and.were_cdnétant to within * 1°C

of the repbrted values.

. Creep Tests '
Specimens were placed between two 99;5%1A1203’bﬁttons for creep
testing to protect them from contact with the stainless steel'loadihg

platens. A 0.0005 inch thick‘platinum foil between the LiF crystal and

the A1,03 buttons acted as a lubricant snd allowed the crystal ends to .

v spread_dufing the course of'a.test,‘thus éssentiaily eliminating

barrélipg which frequentlY-oécurs in specimens:tested'in compressidn.' B
Those portions of the Pt foil extending outwardbfrbm‘beneath the LiF
crystals were observed to unaergo some cheﬁical aftack, particularly.
after tests ét highef temperafures and ldng ﬁiﬁes._ A yellow-green
powdery residué.was often dbservea around thé'edgeévof the'crystai.
while the crystal itself'remained coiérless énd apparently free‘froﬁ
contaminatiqn. The majér portioﬁ of»the Pt foil between the LiFvcrystgi
and the A103 button Wés hotvattackéd; Test temﬁefatures (6506-7509Q)5
were réaéhed after Heating for fouf to six hours, and specimens were
normally.held af tempeiature for sévéral hours prior to apélying thé.

load.
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The majority of the creep tests were performed at a single stress
and temperature. To insure that a constant stress was maintained threugh- ._ 2
out the test, additional pre-determined load increments were added at
engineering strain intervals of 0.01 to compensate for the increase in
cross—section with cempressive strain. Initially these increments were
calculated by assuming constancy of volume and neglecting any barreling
that may have occurred. Subsequently, as the number of crystals tested
increased, it was possible to develop an empirical correction basedvon
the actual change in cross-section as a function of strain.

A smell number of crystals were sub jected to "incremental" creep
tests, i.e., tesfed at a constant temperature and a number of different
stresses or alternatively deformed under & constant stress while the
temperature was cycled over a narrow range; This approach attempts to
minimize experimental scatter between specimens for the evaluation of
stress and temperature dependence of the creep rate..

D. Microstructural Observations

After deformation, specimens were prepared for microstructural ob-
servations by sectioning with a resin bonded diamond blade. The crystals
were mounted in plastic and polished through "L-0" emery pelishing paper
followed by polishing with Linde A in water. A chemical polish in a
2% solution of NH4OH in distilled Waﬁer at room teﬁperature wasvused to ‘ -y
remove the surface lagyers containing damage from the mechanical polish-~
ing. Finally, the crystals were etched in a solution of 4% HBF, in

7

200 proof ethyl alcohol_which.was shown by Scott and Paskl to reveal

dislocations on all crystallographic faces of LiF.
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Several back-reflection Laue X—ray'ﬁatternsvﬁere made from deformed
crystals to determine a qualitati#e indication of the degree of poly-
~gonization., OSpecimens were exposed to tungsten Kd'radiation at 50 kv

and 20 ma for approximately 20 minutes.
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III. RESULTS

A. Creep Curves

Several representative éreep curves are shown . in Fig. 2 for I.R.
crystals tested at 700°C in both <100> and <111> orientatione, The
principal feature to be noted is the extreme difference in lenéth of
primary creep periods for the two different stress axee. The <100>
crystals exhibited an extraordinarily long primary period; generally true
stfains as high as 0;20 or greeter were required before steady;state
creep was established. All crystals tested in the <100> orientation
exhibited this "exaggerafed" primary ereep behavior the lenéth of which
increased at the higher stresses and temperatures.

Crystals tested in the <111> orientation, on the other hand, ex-
hibited short primary creep periods, as little as 0.02-0.05 true strain
being.required for the establishment of steady—etate conditibns; Deeﬁite
the large differences in primary creep periods, the final steady-state_7
strain rates for crystals in the two orientations tested were normally
within a factor of two of each other, <100> cryétals usually having the
higher rate for a given stress as shown in Fig. 2.

B. 'Stress Dependence

A first approximation of the relationship between the applied stress
and the steady-state strain raﬂe may be‘bbtained by considering the
.e%pefimentai data in terms_of the phenomenological relationships des-
efibedjpreviously>inrﬁq. (3). Figure 3 is a plot of the steady-state
"itereep rates as a function of epplied stress for <100> crystals deformed

at..650°, 700°, and 750°c (0.80.9 Tm). The majority of the data is

‘:for_I{R. quality material (open symbols) as this grade of material made
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Figure 2. Representative creep curves for <100> and <111> crystals
tested at T00°C. .
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up the bulk of the creep épegiméns. Data- for Mono-quality and U.V.

quality crystals are shown by half shaded symbols.

The results shown in Fig. 3 indicate that the relatibnship bétﬁeen
steady—staté strain rate aﬁdYStresé ié in the form .of a-powervlaw with
the valué.of the stress ekpoﬁent, correspbnding ton in'Eq}'(B), equal
to 3.9 for 650° and 700°C and 4.0 forFYSObc I.R. quality crjs#als.
Slightly lowér values of the stress-exponent Vere.obtainéd for Mono.
(n = 3.6) and U.V. (n = 3.9) crygtals.gt 700°C but since only three
points each were cbtained for these materials, the difference Between
them and the I.R. resulté ié.not cénsidered_to_bevsignificant.

Several <100> crystals prepared in the form of cubes (1/t = 1.0)

were deformed at 700°C for comparisan with:crystals of the normal size

(1/% = 1.5—2.0)Q The results’indicéted.by starred. (*¥) points in Fig. 3
were similar to the normal shaped épecimené in thaﬁ fhe stress exponéﬁt_
caléulated from the‘four data pointé waé equai to 4.1. The general.con-
sequencé of reducing the aspéct;rgtio Qf single crystal creep specimens
appears to bé a reduction in_stéady—étate strain rate for a given sfreés
without affecting the stress exponent. Langdon and Paskl8 observed.a
similar reduction in strain rate with l/tifor pqucrystéiline_MgO creep
experiments in compression whiie the sﬁfess_exponent remainéd constant;_
Figure L éhows thé.Stress-stréin rate_rélaiionship for <111> I.R,ff.
quality crystals tested at T00°C.  As for tﬁe <100> cr&stals, a power
law relationship is indicated with a calculated leue of n = 3.A, 'A,
comparison.of thé <ill> data with,ﬁhe data in Fig;'3 for_<lQO> crystals

at T00°C reveals rather close agreement between steady—state strain

‘rates at corresponding stresses. ‘This is particularly noteworthy 'in
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Figure 4, Strain rate vs. stress for <111> crystals.
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~ light of the marked contrast between the shape of the creep curves for

the two orientations and the correspondingly much longer time for a <111>

oriented crystal to reach an equivalent strain.

'Crystals'ﬁested in the,<1002'orieﬁtation gave iﬁcénsistent results-.
when attempts were madebto ascertain-the sfresé dependence by the‘incre-
mentai fecﬁﬁique. That true strains on the order of 0.20 werebrequired
before sfeédy—state conditions were established particularly iimited the

usefulness .of this approach for on changing the stress to highef values,

‘new primary creep usually ensued requiring excessive total strains for

the campletion of the test. 'Also, strain ratesvwere not reproducible
on retufning to a given stress affer an intermediate sﬁress change.
Contrasfed ﬁo this unpredictable behavior, <111> érystals responded
in an.entifely consistent and reproducible manﬁer tovthé'incremental
technique. For.example, the résults are shown in Fig. 5 for a <111>
crystal subjected to stresses between 100 psi and 256 psi during:a single
test sequence at 700°C. The points plotted corfespond ﬁo the ratios of
stresses and steady state strain—rates aftef aﬁd befpre a éiven change
of stresé{_ The slope of the line shdwnvreéults in a value of n = 3.3 in
excellehﬁ agréement with ﬁhe n= 3;h value obtaiped for <111>crystals in

constant stress tests.

D. Temperature Dependence

To determine the apparent-activation'enérgyzfor creep, correspond-

‘ing to Q in Eq. (3), values of 1n é were plotted as a function of recip—

rocal absolute temperature for various constant stress levels. The

results aré shown in Figs. 6, T and 8 for <100> I.R. quality, <100> Mono.
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Figure 5. Strain rate ratios vs. stress ratios from incremental stress
test on a <111> crystal.
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Figure 7. ©Strain rate vs. 1/T for <100>, Mono. and U.V. quality crystals.
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Figure 8. Strain rate vs. 1/T for <111>, I.R. quality crystals.
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‘ana U.V. quality, and <111> I;R. quality crystals respectively. Values
for Q calculated from the slopeé of the lihes shown rangé from 6&.1.to
65.6 + 7 kcal/mole sﬁggesting that the apparent activation energy is in-
dependent of stress, purity and crystal orientation over the range'of‘

t

experimental conditions considered.

Crystals tested in the <100> orientation exhibited the same diffi-
culties when subjected to incremental temperature tests as descfibed"'
previouély for change in stress expériments. It was theréfore impossible
to determine a relisble value for Q by this method.

In contrast, the results obtaiped from incremental tests for <111>
crystals ﬁere, as for the incremental stress experiments, consistent and
reproducible. - The results are shown in Fig. 9 for a <111> I.R. quality
crystal cycled between 7256‘and 750°C at a conétant étress of 200 psi.
Here, steady-state conditions were established quickly since the crystél
respondéd rapidly to a change in temperature. The values of Q calcu-
lated from each change, averagingv65.7 kecal/mole, were closely grouped
and in good agreénent with the results from isothermal tésts'for <111>
crystals shown in Fig. 8, confirming the invariance of apparent activa-
tion energy with crystal orientation.

F. 'Modulus of Elasticity

The recent work of Mukherjee et al.grhas shown how the apparénﬁ
activation energy Q obtained from direct experimental measurements may
be in error due to thé effect of the temperature variation of the
shear modulus G on the constant term A' in Eq. (3). To determine this

effect for the present work, Eq. (1) is rewritten in the form
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€ = =

. A:I“ G(%)n e_QC/RT ()4)

where A" is a new constant incorporating those terms in Eq. (1) which do

not vary with temperature. This expression can be arranged in the form

Lo (@ /AT (5)

O'm'

g

from which Qc may be obtained. Taking data at a constant value of G

and two temperatures T; and Tz, the corrected value of activation energy

is given by

v (éT/G)z
R In =976T;

c - (T,-T,)/T, T, (6)

Q

Shear modulus values for LiF single crystals obtained from the higt
temperature measurements of Hartlg were used to calculate values of %2

G
of Qc ranged from 51.0 kcal/mole to 55.2 kcal/mole, about 10 kcal/mole

and.%-which were then plotted for <100> crystals in Fig. 10. For con-
stant values of g-between T x 10.S and 1.5 x lO.h the calculated values

less than the apparent activation energy values obtained from Fig. 6.
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IV. DISCUSSION

A. Shépe of Creep Curve

The primary or decreasing strain rate portion of a creep cur#e.is
usﬁally-associated with the developmeht of a stable substructure charac-
teristic of the experimgntal conditions. The mgrked contrast in length
of primary creep period for <100> and <111> oriehted crystals, as shown
in Fig. 2, probebly reflects differences in the processes cont?olling
the generation of substructure.

For crystals oriented with the applied stress pérallel to <100>,
four {110} <1710> slip systems are equally stressed. The studies of
Copley and Pask20 and Dey and Stokesgl on MgO and the more recent work 
of Day and Johnston22 on LiF have demonstrated the increasing resistance
to dislocation intersections on orthogonal and oblique {110} slip plane;;
For LiF crystals pulled in tension at initial strain rates of V8 x 10_h
sec—l,fDay and Johnstan>° have shown that even at 700°C (0.87 Tm) inter-
penetration of slip on orthogonal systems did not occur freely and that
oblique slip was even more difficult. Orthogonal intersections should
result in formation of jogs as the two intersecting dislocations cannot
lower their energy by>combining to form a third dislocation. Disloca-
tions intersecting on oblique {110} planes can react to form a third
sessile dislocation lying pérallel to <111>. Arrays of these pure edge
sessile dislocations are thought to rearrange themselves by climb
processes at temperatures above 0.5 Tm‘ That true strains in excess of
0.20 are required for the establishment of steady state creep in <iOO>
crystals may reflect the continuing resistance to intersection and

subsequent rearrangement of dislocations moving on oblique {110} planes.
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In. contrast to the behav1or of <lOO> crystals; dlslocatlons mov1ng
on the three equally stressed {lOO} gllde planes for crystals in the <111>
orientation dO'not react upon intersection. Thls may be reflected in
.the relatively short.primsry period observed for slll> cr&Stals as_steady—
‘state conditions are established within a feﬁrminutes of the application
of the stress.

) StreSs-strain curves obtained in'the‘course of this.study on
crystals of bothvorientations COrrelate well‘with the observed'creep
behavior.l Figurevll shows stress-strain curves in conpresslon at 700°C
for both orientations. The initial strain rate,‘%7f5 X lO_5 sec-l, was
chosen to correspond with the steady—state creep rates observed in thedp
creep tests. After yielding and a limited "easy-glide" region, the
<100> crystal’strainfhardens'at an increasing rate up to the end of the
test at a true-strain of %0 35; correspondlng to the 1ncreas1ng diffi-
'culty of slip. In contrast though the yleld stress is cons1derably
higher for the <lll> crystal, once deformation begins,,lt continues,wlth
esSentially no strain hardening; this.portion of the stress-strain curve
corresponds essentially to steady»state creepbat a stress of approxi;p '
mately 900 p51. | |

An additional factor which may tend to dlfferentlate between the
two orlentatlons is the relatlonshlp of the observed yield stresses in.
the stress—-strain curves to the range of creep stresses employed ' Forf
both <100> and <111> crystals, creep stresses ranged from 100 psi to i
a maximum of 250 psi. Thus for <lll> crystals the creep stresses would
vnormalLy be considerably less than that required for‘macroscoplc yleldev'

ing, while for <100> crystals creep stresses generally exceeded thep-
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yield stress.v Thus the relatively greater amount of plasiic deforme—
tion iﬁtroduced by application of the creep stress for <100> crystals
may result in a correspondingly‘longer*ﬁeriod of primary creep before
the equilibfium.substructure requifed for steady-state ereep can be -
established.. |

It shpﬁld be noted that this particular trend in stress-strain
behavior is the reverse of that cbserved previousl& for MgO by Copley
and Pask.go» The strain hardening rate for <111> oriented MgO crystals
in compression was there found to be considerably'greater than that'fof .
<100> crystals for all temperatures up to 1600°C (v.61 T ), the limit
of test temperatures employed in that investigation.

B. 'Stress pependence

The ?alue of the strese exponent,’n,-in Eq. (3) may bevﬁsed as an
indication of the particﬁlar rate controlling mechanism for cfeep. qu»
polycrystalline materials under eonditions where Creep occurs without
the motion or interaction of dislocations, so-called "yiscous" or
diffusional ereep, a stress exponent of 1 is often found as predicted’
by the theories of Nabarro,23 Herringzl'l and Coble.25 Creep models in-
volving the motion of dislocations either by giide or climb predict
higher values of n. In a recent review of dislocation models of c?eep; 
Weertman26 has shown how n may be found to vary from 3 to 6 or even
higher,.depending on the perticular.dislocation mechanism predominating:

Over the limited range of stresses and temperatures employed in
this investigation, experimental values ef n range from 3.6 to'h,l for
<100> oriented crystals of all purities, and equal 3.4 for <111>

oriented I.R. quality crystals. The observed values of n thus fall
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within the range anticipated for a rate éontrolling-mechanism involving
climb or other non-conservative motion of dislocations.

The various theoretical models of creep deformation were recéntly
reviewed by Mukherjee, Bird .and Dornl who concluded that for metals
exhibitihg a stress exponent in the range‘from 3‘to 6, the climb of
edge dislocationé is the most prubable rate controlling mechanism for
creep. The dislocation climb theories of Weertmann,27 Chang28 and
Nabarro=? each predict & power-law stress dependence with n = 4.5, 4.0
and 3.0 respectively, all iu agreement with the fange of experimentally
observed values. GifkinsSO has pointed uut the dangers in attempting to
unambiguously identify creep mechanisms from measurements made over
limited ranges of the experimental variables. Therefore, on the basis
of relative agreement of the measured and anticipated values of n, a

dislocation climb mechanism of some type is thought to control the high

temperature creep behavior of LiF single crystals.

The uctivation energieé for creep Qeformation in many materials
have been shown to agree well with activation energies for self diffu-
sion. For pure ﬁetals withvbut one atomic species the agreement is
particularly good while in non-metallic systems there are not yet suf-.
ficiently numerous or precise measurements to reach the same conclu-
sion with complete certainty.

Table II summarizes the activation energies for diffusion in
lithium flubride obtuined from NMR measuremeuts by Eisenstadt31 and
33

Stoebe and Huggins,32 and from the conductivity data of Haven.

Experimental values of @ from isothermal tests for <100> and <111>
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Teble II. Activation Energies for Dissuion in LiF

Extrinsic o .- Intrinsie

) e o) - (F) Reference
16,3 keal/mole = - . 41.7 kecal/mole 50.7 kcal/mole . 31
15.2 - 430 - 32
14.9 - 45.7 ‘ - 33

crysfals (Figs. 6, T and 8), aVéraging .6.5 kcal/molg, are somewhat in
excess of any of the previously reported values for diffusion in lithium
fluoride. However, when the creép éQuatibn is correctly formulated to
include the effect of temperature-variation of the shear modulus as
described in Segtion III-F,‘the calculated values of Qc’ 51-55 kcal/mole,

31

valué for fluorine ion diffu;
13

vfall-in good agreemeht with Ei;enstadt's
sion. This figure aiso agrees with the results of Cropper and Langdqn
for polycrystalline LiF in which the activation énergy for creep.wag :
determined to be 50.1 kcal/mole. ‘Thus, as in the case fof many métallic
systems, it appears that thé high fem?eraturé creep deformation of LiF .
. single cr&stals is controlled by lattice diffusiqn with the raté—

controlling species being tﬁe largér; slower moving fluorine ion.

D. Meéchanism and Correlation with Other Systems

In order to;ﬁnﬁher-check.the applicability of Eq. (5) to the

present system, and to determine the stressexponénf n in the revised

formulation, a plot of %2 ch/RT vs % was prepared taking an average

value for the corrected activation energy Qc = 53 kcal/mole. In Fig. 12

the date for crystals of both orientations and all purities are shown
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together. Data pointé'for the I.R. quality naterial §§er the complete‘
range of'temperaturéé aﬁd.stresseé‘(unshadediéymbols) are feduced to a
single straight line relationship whose slope,:corresponding to n in
Eq. (5) is equal to 4.0. Thé Vac. U.V. quality points are virtually
superimposed on the pattefn.of the I.R..data while the lower purity,
Mono.Aqualityvdata falls slightly beiow. Thus the additional catidn

impurity level in the Mono. quality material appears to reduce the

g
G

altering the value of n. In‘é’similar manner, the effect of specimen

effective strain rate_fbr a given value Qf while not appréciably
orientation on the otserved creep behaviof:seéms to be a displacemeﬁt

of the data along both the rate and stress'aiés_ﬁhile néf significantly
affecting the relationshib bétween strain rate and stress. The shift.'
is principally the résult'of'higher.values of the shéar modulus’G for
crystals stressed in the <111> orientation which reduces the calculated
9 .4 EL Q_/RT

G and o

for crystals of different purities, the basic power law relationship ,_'

. In the case of <111> oriented crystals, as was found

between strain rate and stress does not appear to bevaffected; The
value of nvcalculated from the <111> dats of Fig. 12 gives the.result.v”
n = 3.2, slightly less than that found for <100> crystals‘but still
within the range anticipéted for ardislocation climb controlled
mechanismn, |

Finally, following the analysis presénted by Mukherjee et al.2 it!;'
would be of interest to replot the data obtained here in a form which
would allow.comparison with. creep studies in metallic systems. For this

purpose, Eq. (1) is rewritten
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ekT _ gyn _ _
oo = A B : (7)

where’DIis taken tq bé the diffusivity of the rate controlling species

in a non-metallic material. Using D values obtained from the results

of Eisenstadt s for F~ ion diffusion in LiF, and taking b = 2.83 x 1078 cm
the resulting plot is shown in Fig. 13. The same geheral trends as
obtained in Fig. 12 are observed here. The <100> I.R. quality material

at all temperatures and stresses results follow a power law with n = L.1;

the results are thus best represented by the relationship

kT 3 0,41
-DTb-_ 8.9 x 10 ('G‘) (8)

Whéré D is the diffusivity of the fluorine ion. The other purities and
<111> data give slightly di fferent values of n ranging from 3.1 for
<lll>‘crystals to 3.9 for the U.V. qual. <100> crystals. Thus, as for
the previéus case the values of n agree wéll with results obtained ini

metallic systems when creep is controlled by dislocation climb.

When plotted in terms of the dimensionless parameters %%%-and %-as

shown in Fig. 13, the results for single crystal LiF agree well with the
~ general findings of Mukherjee et al.2 for f.c.c. metals which is repre-
sented by the area between the two dashed lines. The results for <100>
crystals fall within the range of metallic systems while the <111>
results fall slightly outside the regime repfesentative of f.c.c. metals.

In addition; the results obtained previously by Cropper and Langdonlj
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'fqr polycrystalline LiF, when plotted in terms of the dimensionless para-
meters of Eq. (7) very nearly coincide with the <100> oriented single
crystdl resulfs.' The stress expohent fouhd in that study was consider-
ebly higher than that observed here (n = 6.6 vs n = L.1), and may reflect
the additional constraint imposed on the deformation process by the‘
presence of grain boundaries. Nevertheiess; fhe agreement betwéen results
for single cryéta.l and polycrystalline LiF with the general trends ob-
éerved in f.c.c. metéls leads to thé general conclusion that similar
meéhanisms, probably involving the climb of dislocations, control the
high teﬁperature creep behavior of‘these materials.

'E.  Microstructure

Back reflection Laue X-ray photographs of <100> oriented crystals
deformed at T00°C ana 750°C and a stress of 130 psi are shown in Figs.
1% and 15 for coﬁparison with an undeformed crystal shown in Fig. 16.
All crystals were oriented such that the incident X-ray beam was parallei
to & cube axis. Extensive subgrain formation is indicated by the re-
placementvof each of the-single épots in the pattern of the undeformed
crystal with an array of spots each diffracted from a different slightly
misdriénted subgrain in the deformed crystals. On the baéis of the Laué
patferné, the degree of misorientation between subgrains is estimated'
"to be not moré than about five degrees.

Optical mibrbscopy confirmed the formation of subgrains which were
-revealed by sectioning the deformed crystals parallel to the stress
axis; chemically polishing gnd etching the surface. Photomicrographs of
four <100> crystéls deformed at TOQ°C and stresses of 100, 150, 20U and

250 psi are shown in Figs. 17-20, respectively. In these and all
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Figure 14. Laue pattern of <100> crystal deformed at T00°C.
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Figure 15. Laue pattern of <100> crystal deformed at TP,
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Figure 16. Laue pattern of undeformed <100> crystal.
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<100> crystal deformed at 700°C and 100 psi.

Figure 1T.



Figure 18. <100> crystal deformed at 700°C and 150 psi.
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Figure 19. <100> crystal deformed at T700°C and 200 psi.
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<100> crystal deformed at 700°C and 250 psi.

Figure 20.
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subsequent photomicrographs the compression axis is horizontal. The
relationship between subgrain diameter and applied stress is apparently
similar to that observed for metals in that the subgrain size decreases
with increasing stress. Using the linear intercept method, estimates of
the subgrain dismeter § at various stress levels were obtained from <100>
crystals deformed at TO0°C and are plotted as dimensionless ratios §/b,
where b is the Burgers vector, vs. the dimensionless stress function %
in Fig. 21. The calculated slope of the line through the data points is
-0.93 in good agreement with the experimental observation for metals that
subgrain diameter is proportional to the -1 power of the applied stress.

The same .trend is observed for <111> crystals deformed at T00°C and
stresses of 150, 200 and 250 psi, shown in Figs. 22-24, respectively.
Plots similar to Fig. 21 showed a similar reciprocal relationship between
subgrain diameter and applied stress for <111> crystals. Of possibly
~greater significance, however, is the similarity between the micrographs
of <111> crystals and those for <100> crystals at comparable stresses;
the observed subgrain diameters are substantially the same. The great
differences observed in length of primary creep period for the two
orientations would suggest corresponding large differences in development
of microstructure. Yet a comparison of Figs. 22-2L with Figs. 17-20
indicates that the development of subgrains is substantially the same for
both orientations. It is thus suggested that whatever differences occur
to cause the observed variation in behavior probably are to be found on
a finer scale of substructure than that observed here.

That well defined subgrains do form during creep of Lil single

crystals is yet another piece of evidence that creep in this system is
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Figure 21. Subgrain diameter vs. normalized stress for <100> crystals.
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Figure 22, <111> crystal deformed at T00°C and 150 psi.
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Figure 24, <111> crystal deformed at T00°C and 250 psi.
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controlled by a dislocation climb mechanism.2 A particularly clear
example of how the creep substructure may develop from slip bands intro-
duced early in the deformation process is provided in Fig. 25. The
region shown, near the end of a <100> crystal deformed at 650°C and

200 psi, suggests that {110} slip bands may provide the framework for
subgrain boundaries which develop here predominantly at angles of 45° to

the stress axis (horizontal).
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V. CONCLUSIONS

1. The creep deformation of LiF single crystals is characterized
by extended primary creep for crystals in <100> orientation with strains
of 0.20 or more required for the establishment of steady-state creep.

In contrast, crystals deformed in <111> orientation reach steady-state
conditions rapidly with primary creep strains of 0.05 or less required.
Despite the difference in primary creep behavior for the two orientations,
steady-state creep rates at corresponding stresses and temperatures are
within a factor of two, with <100> crystals having the higher rate.

2. The stress dependence of the steady-state creep rate was deter-
mined to be in the form of a power law for crystals of both <100> and
<111> orientations, and impurity concentrations up to 300 ppm, with the
stress exponent n ranging from 3.1 for <111> crystals to L.l for <100>
crystals. The effect of reducing the initial length/thickness ratios
of the specimens from the normal 1.5-2.0 to cube proportions (&/t = 1.0)
appears to be a uniform decrease in steady-state strain rate without
changing the stress exponent.

3. The activation energy for creep was determined to be 53 * 7
kcal/mole over the temperature range considered, regardless of crystal
orientation or purity. This compares favorably with the activation
energy for lattice diffusion of the fluorine ion in LiF, 50.7 kcal/mole.

4, Attempts to determine the stress exponent and activation energy
by the incremental technique were unsuccessful for <100> crystals. The
structural changes accompanying the long primary creep period apparently
contribute to the large amount of scatter and non-reproducibility ob-

served for that orientation. In contrast <111> crystals responded
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accurately to the incremental technique and gave results in good agree-
ment with values for n and QC obtained from isothermal and constant
stress tests.

4, Well developed subgrains were observed in both <100> and <111>
crystals. The subgrain diameter, determined from optical microscopy,
was found to vary inversely with the applied stress in agreement with

results for many metals.

5. When formulated in terms of the dimensionless parameters E%%

andsz

o° the results for LiF single crystals fall in the range observed

for metals when creep is dependent upon a dislocation climb process.

The results thus suggest that the creep of LiF single crystals, over the
range of experimental variables encountefed here, is probably similar to
that observed for many metals, and is dependent upon a dislocation climb

process.,
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