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CREEP OF LITHIUM FLUORIDE SINGLE CRYSTALS
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. Donald R. Cropper_and Joseph A.: Pask - -
Inorganic'Materials'Research Division, Lawrence Berkeley Laboratory;
and Department of Materials Science and Engineering,
College of Engineering, Un1vers1ty of Callfornla,”‘
: Berkeley, Callfornla SRR
ABSTRACT

The creep deformatlon of llthlum fluorlde 51ngle crystals was’

studled 1n compre551on over the temperature range 650°—750°C (O 8-0. 9 T ). }
:'.Extended prlmary creep was observed for crystals deformed W1th the com~ .f

""pre551on ax1s in <lOO> orlentatlon, stralns of 0 20 or more Were re—

fg compression axes in the <lll> dlrectlon reached steady—state qulckly, at

strains of O 05 or less. The. steady—state straln rate was found to be

,:proportlonal to‘the stress ralsed to the power n where n ranged from-b.
‘3. l for <lll> crystals to L, l for <lOO> crystals The'actlvatlon.energy::
'for creep was determlned 40 be 53 7 kcal/mole over the temperature_:'

. range con81dered regardless of crystal orlentatlon or rmpurlty content .

up to 300 ppm total 1mpur1t1es, thls compares favorably w1th the actlva— ’

tlon energy for lattlce dlffus1on of the fluorlne ion 1n L1F L Well

developed substructures were observed in the deformed crystals w1th +he

) subgraln dlameter varylng 1nversely w1th the applled stress. vThese rea' ._7'

sults suggest that the creep deformatlon of llthlum fluorlde slnclevT'

-crystals may be 51mllar to that for metals and is probably dependent upon:'

the»dlslocatlon,cllmb process.

-*Based on thes1s submltted by Donald R Cropper in Jan 1971 in partlal o

fulflllment of” the requlrements for the Ph.D. degree in Ceramlc Science. -

r.



T . Br-nse

1. INTRODﬁCTiON-;u’
While fhe=mechanical oehavior of iouiehcrystalsvhas ﬁeen the_subject
of snten51ue sﬁudy duflng secent yedrs, fhere is sufprisingly liftle in-
forﬁatlon in. the llterature on ‘the hlgh temperature creep behav1or of
‘sueh materlals. ' |
.,.Most studies of creeb_defdrmatiou are confined tovmeasurements made
uunderv"steady state" or secondary creep conditiohs;"Here the obserued
rate.of deformatiou ma& be envisioned;es:a.baiance'between:ihe'work.'
_hardeuing'inducedeoy contiuued deformation'snd_the reoovefyﬂ?rooeSSes.'
,opefatlve at hlgh temberatures. | ‘
The various theoretlcal models: descrlblng steady-stste creep were |
' recently reviewed by Mukherjee, Bird and Dorn (1968) who' concluded thatl ?
in tﬁe‘uegime of high temperatures'(>0,5 Tm)>andvintermeaiste stresses o
where dislocstiou prooesses‘are likelyftovdominate ueformation‘behavior,

" the best description of creep is given by an expression of the form ’”.y

St R
€=fig (G> L

where € is the steady-state creep rate G is the shear modulus b is the'
Burgers vector, k. 1s the Boltzmann constant T is the absolute tempera—

ture o is the applled stress, D 1s the dlffus1v1ty,‘and A and n are’

dlmen81onless_constants.' The dlffu51V1ty term D belng of" the form

: AQ;/RT, EEREE |
D =D R

e w
-

contains the temperature dependencebof the creep rate; the activation
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-snergy'fér.éréep Qc'has been showﬁ td.accurafely_agree Wifh_the actira—
':tioh'eﬁergy'for selfrdiffusien when tﬁe temperatare'aependenee of:the
shear modulas G is taken'ihto account in eqn;,(l).-r |
Many ﬁorkers approximate the relatiohship between creep rate;:stress
ahd‘temperature by a phenoﬁenologieal exbressieh‘Of the ferm':i
AR = prgReV/RT <‘3)',
‘:ﬁhich,nas:sﬁown by Mukherjeevetial. (1968) is_neither:dimeﬁsionall&'nor<
”experimehtally-eorreCtvunless'G is considered te beitemperature'iadeﬁen-
~ dent aad ineorporated inﬁo fhe.eonstant At Neverfheless,_theVValues-efv
r'h are frequently presenfed as-evidenee that a_particuiar ﬁechaﬁism is_the.i
.rate cdntrolling step for Creep;‘ In.many cases, agreemeat between
. directly measured Q values according to eqn (3) and self—dlffu81on'vv‘
‘actlvatlon energles are satlsfactory, however, Mukherjee et al. (1968)
'hare shown that in metalllc systems'the agreement 1s 1mprove§lwhep Qc is
3calculated in terms of the. parameters of eqn. (1). The latéer proeedurev
also fac111tates comparlson of the behav1or of metalllc and non—metalllc
:materials;'

- The majority of'ereep measuremenfs'rePOrted in the literature on
ionic SOlldS have been made on NaCl - The single crystal~compression
;measurements of Christy (1956). Geguz1n ot al. (i96h), Ilschner and:
»»Repplch (1963) Blum and Ilschner (1967) and sChﬁh' Blumvand Ilsehner
b(l970) all result 1n a power law stress dependence of the steady state
istrain rate.with n %h~5. Activation energy values are not as consmstenf

with a.reported“range from &h6 kcal/mole>to'%82,5 kcal/mole. In fine-
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grained NaCl polycrystals, tested in bending, Kingery and Montrone (1965)
observed. "viscous defOrmation".at'high temperatnres, i.e., strain rate
dlrectly proportional to stress and to the diffu51v1ty of the C1~ ion.

-In contrast Burke (1968) found a power law relationship for coarse-rb

°"gra1ned NaCl deformed-lnrcompre331on with a,stress exponent.of n=>5.0

--with an activation energy value of 49 kcal/mole_at high:temperatures_in

'. good_agreement With that for Cl—'ion lattice diffusion in NaCl. LeComted B

(1965) measured activation energles for creep in polycrystalline NaCl in
l‘_compres51on and found an.increase in Q w1th temperature from 12. .5 kcal/
mole at 29°C to 30 kcal/mole at 300° |

- Recently Cannon and Sherby (1970) conducted creep studles 1n com— .
pression on polycrystalline NaCl-KCl solid solutions and found'thev
' steady—state creep‘rate'to'be proportional to;the third power of the
~stréss and to 'thev‘diffusion 'coefficient 'of“‘the."c'ation'. - Pure- poly- |
: ~'“crystalline KC1 -was- found to obey -an n $~S~power1lawrs~0ther4st£dies:on
' creep"behav1or in 1on1c materlals “{riclude" the early“work‘ofléhristy
gi¥m~—f~(l96h)~on~AgBr~single—crystalsminwwhich_alQusomewhat_higherﬁthan.self
~-diffusion activation.energies for either ionic speciesvwasvmeasnred.'
‘bPolycrystalline LiF has.been studied nnder compressiVe'creepvcon— '
‘ditions by Cropper and Langdon (1968) who found a power law stress de—
pendence with n.=.6. 6 and an. activatlon energy of 50.1 kcal/mole in good
agreement with that for F dlffu51on in the 1ntr1ns1c range. ‘A'studyvof _’
wthe'correlation between activation energiesvfor creep, fracture and sub;
limation by Betekhtin and Bakhtiboev (1970) was made from creep measure—

ments on NaCl KC1 and LlF s1ngle crystals.,»They concluded that the

stress dependence of the steady;state straif rate was logarithmic, i.e.,’
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éaeBO and obtained an -activation energy value of'%TO kcal/mole for LiF.

Studies of ‘high temperature 51gm01dal creep in LiF s1ngle crystals at low

" stresses and high temperatures ‘have been reported by Coghlan et al (1971)

and by Menezes and Nix (1971). Rao and Ruoff (1972) studied creep of

- <001> oriented L1F_51ngle crystals 1n the steady state region in the

'temperature range of 650—750°C and found stress exponents of 5 1 to 3 7

and an activatlon energy for creep of h8 kcal/mole.

The purpose of the present 1nvest1gat10n is to expand_creep-measure—-

'ments on LiF 51ngle crystals at hlgh temperatures for crystals in several
'orlentations. An attempt is made to deduce ‘the partlcular rate con-.

trolling mechanism for creep in‘the_limlted range of temperatures and .

stresses considered and the results are compared to those obtained under
similar conditionsbfor metals.
= = =2 ;~~EXPERIMENTAL -PROCEDURE

r;A; Materials

~»~~W—L1th1um fluoride- 51ngle—crystals-were purchased from the.Harshaw

—Chemical Company,(Cleveland Ohio) as cleaved blanks nomlnally 1 1nch by

1 1nch by l/h to 5/16 inch thick. Three different commerc1al grades were

-mobtalned henceforth to be reierred to as monochromator quallty (Mono )

infra-red quality (I.R;) .and vacuum ultra—violet quality (U V. ), in 1nf

"crea31ng degree of purity.. Spectrographlc analy51s was employed to

1dent1fy the princ1pal cation’ 1mpurit1es present, summarized in ‘Table I.

"Detection limits are 1ndlcated by the numbers in parentheses follOWing

each element. From these results the magor dlfference between the three

: grades of material appears to be the presence of 300 ppm Mg 1n the mono-

chromator‘quallty crystals. ».n
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V Specimens'fCr creep'tests‘Vere.prepared by sawing with a small
_.resin bonded diamcnd impregnated blade. Crystals to be deformed with
the applied stress parallel'to <100> were obtainedlby makingvcuts'parallel

to the {100} cleavage faces of the blanks. ‘These Specimens, 'henceforth

. referred to as <100> crystals, were rlght rectangular paralleleplpeds

‘normally 7/16 to l/2 inch long and l/h to 5/16 1nch ‘thick. Length to
'thlckness ratios thus ranged from 1.5 to 2.0. A llmlted number of <lOO> ‘
specimens were pfepared in the fofm“of'cubes,-lfe., with length to thick- _ ;
vness'ratlos of di}o; | ’ B
lcfystals to be deformed_with’the.appliea'stress parallel to <111> .

‘were cu£ from cubes of.<lOOS brienﬁed'crYStals-using a procednfe simila? ;‘
to that described previously for MgO by Hulse et al. (1963). A <100>

cube was cementea-to a jig:machined from bakellte such that fhe'<lll>
‘axls'cf fhe cube was parallel to the dlamcnd saw ﬁlade. Two identical'
resin bcnded blades separated'by a spacer'ﬁere‘fhen employed tcrmake f&o
pairs of parallel cuts at rlght angles resultlng in a prlsn ﬁlth squarev
lbcross—sectlon ana a <lll> axis. Due to the llmltatlon of a 5/16 1nch
fmaXimun-thickness of the original cubes, the <111> spe01mens were neces-
sarily smaller thanvfhe <lOO$ crystalsy typical cross'sectlons ﬁere
'im.lhO inch thick; These crystals were then cut-tc the approprlate.length'
to obtaln length to thlckness ratios between l 5 and 2.0.

After cuttlng to the approprlateidlmen51ons; all spec1mens were

'mounted in a special jig and sanded'On bOtn ends nith "O" grade emery
lpollshlng paper to insure that the ends were flat, parallel to each othenﬁ
: ‘and perpendicular. to the_loadlng axis. Prlor to testlng, each crystal

”~

was polished for 1/2 hour in 85% H3PO, at 100-120°C to remove the surface
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damage incurred in cutting. Masking 1acquer was usedfto protect.tﬁe ends
of the specimens from attack during the chemical polish in'order to madn—
tain flatness. Disappearaccerof birefringence.effects from the_crystals
after chemicaivpolishipg confirmed the removal'of the damagedtsurface .
layer. _ | | -
v';;B._;Apparatus
Specimens were tested in compression inbavsmall dead—ioad testicg
machlne similar to that descrlbed by Sherby (1958) - The total strain
was contlnuously measured by a llnear varlable dlfferentlal transformer
and recorded_by a recording potentiometer;' Overall'strain sensitivityt..
was tdSrlO-S.k Elevated_temperatures Were obtaineddby a smallvresistaoce
furnace positioned around the specimen and were constant to withiﬁ +1°¢
--of the%reported values. | |

; C. Creep Tests

) Spe01mens were placed between two 99 57 Alea buttons.for creep
testlng to protect them trom.contact w1th the stalnless steei 1oad1ng
. platens.‘ A 0 OOOS 1nch thick platlnum f01l between the L1F crystal and

;.the A1203- buttons acted as a lubrlcant and allowed the crystal ends to.

, .sPread dﬁring the course of a test, thus essentially elimicating barrei—-

1ng which frequently occurs. in spec1mens tested in compres31on. Those
~W—-ﬁport10ns of  the ‘Pt f01l extendlng outward from beneath the LiF crystals
were observed to undergo some chemlcal attack, partlcularly after tests
at higher temperatures and longer tlmes. A”yellowfgreen powdery resrdue
was often obserwed aroundvthe~edges of the crystal wﬂile the;crystal_
itself remained'colorless and apparently free_fromfcoctamiﬁation.' The

”~

major portion of the Pt foil between the LiF'crystal‘and the Al1,0;
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vbutton was not.ettacked. ‘Test temperatures (650°-750°C) ﬁere:reachedvvh
after heatipg forvfoﬁr to six hours, and specimens were normallyvheld'at
teﬁperatﬁre for severellhocrsiprior'to applying the load.

The majorlty of the creep teets.%ere performed at‘e single etress
end tempereture. Te insure.that‘a constent stressAﬁas maintained;»
‘thrcughout'the-teSt, additioﬁal predetermined load,increments were added
at:engineering strain intervals of 0.01 to compensete for the increase‘in_
cross—section with'compressive.strain.l.Iﬁitially"theeeVincrementslwere
calculated by assumiﬁg conetancy ofIVOluﬁevand neglectlhg any:berreling;-
Ttﬁat may havevqccurred; Subsequehtly, as the.humter.df crystels tested :
”ihcreaeed,-it Was possible to aevelep an empiricaltccrrection;besed on
the'actual_change ip cross—eection as a functieﬁ-of‘strain. 'Thue the -
ﬁaintecance'ef e true constant strees level tﬁrqughout the'course'cf a
“test was assured.. | |
A small numbervof crystals were eubjecteébto "lncremental“fcreep:
ﬂtests,rl.e},.tested”at'e constant temperature and a humber c} different
mstressee er;alternatively deformed under a constant stress‘ﬁhile the
temperature was cycled ever a narreﬁ range. This approachfetteﬁpteAto
‘minimize experimental'scatter'between specimens for the eﬁeluationpof -

stress and temperature dependence of the creep rate.,

DL Mlcrostructural Observations
fAfter‘deformaticn,'specimeﬁs were.prepared.fqr microstrﬁctural
ebservatione'by eectioning"ﬁith a resin bonded diamond blede. The'
crystals were mounted in plastic and polished througﬁ "L O" emery pOllSh—
1ng paper followed by pollshlng w1th Llnde A'1n water. A chemlcal pollsh‘fl‘

1n a 2% solutlon of NHuOH in dlstllled water at ‘room temperature was used
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.to remove the surface layers contdlnlng damage from the mechenlcal
lflpollshlng Flnally, the crystals vere etched in & solutlon of L7 HBVq
iln 200 proof ethyl alcohol which was shovn by Scott and Pask (1963) to

reveal dlslocatlons on all:crystallographlc,faces of L1F.,A |
'lSeveralbbeck;reflection Laue X;ray ?atterﬁsAﬁerewmaAe fremsleformea_
| crjstalslto determiﬁe e éualitetivelindicatioﬁ.Cf the.@egree cf.Poly_
. gonization. :Specimens were-exposed to tuﬁgstes_Ké‘radiatieﬁ{at Sb>kv
and 20 ma for apbrox1mately 20 mln.; ” |

3. RESULTS

'fAL:'éreep'Curvesr.'

' Several rebresentatlve‘creep curves are shown‘ln flg.rl for I R. :
b‘crystals tested at 700°C in both <100> and <lll> orlentatlons.: The - :
'”prlnc1pal feature to be noted is the extreme dlfference in length of

. prlmary creep perlods for the two dlfferent stress axes;~ The <100>
_crystals exhlblted an extraordlnarlly long prlmary perlod generally

vtrue stralns as hlgh as 0.20 or greater were requlred.before steady—state
.creep wes establlshed. All crystals tested in the <100> orlentatlon
exhlblted this exaggerated" primary creep behav1or the length of whlch |
»‘vincreased etvthe hlgher stresseS'and temperatures.' | ' B

Crystals tested 1n the <lll> orlentatlon .on the other'hand ex-.

'hlblted short prlmary creep perlods as llttle as O. 02 0. 05 true straln
telng requlred for the establlshment of steady—state condltlons., Desplte
the lerge differences in-primary creep perleds, the final steadyfstate'-"
vstraih rates forvcr&stals,inbthe two Oriehtatleﬁs{tested;at a givenv
stress Were'normally Witﬁin a”factor'of two af each.other:altheﬁgh'the

e

<lOO>__crystels usually had the higher rate, as shown in fig.bl,lehe
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figure also indicates that the time to reach equivalernt strzins is much

.lohger for the <111> orientation.

: B;: StressiDeoendence
- A“first aoproximatiohhofithe'relationShip betveen the.applied stress
'and the'steady-state straih.rate may'bevobtained.by cohsidering the B
;experlmehtal data in terms of the. phenomenoloélcal relatlonshlps des—'
cribed prev1ously in eqn. (3) Flgure 2 1s a plot of . the steadj—state
';creep rates as a function: of applled stress for <lOO> crystals of " I. R..l“"
quallty (open symbols) deformed at 650°, 7009, and 750°C (O 8—0 9. Tm)
and <lll> crystals deformed at 700°C.:, Data for mono-quallty and U V.
lﬁequallty crystals are shown by half shaded symbols whlle the <lll> crystalsvv
lare represented by solld symbols. | -
The results shown in flg. 2 1nd1cate that the relatlohshlp between iy:~

:steady state straln rate and stvess 1sA1n the form of a pover law w1th
y'the value of the s»ress exfoneht, correspohdlng to n in eqn; (3), equal
’ fto 3 9 for 650° and 700°c and k.0 for 750°c I. R” quallty <1oo> crystals.fv
Sllghtly lower values of the stress exponent were obtalned for hono.
'l( 3 6) and U. V._(n = 3. 9) crystals at TOO°C but since only three R
| ipo:mts each were obtalned for these materlals, the dleerence betw

.them and the I. R. results 1s not con51dered to be 51gn1f1cantl' A power tif‘f
E law relatlonshlp 1s also 1nd1cated for <lll> crystals wlth a: calculated
value of n = 3. h A c;starlson of the <lll> data‘w1th the data for ' =
<lOO> crystals at 700 C reVeals rather close aareement between steadye:
state strain: rates at correspondlna stresses This 1s'part1cularly

noteworthy in llght of the marﬁed contrast between the shape of t} creep3

curves for the two orlentatlons and the correspondlngly much loncer tlwe
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ior a <111> oriented crYStal to reach an equivalent strain.
Several <lOO>1crystals prepared in the form’of cubes (1/t = 1.0)
- were deforned at 700?leorfcomparison with crystals'of the_normal:sine
(1/t = luS—é;O). These.results,bindicated by starredf(*) points in‘:
fig. 2, were similar'to the normal shaped specimens inbthat the stress_
exponent calculated from the four data p01nts was equal to L. 1. ‘The
_ general consequence of redu01ng the aspect—ratio of 31ngle crystal creep
‘spec1mens appears to be a reduction in steady—state strain rate for a.
”dpglven stress w1thout affecting the stress‘exponent Langdon and Pask
'(1970) observed a s1milar reduction in strain rate w1th l/t for poly-
.:crystalline_MgO_creep experiments in compression uhile the stress ex-

ponent remained constant.

:.C. 'Incremental Stress Tests‘.

Crystals tested in the <lOO> orientation gave 1nconSistent results
: when.attempts Were made to ascertain the stress dependence by the 1ncre— U
mental technique. That true strains on the order of 0. 20 were required'
‘before steady state conditions were established particularly linited the'
usefulness of this approach for on changing_the stress to higher values,
© new primary creep usually.ensued requiringtercessive-total strainstor :
,the completion of the test. Also, strain rates were notireproducible.
on: returning to a given stress after an intermediate stress change.

' Contrasted to this unpredictable behav1or, <lll> crystals responded‘ i
1n an entirely con51stent and reproduCible manner to the incremental |
-technique - For exanple‘ the results are shown in fig..3 for a <111>
bcrystal suhgected to stresses between 100 pSi and.250 ps1 during a Single

.

test sequencevat~700°C. The points plotted correspond to the;ratios of
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,stresses and-Steady state strain—rates‘after'and before a given change
lh'of"stress.: The slope of the line shown results in a value of n = 3.3 in
excellent agreement w1th the n = 3 L value obtalned for <111> crystals
in constant_stress tests.v

D. 'Temperature Dependence'

-

To determlne the apparent actlvatlon energy for creep, correspond—
~ing to Q in eqn.'(3), values of ln € were plotted as a’ functlon of rec1p—
“rocal absolute temperature'for various constant stress levels;_:Theﬂﬁ.

fresults are shown in flg h Values for Q calculated from the slopes of

IO

the llnes showm range from 6h 1 to 65 6 = T kcal/mole suggestlng that the e

apparent actlvatlon energy 1s 1ndependent of stress, purlty and crystal

orientation over tne'range.of experlmental condltlons con31dered.v

: E.' Incremental - Temperature Tests

Crystals tested 1n the <100> orlentatlon exhlblted the same dlffl— o
- cultles when subgected to 1ncremental temperature tests as. descrlbed |
lprev1ously for change in stress experlmentsti It was therefore 1mposs1ble
. totdetermine a reliable yalue7for'Q by this‘nethod.pl“ | |
in contrast ‘the results'obtained from increnental tests for <lll> E
crystals were, as for the incremental stress.erperlments; con31stent and
'reproduc1ble. The results are shown in flg. 5 for a <1ll> I. R. quallty.“'
crystal’ cycled between T25° and 750°C at a constant stress of 200 psi.
:.Here, steady -state condltlons were establlshed qulckly 51nce the crystal o
responded rapldly to a change 1n temperature. The values of Q calcur ﬂ
. alted from each change, averaglng 65 7 kcal/mole were closely groupedy,-v

I . . -
vand in good agreement w1th the results’ from 1sothermal tests for <lll>vf
crystals shown in,fig.’h,.confirmingvthe inVarlance of apparent.

Ko
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actlvatlon energy w1th crystal orlentatlon

N O Modulus of Elastlclty

| " The recent work -of - Mukhergee et al. (1968) hasbshowh'how‘the

vaéparent actlvatlon energy Q obtalned from dlrect eiperlmental measure-
:ments may.be 1n error due to the effect of the temperature‘varlatlon of
,[dthe,shear modulus G on the‘constant.term AY 1n-eqn; (3). To determlne o L

this effect for the present work, eqn. (1) is arranged in’ the form:f o

/

R /RT T m

vhere A" is a newvcoustant'incorporatinglb and k. Taklng data at a con- . -
'stant value of g-and two temperatures T, and Tz, the corrected value of

G .

actlvat;on energy is glven by

(r/0)>
. (er/eh
'*"QC ) (T2~Tr)/T1T2

~ R'ln

B ‘; (5)

Shear modulus values for LiF single crystals obtalned from the hlgh

temperature measurements of Hart (1968) llsted in Table II were used

ito calculate values of az-and E’Whlch were then plotted for <lOO> crystals

A _ -}
- in fig. 6. For constant values of %-between T x lO > and 1. 5 x 10" - the
'calculated-valueS'of Qc ranged from Sl.OAkcal/mole to 55.2 kcal/mole,

: about 10 kcal/mole less than'the apparent activation_energy_values':

obtained from fig.Ah..
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. k. DISCUSSION

| A.. Shape of CréeD:Curfe:

.The primér& or,deéfeasiﬁg stféin.rate portion:of‘a cféep'curvg,isvf
:uégally as§§cia£ed-with the,dévélopmenf;of a'stab;é.SﬁbStrﬁéfﬁié{ciéréc;
'tepisticiSf thé'e%ﬁefimeﬁ#él conditi§h$.‘ifhe méfkéd contfésﬁ'inviéégih
. Qf primary creep ;efiog for <iO0$ and_(lll>‘ofiented éfystéis;tasxshﬁtn'v
invfig, l,vthen_probably reflectévdifferen¢es‘ih the'prdcé$s¢55coﬁtréliiégv:“
'the generatlon of sdbstructure.' - V |

For crystals orlented with the anolléd otressvnaralAe1v§o <180>;ﬁ
four;{llO} <1iO? slip"systems are equally"stréééeda, The studieé'ng 
Copley énd;Pask'(l965) aﬁd-nay and-Stogeg_<1gss; on Mg end the move | .
recent work of Day and Johnston (1969) on id a |

crea31ng re31stance to dlslocaulon int:rsccticns Qn'@rtbcganni zﬁé

obllque {llO} Sllp planes. For LiF crystels pulled in teasion ﬁ;.iziaiai

1ntersect1ng dlslocatlons cannot lopees

I

 a thlrd dlslocatlon. Dlslocation
can react to form‘a third séssilc
"Arrays of these pure edge sen
_themselves by climb procew)v
'strains in excess of 0.20 urw f?‘

W

B state creep in <lOO> Crys tu

PRy AL L Pt
fyiry v tE S

. g . s ;’f:f\};i‘?gk‘?ﬁ‘f—‘;
1ntersectlon ‘and SubsequenL Pesd 88




ah- s

obllque {llO} planes

| In contrast to the behavior of <100> crystals, dlslocatlops mov1ng
pon the three equally stressed {lOO} gllde planes for erystals in the
.<1ll>or1entat10n do notvreact upon 1ntersectlon This may be rerlected o
in the relatively.short primary period_otserved fori<lll>'crystals.as:
steady—statevconditions'arewestablishea within a‘feﬁ minnteS»of the |
:application.of the stress and'after a snall trﬁebstrain._i 7

—B. Stress Dependence :

'tllThe‘value.of the stresspexponent; n, in eqn.l(Sj.maf?oe'nsed'as'an
indication of the particular rate.controllinéVmechanism for creep."Forvpg;_
polycrystalllne materlals unaer conditions where creep ocecurs w1thoutv
_the motion or 1nteract10n of dlslocatlons, SO~ called v1scons‘ or dlffu-
:-51onal creep, a stress exponent of 1 is often found as predlcted by the
theorles of Nabarro (l9h8) Herring (1950) and Coble (1963) Creep )
;-vmodels 1nvolv1ng the motlon of alslocatlons elther by gllae or cllmb

predlct hlgher values of n. In a recent rev1ew of dlslocatlon‘models 01’

vf"creep,_Weertman (1968) has shown how n may be found to vary from 3 to 6

or’ even-hlgher, depending on the particular d__lsl-ocatlo_n mechanism pre——.__.
dominating
: : . - ay
Over the 11m1ted range of. stresses and temueratu_es egpl y 4 in thkis
'»inVestigation;.experimental‘values’of n range‘from 3 6 to b, l Lc* <lGO>
v orlented crystals OL all purltles, and coual 3 L ;or <lll> orlcq e VR
l'quallty crystals. r"‘"ue observed values of n thus fal kztc_n'tuc rengcb

antlclpated for a rate controlllnp nmechanism 1nvo'wlng clltb or ot

' non- conservatlve motwon o; dlslo t;ons.



R TSN

.
N
2
wgt L

H

o od U 5--5].u' 2 ud
o-15- . . IBL-1152

The various theoretical models of creep deformation were recently -

o reviewed by Mnkherjee,’Birdvand Dorn (1968) who concluded that for metals-.
: 'exhlbltlng a stress exponent in the range from 3 to 6, the cllmo of edge

dislocations is the most probable rate con+rolllng mechanlsm for creep

'hThe dislocation climb theorles of_Weertmann (1957), Chang (1963) and

Nabarro (1967) predict a power-law stress_dependence with n = h S h 0

and 3.0 respectively, all in agreement with the'range of experimentally

' obServed valuese- Gifkins (1970)7has pointed'out the dangersrin attempt? .

1ng to unamblguously 1dent1fy creep mechanlsms from- measurements made

over limited ranges of the experlmental varlables._ Therefore, on the -

-basls of relatlve agreement of the measured and ant1c1pated values of n,

a dislocation climb mechanlsmvof some type is thought to control the hlgh

temperature creep behav1or of LiF s1ngle crystals.

C. Temperature Denendence

The activation energies for creep_deformatlon in many materials

~ have been“Shown'to agree wellhwithlactivation energies fOf éélf'diffu—

: sion.: For pure metals w1th but one atomlc spec1es the agree ment is par-

e

tlcularly good while in non-metallic systems there are not yet suf-

' f1c1ently Aumerous or prec1se measurements to reach the same conclu31on

_with complete certainty.

Table III summarlzes the actlvatlon energles for dlfrus1on in -~

V 11th1um fluorlde obtalned from NMR measurements by Elsenstad (l963) and -

Stoebe and Hugglns (1966) and from the conduct1v1ty data of Have (1950);

'nxperlmental values of Q from 1sothermal tests for <100> and <11l>

crystals (fig. h),'averaging 65 kcal/mole, aye somewhat ln»excess of any

" of the previously reported values for diffusionpin lithium:fluoride.
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: Ho%ever when rhe oreep eqoatlon 1s.eorrectly formulated to 1ﬁclude the
| effect'of temperature varlatlon of the shear modulus, the calculated
:iralues of-Q s 51—55 kcal/mole are in good aéreement with Elsenstadt S »
(1963) value for fluorine ion dlffu51on._ Thls flgure also agrees with
B the results of Cropper’and Langdon (1968) for polycrystalllne LiF in :'
whlch the- actlvatlon energy for creep was determlned to be 50 1 kcal/

' mole.'v Thus, as in the case for ma.ny metalllc systems, 1t appears that o

the high. temperature creep deformatlon of LlF s1ngle crystals is con- .-

'v__trolled by lattlce dlffu51on with the rate controlllng spec1es being the

N larger, slower mov1ng fluorlne ion.

4

D.- Mechanism and Correlation with Other Systems.

~ Following the enalysis presented by Mukherjee_etyal;:(1968), a com—

Darison"of'the‘data can be made with creep studies in metallic'systems

by preparlng a plot of &L vs & from eqn. (l), where. D is taken to be

DGb ' G ° o
;the’dlffu31v1ty of the rate controlllpg Spec1es. Using D values obtalned .
‘vfrom the results of E isénstadt (1963) forHFh ion alffu51on 1n L1F and

o taklng b = 2 83 x 10 -8 cm, the data for crystals‘of both orlentatlons S

,vand all purltles are shown in fig. 7 The data p01nts for ‘the <lOO> T-R. S

’ quallty materlal at all temperatures and stresses (unshaded symbols) are"
‘(reduced to a stra;ghtwllne relatlonsh;pkwhose»slope n, is equal to h l

the results'are'thus,best:reéresented by the relétionShip .

Db 8.9 x 10} (G) o  (5)

. The U.V. qualityﬁpoints are;sﬁperimoosed’oh the pattern ofbthe I.R. data
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o while the Mono. quality data gites a value_of.n df 3.9. 'The <1l11> data
reduces to a straight line relationshiphwith a value of n of‘3.l;'the dis-
placement of the line relative to that for the <100> data is due to the
difference in the shear modulus G for the two orientations (Table II).
The dlsplacement of the 1line for the Mono. quallty <100> data relatlve to
the I.R. and U. V. quallty <100> data is. due to lower strain rates for
equlvalent test condltlons because of a hlgher magne31um contenu (Table I)
These results for 51ng1e crystal LiF agree Well with the general
findings of Mukherjee et al. (1968) for f.c c. metals whlch are repre- °
sented by the area between the two dashed ‘lines. In addltlon, the- data
obtained by Cropper and Langdon (1968) for polycrystalllne LiF, when
plotted in terms of the dimensionless parameters of flg (7):very nearly
coincide with the <100> oriented single crystal results.- The stress ex-—
ponent found in_that study was considerably higher than that ebserved‘
here (n = 6.6 vs n = 4.1), and may reflect the additional constraint
imposed on the - deformation process'bj the presence of grain‘boundaries.'
Nevertheless, the agreemeht between results for single crystal and pely—

cxystalline LiF with the general trends observed in f. c.c. metal leads '

7 to ‘the general conclu51on that 51m11ar mechanlsms, prdbably 1nvolv1ng

':the climb of dlslocatlons, control the high ten@erature creep behav1or

'of these materlals."

" E. Mlcrostructure

- Back reflection Laue X—ray photographs of <lOO> orlented crystals'
1ndlcated extens1ve subgraln formation by the replacement of each of the -
-single spots in the pattern of. the undeformed crystal with an array of '
spots each’ dlffracted from a different sllghtly mlsorlented subgrain 'in R
. the- defbrmed cxystals. On the basis of the Laue patterns, the degree
* of mlsorlentatlon hetween subgralns is estlmated to be not more than

7f_‘about f1Ve degrees.
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Optical nlcroscopy confirmed the formation of subgrains which vere.
reyealed by sectlonlng the deformed crystals parallel to the stress
lax1s, chemically polishing and etching the surface. A particularly clear
~example of how the creep substructure may develop from slip bands 1ntro—
lduced early in the deformation process is provided in fig. 8 4a photo—
micrograph taken near the end of a <lOO> crystal deformed at 650°C and
200 psi. - This structure suggests that {llO} Sllp bands may prov1de the
framework for subgrain boundaries which develop here predominantly at
angles.of h5° to the stress ax1s (horlzontal)

The relationship between observed subgraln diameter and applied
stress is apparently similar to that observed for metals in that the -
‘vsubgrain size decreases With 1ncrea51ng stress. Using the-linear interf
:cept method, estimates of the subgrain diameter § at varlous stress
"1evels were obtained from <lOO> and <lll> crystals deformed at TOO°C and
-are plOtted as dimens1onless ratios 6/b where b is the Burgers vector, '
- vs. the dimensionless stress function %-1n flg. 9.  The calculated slopes
" of the lines through the data pOints are -0. 93 for <100> and ~l 2 for
v<lll> crystals, Wthh are in good agreement With the experimental obserVa-‘
tion for metals that subgrain diameter is proportional to‘theb—l power
of the applied stress.‘ | ” N

That well defined subgralns do form during creep of LiF 51ngle-a
fcryStalS_is yat another'piece of eyidence:that creep in this system is

‘controlleduby a dislocation climb mechanism. _"
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5. CONCLUS.IONS 2%
l;- The creep deformatlon of LiF 51ngle crystals is. characterlzed
'tby extended prlmary creep for crystals in <lOO> orlentatlon w1th stralns j
of 0.20 or more requlred for the establlshment of steady—state creep..tp'
tIn contrast, crystals deformed in <lll> orlentatlon reach steady—state
condltlons rapldly with prlmary creep stralns of O 05 or less requlred
Desplte the dlfference 1n prlmary creep behav1or for the two‘orlentatlons,
‘-steady.state creep rates at correspondlng stresses and tenperatureslare
W1th1n a factor of two w1th <lOO> crystals hav1ng the hlgher rate. -”
| 2; ‘The stress dependence of the steady-state creep rate was deter—i'
'mined'to be ln the form of a poWer law for crystalsjof_both <lOO> and
-<lll> orlentatlons, and 1mpur1ty concentratlons ‘up to 300 ppm, with the |
stress exponent n ranglng from 3.1 for <111> crystals to’ h l for <lOO>
‘crystals. The effect of reduc1ng the 1n1t1al length/thlckness ratlos ;'
'of the spec1mens from the normal 1.5-2.0° to cube proportlons (R/t l O)

appears to be a unlform decrease in steady~state straln rate Wlthout

';fchanglng the stress exponent.

3. The actlvatlon energy for creep was determlned to“be 53 T L

_'kcal/mole over the temperature range cons1dered regardless of crystal
' orlentatlon or purlty ThlS compares favorably w1th the actlvatlon »

' energy for lattlce dlffu51on of the fluorlne ion in LiF, SO 7 kcal/mole.'

';h Attempts to determlne the stress exponent and actlvatlon energy i

by, the 1ncremental technlque were unsuccessful for <lOO> crystals. The L

structural _changes accompanylng the long prlmary creep perlod apparently

,contrlbute to the large amount of . scatter and,non—reproduc1b111ty ob-

served'for‘that orlentatlon,- In contrast <lll> crystals responded 1_

e

.
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, "‘p'to the incremental_techhique'and gave results in'good agreement with

- values for n and Q obtalned from 1sothermal and constant stress uests.

b." Well developed subgralns vere observed in ‘Voth <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 meny-metals.

€T

'5. Whenbformulated in'ferms of‘the dimensionless parameters ey :

'and o~ the results for L1F 51ngle crystals fall in the range observed

G,

ffor metals when creep 1s dependent upon a dlslocatlon cllmb process

”hbThe results thus suggest that the creep of L1F 51ngle crystals, over theﬁ_-s"

;
range of,experlmental varlables'encountered here, is probably's1m11ar.t0’{/~
S L D . g ‘ - ‘ R ‘
that -observed for many metals, and is. dependent upon a dislocation. climb

_process. S
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v ,Table-I{»1Catioﬁ impurities'in,ppmﬁ

.Element - o Mono. - o ~ I.R. - 7 U:V.

~ Magnesium (5) . 2300 "5 T -f' f' "5
Caleiwmn (3) . A5 a0 16

Copper - (2) ‘ . <2, v np o HJ-"<2_ :

‘% Determined by American Spectrographic Ldbofatories,~1hc;;'san Francisco,.‘
California. - - S Coe : S
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Table III. Actifaﬂioﬁ energies for diffusion in LiF

Extrinsic. ..+ < Inbrinsic . ..

o) g g ) rer
16.3 keal/mole - ] b7 kcai/mélen . 50.7 kcal/ﬁoléf  N
5.2 T o

¥ Eisenstadt (1963).
% Stoebe -and Huggins (1966).

*¥* Haven (1950). -
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FIGURE CAPTIONS

'Representatlve creep curves for <100> and <lll> crystals tested

.

at 700°C and stresses of 150 and 200 p51.-'

. . Strain rate vs. stress for <lOO> and <111> crystals{

Straln rate ratios vs. stress ratlos from 1ncremental stress
test on a <111> crystal at 700°C.

" Strain rate vs. l/T for <lOO> and <lll> crystals.

fStraln rate vS. straln for <1i1> crystal in 1ncremental tempera-:"

ture test at a stress of 200 psi.

."Normallzed straln rate vs._normallzed stress for <lOO> crystals.

Dlmen51onless straln rate functlon vs. normalized stress for all;

erystals.

| <100> crystal deformed at 650°C and 200 psi.

Subgraih diameter vs. normalized,streSS'for <lOO>'and,<lll>'

vcrystals at T00°C.

~-
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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