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LOW TEMPERATURE DEFORMATION MECHANISMS
IN L«F SINGLE CRYSTALS

Hira L Fotodar and Thomma G Stosbe

ABETRACT

An analysis of the deformetion behewior of high purity LiF single crysmls 15 gren using \r--ldmu snd work
hrderung data sng thermally sctwvatd deformabnon parsmettn shtmnad in the tomparaturs rengs 77 —423°K (tisTound
that while the Fleiccher michanism o apparantly velid axperimantally over the thermally sctivated temperature vangd
vacantsn produced in lerge rumban 8t 77°K could alsa play arols m decermining the critical resolved shear stress at that
temperature The temparature dapandenss of the work hercdening rste 13 $2on 1o cdepend on the incresss tn didocabon
dabris proguction e lowsr Tempergwures Work hardsmong & contredied by long meoge chlocaton delocation dipole
iierectlong aver the enure temparature range studied

INTRODUCTION

The mechamcal behavior of 1omc erystals having the rock salt structure has baen studied
extensively as 4 maans of scquining s batter understanding of diglocation behavior tn zohds In LiIF the
early work of Gilman and Johnston* ! included the imvastrgetion of many mpaects of dislecation behavior
and the effact of impuntiws an yielding and flow |0 particular Giman'2! showsd that tha critical resalved
shear stress wn LIF single crystals 15 deterrmmed by the stress required to mowva frash dislocaticns whiis
Johnston'3! demonstrated that the resistance to motion for these frash dislocations is providsd by
impunties The influenca of impurities on yisld stress was attrnibuted to edge dislocation intaractions with
tetragonal lartice distortions by Flascher'® and more recantly the theory af such hardering has been
further refined!S ! Experimental clata demonstrating Flasscher hardeming i LiF has bean presantsd by
Reppich'?! and by Guiw and Langdon'8!

Maost of tha pravious deformetion studies 1n LiF singla ¢rystals have concentrated on yielding
effects and many have utthzed impure crystals Impure crystals have a hugh yield stress and shaw nnh{ one
stage OFf work hardening High purtty LIF on the othar hand shows consistant iow yield valug'?
three stage work herdernng behsvior above room tnmperamrn“m Balow room tamperature the ductlllt'.r
and work herdaning behavior have reported annmalla:” 11 which are not wall understood

Tha purpcse of thas paper (3 0 presant an overail analysis of yielding and work hardening in ngh
purty LiF single crystals over a wide range in temperatures Yielding and work hardening deta ar@ reported
in tarms of thermally activated stressas and tharmally actwated daformation pararmetars are anaiyzed st e
function of temperatura stress and strein 10 erder 1o dentify the varnigus rate controlling machansmes
contributing to work hardering in the temperatura rangs 77 — 423K

EXPERIMENTAL PAQCEDURE AND ANALYSIS

High punity LiF single crystals of size 10 x4 x 4 mm*® purchased from the Hachaw Chermcal
Compeny n 1871 ware annealad at 700°C 1n ar for 48 hours and furnace cooled These crystals cantam



less than 3 ppm of divalent cation impurrties, chiafly Mg™ The samples wora deformed 1n compression
alorg a (001} direction in an Ingron wniversal 1esting machine Lunyg a specially desgned low temperaturs
jlu“ The stress strain curves of saveral smrmples were deterrmined at sach of the temperstures 77 186 or
168 286 373 473 and 623°K at m stramn rate of 0 002/min, the resutts typically baing repraducible to
within £10% The ortical resalved shaar stress {CRSS) was takan as the O 1% offset proof stress The CASS
may by seperated imte ds componams 70 the short range or effective strass that can be tharmally
overcoms amd] Ty the lerg range of athermal srress this was dome by obtaning Tﬂfrnm tha
tamparature-mdapardent portion of the CASS vs temperature curve

Thermal activation parameters ware obtained from strain rata cyching tasts in the temperature
range 77 — 473°K Strmin rate cychng utilized stran rate change rations {€,/5,) of 20 arad 40 for s base
strain rate of 50102 x 10~*/min Ty was calcuiated g3 a funetign of stran as the difference between the
applied shear qiress 7, &t that stram and the value for the effectve stress 77, determined from srain rate

I:'y'clmg“ al

Ahlgrnately doubls strain rate change teats wers canducted at room temparatura to svaluate Ty ws
a function of stran unlizing one speciman each ot each 1% strain incremant In thrs test three sran retes
ars used 1 suech a way that £, /6, = & /65 emabling tha usa of tha relationt! 3

Ty —T1 T3 )
Ty = —F =
H 21':1 -{T] ‘l"'l';;..l
A plot of 7, Tu and 7% 25 » function of stram then indicates the relative contrlbutons of tha larg rangs
ard short range strasses 1o deformation processes and wark hardening

The actvation welume V" can ba calculeted fram 1ha ralstion
- — %
VT o= kT ISy {2)

whera K 5 the Boltzmann constant T s tha absolute temparaturs and A7 i tha changs in flow strass when
changing from fugh to low strain rats A plot of sctivetion voluma V* versus strmin at diffscart
tarnperaturss or B plot of V™ varsus 7" ot 8 particular etrain can then ba obtainad In this papar V™ values
are taken st 2% strain 5o as to avaluate the work hardantng machanisms during Stage | defarmation I LiF
single crystaks

Activstion anthalpiee AH ware detarm ined using the rBlItIhl'r“ 4}

drc
AH = -TV" 7]

dar ‘e 3}

wheta T_ 15 the CASS A plot of AH versus 7" was obtainsd using values of (dr_fdT) abtained as siopes from
the CHSS tamperaturs plot at varwous temperatures The mwowl enthalpy of ectivation for dislocation
motion AH, was determined using the rqlmon' 14}

AHy = AH + [T vear” L
o

Values for tha integral in g [4) were obteined by graphical integration of the V* varsue 7" plots Such AH,
datermnations are helpful in extablishung whether low temperature work hardening in LiIF single crystals is a
singly oF muitiply sctivatsd process ovsr the sffective siresm range studied



RESULTS
A TEMPERATURE DEPENDENCE OF YIELD STRESS

Figure 1 shows the affect of tempgerature on the orical resolved shear stress of theses LIF sinale
orystals The temparature independent porpion of the CRSS temperature curve gives L 27 gmimm?
The eritial temperature T, below which the CR5S becomes temperature dependent | 375°K ta an
accuracy of about +26°K A computed polyromial leest squsres fit 10 the low temperature data yialds an
gatrapolated value for the CASS at 0°K of 642 gm/mm® Using T# above the short range effective strass at
0°K i3 catculated to be T; = 550 gm/mm*

The Flescher relatlunshlp[‘}
ternperatura whers 7% = 0 15 given by

written te nvolve the efactive stress 7" and T, ths crnitical

rll

T }"':]:
-

- {1 —i=l
a Tn

This indicates that 3 plot of 7" vs ﬁshnu]d be limear with 'r; and T, being detarmined frem the
imercepts with the coordinate axis Figurg 2 shows such a plot for the data i Figure 1 Thus yields a Tinear
relatiorship and gives values of T; = 1050 grm"mm: and T, = 425K

B STAESS STHAIN CHARACTERISTICS

Figure 3 shows characteristic curves of true resolved shear stress ws true strain for pura LIF
samples at 77°K 186" and 296°K At these tamperaturea the samples show only ane stags of work
harderung before fracture At 77°K LiF sesms relanvaly ductile and wmwarisbly fractures at about 0 13 true
strain while et 186"K samples fracture at about O 10 true strain At 296° K fracturs usualiy occurs at
sbout 0 O8 true strain at this tempergture samples genarally show ane stage of work hardering up to 0 06
true strain after which a transition to & higher wark hardening rate s observed At higher temperaturas the
ductirty again ncreasas and mult stage work hardening behavior 15 obterved depending on purity
temperature strawn rate and ipecunen geonetry as has been reported taalrlmrI T3

Typical thermal end athermal contributions to the fiow stress are shown ag a function of stramn for
two temperatures in Figure 4 Herg the applied shear stress T, 5 resolved into 115 componenty T and
Tu utilizing stramn rate cyeling at 77°K In Figure 4{a) and using doulite strain rata change tests at 246°K i
Figure 440} 1t 15 seen that the thermal component of the applied stress remanas constant with strain This s
typical of other temperatures as well end ndicates that work hardeming 15 predommantly athermal m
mature |n this system

The work hardening rate pbserved at 0 G2 true strein s shown as 3@ function of temperature

Figure 5 Utilzing our preciously published work! 12! data covering the range 77 1o 473°K 15 shown The
work nardening rate § calculated as dr 1§ normalized 10 Frure S 0 terms of the shear modulus | Here s
seen that the work hardemng rate decreases as the temperature 15 raised above 777K then increasss again
sbove 206" K as reportad earher Abgve 473°K dynamie strain aging has been cbserved further increasing

work hardering rates as raportad elsewhere! 15!
£ THERMALLY ACTIVATED DEFORMATION PARAMETERS
Activation volume measuremsnte were underts ken over a wida temperature range to amh m the

astablishment of daformation mechantsms in these pure LIF single erystals Figure & shows a composite plot
of activation volume vs Ttrawn for temperatures from 77K 16 423°K It 1s seen that at & given stramn tha



act wation volume values incraase with increasmg temparature With ingreasing strain the activetion volume
decreases uniformly and rapdly abave 206°K Below 2X°¥ the decrease is less uniform and smatier in
magnitude at 777K the activation volume varies with firain i a complicated manner inot obvious on the
scala of Figure 6)

The veriation of activation volume with the thermal component of the flow strest T° taken at
002 strain s shown (n Figure 7 for s strain tata ratro of £, /&; = 40 [base strain rate 49 x 10°%/min} It
13 pean that tha activation volume decreases with incraaaing 7~

Tha total activatian anthaipy AM, can be deterrmned from s graphical wtegration of Figure 7,
utilizing eq {H and AH values calculsted from eq (3} Figure 8 shows the varetion of tha resultant total
sctivation snthalpy with sffective flow sirass +° Three regions can be distinguished with (a} AH,, increesing
wrth increasing T in the range of +* between 0 and about 180 gm/mm? then {h) AH_ ramaiming nearly
canstant between the 47 values of 180 gm/mm® snd 300 gm/mm? corresponding to AH, = 158V AH,
apparently decrsases above T* = 300 gmimm® {cl

DISCUSSION
A CRITICAL RESOLVED SHEAR STRESSES

In thermal egquilbrium at temperatures below S00°K LiF crystals contain impurtty vacency
dipoles even f the content of dwslent cations 15 less than b ppm“ 8] The resistance offersd by
impyr ity vacancy dipoles to the metwen of dislocations lwds to a strong temperature dapendence of the
CASS due to the short range nature ¢f the dipole strass flald This s tha justification for the application of
Flaisehet $ modal in thas systam wiich s shown to be expenmentelly justibed in Figure 2 Tha value for
tha critical temperaturs from Figura2 T, = 426°K agrees rather waill with the value of T, = 75 125°K
obtnined from the CRSS-temperature date 1a Figure1 On tha other hand the 7 valus obtamed fram
Figura 1 15 much lower than that cbtamed using tha Flazeher amalysis Similsr discrepancies betwean the
axperimental valus and thet abtamed using the Fleischer aralysis heve bean obsarved m other $yste rm“”
but the significance of sueh discrapancias 13 not knowr Thet Flescher s modal eccounts réativaly wall far
the observed temperature dependance of the CRES in high purity LiF singfa crystals 15 1n sfeamdset with
the work of Happmhm wht hes shown that in aamples sortalinrg one 1o 50 ppm of divalent cetion
IMputites the temperature dependence of the CASS for the region below 473°K can be sxplained by
Fleischar hardening similar results ara ghown by Guiu and Lang:lnnm] for orystals contaming 7 ppm Mp

Arcording to Pratt Harhson and Nawav”a} the stsumptian o Flascher & theory thet the
impht ity vacancy depole 11 & rigid defect 13 not vahid 4t hagh temperaturgs since the relexation tima for
reasneéntation of dipoles becormes refatively srmall o 4 pumber of wric systems Prett Chang and
Nmuy“m have considerad the interaction between dislocatiorns and dipoles that can reorient themsalvas
iy tha strain field of tha dislocetions so as to lower the elashic energy of the system The long rangs of this
irteractron leads to & retarding force essentially independant of temparatura This theory succassfully
axplains the temperature incdependent flow stress of Ma*'doped LIF between 300 and 5pa° K187 1t s
possible that a similar machanisrm 15 oparativa 1n high purity  LiF crystals in the atharmal pottion of the
CR5S%-tsmperatura curve betwsen 3757 K and G307 K

B WORK HARDENING AT LOW TEMPERATURES

The work hardening characterstics of LIF single erystals deapande on temparature  ompud ity
cortent  ared specimen gaﬂmﬂrvig Bl High purity crystals above 2967 K exhibit multi stags work
harcening behvior!'® but for lowar tsmperatures only ene stage of wark hardening is ohsarvad a5 shawn
in Figure 3 Detormebon at low termperaturss alse shows an anomalous ductiity such that m our rasults
below room températura the ductilty ncreases from 008 true strain at 296°K to 0 13 true srram at 77°K
This 15 v qualitative agraement with the observations of Olkada and Omwalll



The Lasic deformatien mechatusm m Stage | in LIF nvolves the immal operstion of two
orthogonal slp systems one of which becomes the primary glde plane while the other becomes inactive
Diuslocstions on the nactive slip system act a5 barriers to shp on the man ship system leading to tha
formation of deformation bends due to multiple cross glide and Stage | work hardening At low
tamperatures shp bands in LiF develop from surfaca dislocation sources and have microscopically straght
edges with a very sharp boundary between the slipped and unshipped rev;;:nc‘.tns':1 200 within the slip band
the residual dislocation denmity 15 vary high, wherses guiskte the siip band the dislocation density 15 only
that of the grown m configuration In l"sllal:.‘i{d‘?1 Fihers 15 prograssiva panetratien of ship lines (019 the crysial
voluma as stresses increese at temperatures as low as 47K

The lunetigs of deformation i LiF are cantrafied by the siower moving screw dislocationst 't As
the tamperature decreases the dislomation veloety stress exponant m® incraasay! 22! 5o that the valocity
differsnce betwesn edge and sorew dislocations should increase Edge dislocations will move out of the
crystal murch faster than screvr dislocations lsaving a higher density of screw dislocations behind T hess wall
multiply by the double cross glide machamsm producing a high cancentration of dislocations debris such as
vacancies ard dislacetion dipoles

The mechamsm for the observed bigh rate of wark hardening obsarved st lkow temparatures
Irvohies these dislocaton dabrs winch act as obstacles 1o the passage of distocations Increased detwrs
CONEENIrations s the temperature 1 lowered give increased rates of work hardening as the temperatura
decrasses Since work hardeming v LiF 5 prademuinantly duae to leng ranga athermal stragsas (Fagurg 5
work hardeming must ba due to the groducton of high pjogs on dislecations and to dislocatran dipales
havireg @ long range stress | m!dum The vacarcies produced at low temperstura can alse be importart hera
simce they can form monoogs on dislocatons leading to jog draggmgsmm Similar interaction mechan sms
have been ussd 1o account for the [ow temperatirre work hardening behavior of MgO”?]

The slight werease w the work harderming rate observed above 296°K Stege | 15 promably caysed
by the tamperzture dependence of rultiple oross ghde which gives to a greater concentration of dislacation
dipales at the higher temperaturas and thus a hgher work hardaning ratal 79 A oimlar te mperature
depandence has been cbserved 1n Nacll 24!

C RATE CONTAOLLING DEFORMAT IGN MECHANISMS

The overali rate controlling mechenisms for deformation may be confirmed using the
messurements of actwetion volume V*and of total activation shthalpy AH, At FI°K  where
" = 560 gm/mm” the actvation volume 15 of the ordat of 00 b? as shown my Figures 7 and 8 This
iificates that a dslocation parnt defect snterection 15 operatrve and rufes out any Pawerls Nabarre typa af
actvation mecharism (the latter wauld reguire V* in tha range 5 to 50 b*1#% Further V™ showsa slight
stran dapendencs at this temparature Smece impority effects shaold not be strain depsndent thus indcates
that vacancies produced during deformation play a rale i the thermally activated deformation process ard
that diskacation vesancy mteractions are an impertant rate-controlhing mechanism at K

This observation 15 sormiwhat surprising since the discussons above dicate that dislocation
interactions with impunity vecancy dipales (the Flescher meshanistm) contral yielding and that long range
interagtions control work hardening i this temperatura range Hawever 1t & expected that g very high
congantration of vacances will be produced at 77°K as a rasult of the hgh probabuity of stres-assisted
cross shp which mereases continuously with decreasing t&mpu'atu'ru{zm Howaver rmince the achvatian
voluma 15 only siightly strain dependent i 15 probabls that dislocation irtéractions both with vacancies and
with imput ity vacangy dipoles contribiuta to the deformation behavior at 77°K This conelusion s 2ided by
the AH,, data gwen in Fgure 8 Hera region (o} includes 777K ard the apparent 7* dependence of &iH, 1
this raqian indicates the operation of more than one rata comtrolling deformation mechamsm

Al temperatures abhove 77°K dislocaton vacancy 1mteractions are fot important 0 poverning the
deformation behavior as discussed below Hance the deformetion mechanism at 77°K differs from that et



higher temperaturas dua to the importance of these deformation produced vecancies This eould be s factor
i1 sxplarmang the discrepancy 10 'r; values betwian the Flescher model apd experiment since the one
lowvest tertperat ura paint would et follow the theoretical model dua to a change 1n mechanism

At temperaturas of 198" K and abova the activation volume W™ is greater than 1000 b* indicating
that dislecation impurty andfor disiocation-dislocation debris interactions are operating The strain
deperdence of V* shown in Figura7 confirms thet disloestion dislocation debris interactions control
work hardening at these temperatures CH course there 15 shill a large contribution to the flow stress due to
impuritrgs in the form of \mpurty vacancy dipoles Regien [B) m Frgure B corresponds 1o the temperature
regran batween 166°K and 250°K (180 < r* < 300 gm/mm? jwhere the constant value of AH, indicates
that & singly activated deformation s rete controlling With thes tim mind it probable that at 0 02 strain
dislozation interaction with impuriy vacancy dipoles 13 the rate controflng defarmstion mechanam at
these temperaturaes

For temperaturss grester than 260°K Figure 7 shows that V" 1s greater than 2 500 B* and
decresses uniformly with strain Therefare dislocation-dislocation dipole imteractions gwwkng rise 1o
predaminantly long rangs stresses whigh control the work hardenuing sbove 250°K, alsa provide a large
contribution to the overall mode of deformation at 002 sirain This mechansm has been proposed
previously by the authers' 19} 1p explaining the Stage | work hardering behavior of tugh purty LiF for
temperatures gbave 2096°K Howevar since a unique velue 15 rot obtmined for AH, at the higher
temperatures region @} m Figura 8 ather factors including the temperature dependence of &ntmw“”
Intaractions with regrientable (mpurity vacancy dbpﬂ!ﬁ“a 19 o dynarmc straimn aging effects!!® may
also be achive

CONCLUSIONS

I semmary this work has shown that «n high purity LiIF singla crysals work hardening 15
atharmal in mature and may be aseribed o dislogaton-ghslocation dipole interactions over the antire
ternperature range stwdied The temperature depencdznce of the work hardening rate s caused by the
variation in dislocation debris production between 77°K and 206°K Vacancies produced in abundence at
lower temperatures play an ymportant rale i the defermation mechamsm at 77°K possibly to such an
axtant as to affect the use of the Fleischer model in the tharmally activated temparature range At the
higher temperatures 1t 15 mdicated thet several rate contrellimg deformation mechamsms are prasent bt
spacific ident ficaton 15 not poisible at prasant
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CRITICAL RESOLVED SHEAR STRESS (gm/mm?)
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Frgura 2 — Effsct of temperature on the effectwe CRSS of LiF single crystals, plotted according 1o
Flmscher = theory
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RESUMO

Foi fefta ume anills do compartamento na deformecio de monocrintas de LiF oo alta purszs wando dados da
xcarrigamento ¢ ancruaminto & perdmetros de deformeeio stiveds tericemanta obotides no intervsln de temperetu ra da
77 8 422°K Encontrou s qus enquanto o mecansmo da Flrischer parsca sar axparimsamlments vAhida na remio de
tMTperaturs Wrmicaranm atlveds m vecanclee produzdm em grande quantideds em T7UK podensm  mambdm
déssmpenhar um papsl na determmacfo da tenslo critica rdalvide de cielhernenta naquals tempecsture A dependéncie
com g tamperature do s de wcruements parsce depander do sumante ne producio da  cebris  da discarchenecs am
tamparaty s mals baixas O ancruamento & contrelado por (ntereden dipalens o scomddncir-discorddncin da longo slcanos
dantre do intervela intwmo da tempersture considarsdo

RESUME

Le comportanant de ls défarmetion en LIF monocnstalin tria pur sat aralysé & travers les resul wis obbanu par
yimding mt work bardening  On & snalysd suss din peremdtrad da (8 difarmation rmiguemant setel deea
| Inteval 77 — 323K On o trouvd qua ndis gue 1 mdcaniime cda Fleschar et valabla apparantament du saot A via
wxpérimants) derw | intarvalle de ternpdrature themiquament sctivé los acunes prodults en grende quentitd 4 777K
pourralnt fouar un rble dans In deerminatian dr le contralnte of fectvs @ clemllyment cntqus risolus B coth tampdreture
L cépendance ce |a tempdreiurg cdare b taux de work hardening  semble dre dependent da | supmentgtion dar le
produchon des dibrs ded detlccations aux plus batsss temparatures  Work heardening et cantrofé per [ntaraction
dipaisira didocstion-citlocetton de grend revon d sctlon dand tout [ ivtsonlls e s tampérsture etuds
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