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lU'l!SCT 011 TlntFERA'Itl'RE ON 'lim PLASTICITY 

. OF POLYCE.YS"W.J.Dm LI'l'UI't!M J'WO~:OIZ 
~. : \ .! l i 

'· ,'I j .. 

' ·' ' 1 • ; ~· 

Ceramic Laboratoriee1 Deparbcent of Mineral Tocbno1ogy1 
and Inorganic t4oterials Rescaarch Division, Le.~1rence Radiation Laboratory, 

· University .of California, Berkeley, California 

', O¢tober a, 1962 

St:tess•st1:ain curves obtained in bending at temperatures up to SOOOC 
' 

are presented for large~rain spectmens of· polyei'ystalline lithium 

fluoride. 'i'he amount of' plastic strain obtained before fracture is 

considerably greater at highel:' tempc1:aturas than at room temperature. 

The grain interactions and dislocation movements involved.cra.discusscd1 

with special refer~ce· to\ th~ effecta of the {too} <U.O> slip system. 
i ,· "=t· 
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. . 
OF POLYCRYSV.U.Ilm L~'ldiiD1: FLUORlliE 

•. ·; ,I .. \ .. r. •· · 1 '. •'• I 

/ / 

D" l:Y. · Budworth tmd · Joaepb ·A., Pasl-t 
•/ 

j 
' . . 

,: ! i ' I t. 

' . ~ . . 

· i Ce:atamic Laborat:ories1 ~apartment of ~aneral Technology, , . 
and lnorganic 1.\taterials .. Research' Division, Lawrence r.aaiation Laboratory,: 

University of Californ~a1 Berkaley1 9al1forn1a 

October 8; 1962 

,""~ I I 

As a result of considerable. research over the pa.Gt fa'\·7 years, tlle · 

mechanical behavior of sinsle crystals of ionic. soU.ds; particularly .. · · 

those. possesBL"lg ·tli~: sodium. chtod:de strUCturai ··is'· nCn-1: fairly well ooder• 
.' ) . •l • , f• , '· • I ~. , ~ ,I i ' ., ·, 

1
. I ; 

stood. It has been found that specimens ·Of high purity and high degree : 
. : ' . \ ' ' ~ ' . ' 

of mechanical perfection must· be used:·to obt£l:Ln useful· resuLts~ : · · · . 
'• . ~ . 

In trying to .extend the .study of ionic materials to polycrystallin(il 

. specimens,. it is. found that .conventional fsbi:ication tech..'liques . introduce 

not only g~ain boundaries but also ~purities aud porosity in variable 

amounts. . By the use of spec~l techniques it ia possible to obtaia fully 
• • • l 

d~nse specimens of the 1cn::er melting point material(:.; of the same purity 

as single crystals, ~ut so~ limitation on the available grain. size U 

unfortunately involved. Houever, it is felt ti1at more usefui infonAation 

is to be o~.tained from speciinens of. this type than from the more conven• 

· · tionaUy fabricated ma£:erials. 
'.'· ,, . ;; 

·~---.. -, -.-, .-.. '"",.;~-....... ------------· ' . : ·i ; ; 

To be presented at: the British Ceramic Society, Basic Science 
Section, Heating on £,wcllanieal l?r.operties of ~-on•liotaUic Crystals and 

.l?olycryst.sls, October 16•11, 1962, Hastings•St. Lootuazds, Stissex1 England. 

- ----n•~---·~-·-----~· -'••·'"-•••··~.!. ....... ·., •.• ,.••• _,_.,. .. ~· ....... ~- .. ..,...._...,.. ... ~ ............. , __ ... ··~ ... ~ . . - -. ·+·'~'" ··- - .. ~ ··-· ___ ......_. __ ·- . 
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·A re:eenc study by Scott and Pnsk 
1 

on l.arge•gra:i.ned polycrystalUna. 

'lithium fluoride specil.ilene at i:room temperature· showed that a small amou1tt 

of plaa'tic defo'li:'mation always preceded fracture:, ond ·that soma cccomruoda• 
' . 
~ l 

fine slip at tha grain boundaries. : In one co.se.: the sU.p in tbe vicinity 
' ' . 

of the gtain boundary '1as . proved to be of the type <UO> . (100} inc te~cl 

of. tho usuo.l <110> {no} 1 and this observation suegested that greater 

ductility might be achieved if·~~~nt on.the ~leo} planes could be 

faci:U.tatedi t>Y. G. John5ton
2 has .observed tru:it ·slip on th~ . -G-oo} 

planes' in t.iF at room temparatt!re hSs a critical resolved ~hesr stii:ese. 

ap~;,ro:d.mately lS timris 'th~u: on ti1e {uo}· , ;iati~si but Gilman3 has shatm. 

· tl'lat at about 40u°C the critical r~eolved ohear otress oh. the {too} 
plane is. co;ltpa.rable ~Jith that on the {uo) "plane. 

l13:i. intel:esting contrast to these oboet'V.s.dons is provided by studies 

of bicryatals of !130 at iot>m t~ratuJ:e by Stokes and Li~ 4 They shaded 

that f~actU~0 OCCUrred almost aO GoOn OS slip ata~tCd in OUC grain; 
. . 

because· no acComatodation at the ~rain boundary n~s pozcible and pile~up 
.. ·· 

C"<tlit.i':l its litgh inelt1.t"lg point of 2soooc compared to 84·~C for LiP) no 

iru:Nem~nt of disiocations on {too} planes was obset-voed by Hulse~ Copley~ 
., ·: 

._~ .. , 

Taylo:t6 ~ pointed o~t that five i:ndepend~~t siip modes. mU:s,t 

operate in each grain of. a polyc-rystalline aggreg.nte to maintain conta.ci:·" 
. . . 

bat::.ueen grains i.7hen the aggt:egate i::.J' deforuled~:. Alt.bough there are si~ 

. inilopendettt modes in the. <l~O> {1io} syst~-.tl thera are certain. oz-ienta.;.· 

tiona of stress (such aa tension or compression along a <lll> axis) fo·r 

r·v 
·'·' 
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vlhich liass than five modes bave a non•zero resolved shoor etrons1 and 

thus it would be expected that •only .limited ductili~y "WOuld be obs~n:ved 

until, further slip modes became available • 

. These observations· suggested that tlte effect of t~erature on ~a 
. r ~ . • . . , ~ •. ; . . 

mecb.anickl behavior. of p~ly~~~tallina. lithium fluoride. 't-lould;' be p·articu• 
' • I ' 

t ,' 

larly interesting, and this paper iG a prograss report· on C'.l. study of, this 
. . ~ . ' ' . 

' ., 

' ., . ' ' ; 

a zone•1:efin:Lng techniqtle (as us~d by Sc.ott \!lnd Pas!t)' until clear cryscsls 
I 0.'' ' 

were obtained. Analysis of 'tue ccy::n:als showed that the only· ai~nifica.nt 

impurities v1ere abO""~t 20 ppm of !·~ and less than to· ppm of' JU.. It bas· 

be~"l experimenta:Uy der:tOnstrated by Johnston 
7

. that ~ia i.s ·the Ollly impurity 

in this concentration rar~e ~1ich aienificantly affects the mechanical 

propet"ti.es ot l..iF,, and that at a concentration of 75 ppm the yield Gtt'I'UilG. 

at room temperature !s affected by ~mneali1181• especicaly in the 200•1000C 

range~ At· a concentration of 3 ppm of tt"~ no annealing effects ware 

Polycrystalltne spec~ens were p~epared by lowering a graphite 

Cl'"Ucible 3/8 in. by 2 ir... by 2 in., containing molten purified LiW out of 

the hoc zone of a vacuuia furnace at a rate of .36 in,, per hour;. The 

resulting ingot was formed of ceystals t;hich nucleated at the bottom of. 
. . . . - . . . .· .. . 

the crucible .and e:¢tended through the height of t~ ingot. A spec:i.nwn 

3/8 in., by 1/8 in. by 1~~>1/2 in. was CUt off the bottom o£ the i1"l£0C GO. 

that g1tai~s t~raversed its thictmesa, the average grain diameter beit'lg 

about l/8 in. · After eutting1 th~ specimen uas held in a glass clam~ &id 

--~-- ·------·· ---~ .. --. ·--~+ ___ .,. __ --·· ·-- --·-·--·1 •• ·.-· ~- ..•. -~ . -~. - ~--~-.-···;--·, ... :- -~·-..:...·-.- ····.·"···- ··-· ........ - •··--····. ·>•.. ·- ••. ···-·--. --- -- -··- ..... - ··-··-·····-·--- --
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rotated in hot (1\J.O(ll C) phosphoric acid for several (~) houJ:s to polish 

off surface da~~e •. 

'lite specimens produced in this way wert!) fre" frc:Kil po;-es. t;Jo anneal• 

1n2; wao dono after polishing bae.a.use of ~he risk ·(;f increatdng the grain 

size above its·atready large dimansior~, but the technique of growth 1n 

which the apectmen ingots were turnace•cooled ensured that the treatment 

over the crit1ca~ annealing range was the same for aU .. · 

Stresa•strain curves were obtained in fouT•point b~l4ing. ~lis 

technique enables a test to be carried to failure without dGstroying the 

apecimen completely, and aUoos simple specimen prepcn:ation. A dis• 

advantage is that Stveeping assumptions have tO be z:ada in Order tO extract 

values of stress and strain from tho observationa. 

A stainless steel four•point bend rig was used in conjunction with 

a. small Inatron testing machina. Th<a support span was 3/4 1n. a,nd the 

lood span 1/4 in. 'lhe specimens had 12•16 gl'ains within the support span. 

A small ~ntbal-Wound furnace. surrounded the rig, and the temperature 

was measured by means·. of· a chromel•alumel thermocouple placed near the 

specimen. Because of the soositivit."Y of t.ii' to thermal shoek1 heating.· 

and coolins rates of about 2000C per. hour were ueed. · The slowest str~ili.n 

rate available (0. 04 CJA/min o ~. 016 in./min) was used. Studies of 

single crystals have shown that· the mech4nical properties :of LU? are 
' 

insensitive to strain rate.. 

The data are expressed as outer fiber stress, which is calculated 

from an elastic appro2dnw.Uou but iG directly proportional to the ·load 

applied, vs the pr~duct of crosshead move;uent and specimen tbicknesc. 

,•. 
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This latta_r product is·: proportional· to the· outer· fibe1: strain at low 
. : 

I 

strains. ~1a obserVations are thus presented. as nearly as possible as 

obtained, and have onl~ bean adjusted to aliov' for etta small· differences·' 

in speetmen dimensions. It ·has· been assU=ecl that the spec~ bent lnt~ 

a circular arc; end strain values at fracture hava been cOIDputecl on. this. 
. . ~ 

basic;. llo_th tlle stress arid strain values' become Li:tcreaaingly unreliabl,e . 
• ' ' .' ! • ' • • I ' • ~I '. •• • ' • • •' 

·' 
:' 

The maximum strain obtainable in a bend test 1s limited, ·bGCause 
I . . .. ··\ 

after bending through 4 certain amount tbe specimen tends to slip between 
I " ... . ·. '. . '· • ' ~ ' ..... ~ ' . . ' ~.· ~ t 

the support points. 
• . ! 

lJtth the opecimens end bencl.d.$ ··used in this wol:l(,-· · 
. r • , • r • ' ~ ,. . ' : ' • • • • . -\ . t •. • • . • f • . • . . • 

the maximum outer fiber strain which' 1t was deemed. prudent to uae was £.zt, 
, • • ' ' I ' ' I .. , • • • , , , ;_.. I ,_ • •: •. • ' ~ . . ' , ... 

the range 6·7%. 
i. I t. '••'' 

. 
j 
l 

I 
I 
I 
I 

I 
I 

.I 
i 
·j 

I 
l 

I 
I 
·I 
I 
i 

i 
I 
l 
i 

l 
-···-~--~""·---···- ... _ _:~_ .... __ . ___ i:ogettler ~~tiCit a rootil•temPer&ture ~~rve tat.ten ·. ftof4 SCott and ~Paste.· ~t . .i..--~~-~---

, r 

·'. 

can be seen: that' up to. 3SOOC 'the yield is followecl' by ·a range of high 

-worl-t•hardenifiS before fr~cture sets' 'in' after a: strain Which t'~ndS to rise 

with tem~eratu.re up 'to ·a maxilnum· of about 3'Z.: 'the 40()QC.aiul SOCfC curves 

. exhibit a sharp yield arid loi1et' ·vork•iun:deningl and, egtorid to.' oVCJ." 6~ . 

strain. 'tho 4oo~c spechltet\ had one ·rather large grain occupying most of 
~ '. . 

the load spa..-,, and most· of the deformation ·eciok place in this grain. 

'l'his condition probably accoUnts for the fact that the · latt&r part of 
• I , , , 1 • 1 • 1 • 

1 
• , ' : ~ • • , .' • • ,"> I! • • 0 t •• • : ' 

its str.esa..;stra.in curve is· nearly horizontal, and for. the fact that the 
' .., '' ',, '•' ... 

test J;uid to be stopped. before f&'!i\Cture occurred. ··. 
' ...... . . . •, 

. ! . ~. . : . .... ' 

A teat of rcproduc1M.U.ty iS provided. by a' second curve 'obtaf.ned at 
41 • ' • • • • ... 

300"C. ·1f plotted; :this curve wouid almost cotncide with the one shOwn. 

Q) 

--··~--~· -·· . -- ~-~---~---------
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and.3.2% outer fiber strain. 

(A.:~, a comparison figure to bear in mind1 the critical E;GsoJ,:'fflS ; . .··:, 

shear stress o.t r~. temperature fosz the. <:110> · {110} , systelil waa o~~~ · ., 
l . . . . 

served by Scott and Pesk to be about·600 ps£.) ' . ~ . 

. . . 
Jizure 2 shows the y1Qld-etresses as a funct~ of temperature;· 

togoth~r wttb a bar represent~ng th~ r&Dge of values obtatned at room 
~ . . 

temperature. by Scott and Past<..' This spread is such u to cat' doubt on 

the validity of the slight rise of yield, otress • observed· 1n the· 300-.40()90 
' ' 

·~:-ansa,· -~d· it U!JlY· be that the fall ·to about one•th1rd of ·the ·tooa tem•."'; 
. . : . . . . . ' . .. ,. . .. ,1. 

. . . . il 

perature value· is foU~wd by a range of 4pproxim4tely· constant· ;yie~d :'),\ 
' .'.;. ::,. . ' . . . . . . . . . . . : .. 8. . ' .. :· 

stress; A similar rise has ~ observed by '!-lay and Kron'borg ·.in· ain.gle. 

crystals of Mgo~ and ~ttrtbuee4 · tc• an. ~rte1 erfec~, b\at -~1i1'Li;,st. .·; ·. :···.·.·:;. 
'. observed a sligtlt dectease in cr1ti~l. resolved sb~,: 'stress' 'iii atngie ' 

·' ' . I . ' " • ' ' ' ' •. • ' ' l .' . .' ::/ : .: ;,' 1: I: I ;: ; • • • • :, 

'• I. crystals of LiP ih the temperature range 30o-swc. I' 

•. ' . '· .... ·~: i .· ' ·,I .... ' • ) ' • _, l · .... < .. ~ ·. J: ·,. '·' .. ><-~'~ ·:.t. .. : ,: -. : .... ;.: : . 
'lhe fracture observed la. the looe'fl and 2500C specimens was of the ;: ·· 

. ' ' • ~ · '. • ... ·i . I : ~ ' 

type seen by Scott and fuk~ '• a. • pr1nc1paily of. th~ 'cluvla.g~ . type but 
0 

, ,t : 
0 

I 

initiated by 4 region of grain boundary fractu,re; usociated with a tht'_. . 
' ' I • ' • : '• ' ' ' ' : ' I ' • • ' .' o ' .. '.; : ·, L : ; .' ... ;'·~~ : " •• • : '/ ' ·, ,· : • 0 ' ' ' ' L : '\ J / i " ... 

grain juncttot4 ·ln the lOOOC and·3500C apectmens the fracture lengths. ·. 

·~ere ab~t eq~ally ~ivided ~~Gil:· a,~~~~~~~·~· cl~v~~~ ,Whet~··. 
' •I i • ' ' • • •j / • ' :• ' f • I :. r ! ' • -~~: • ' ' • . ~ . : ~ 'I ' f ,' • ' ' ' '• ' ~ ·• 

the sooac failure appeared to be c:ompletel7 Qf sraia boundary type.· X'l'i. 
o • • ' I . 

'; '• . 
. ·addt.tioll it ·w~s a\ot~d ~bat: the fl'~tu~e .showe<i ik)re ~endency to. be i 

... 
: \ ·'·, r' • ·'•· 

associated with one of the load points as ~ tGmpuatul'e l-ose an4 the 
.,1, ;: ... 

I '.' 
! ( ' ,, . ' i • ~ " .·• I 

l! ·• ' I' 

·' 
' I • ' 

1 
~ , , l , 

\, 

'. . . . .. 

' \ 

. ~. 

· .. ~ ' 

.· . ~·. . ' . 
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DISCUSSIQN, 

.ductility which occu;r between· 3500C .and. 40<)9C1 t...muot atmoet certainly be 

att;!d,buted co· the' sr~atEir activity ,o,f the <110>'- {100} slip system irt .. 

th~s teurperatih:G range," Gilman·~ 3 
msasu*'emeuc:e,•,, obta.ined in tors~ 

tests, show that it: i~ precisely in tbis;.,:tamperature'·.range that: the\_ 

critical resolved shear stress on .. this system falls by a tactor o~ about 

five to s.pproxim.ste to' that on the <110> {.uo} .s)1$tem.· .·Observational 

evidence in favor of tllis explanation i~· tblat ·wavy sUp traees, were ob• 

sened on the· faces of t;..f.te apeclnwns t:eated at 4000C and S~C.· .fhis, 

waviness indicateG that slip is. no lon.ge'E' restricted .to one .set of paralle.l 

planes •. / .It would thus seem that not until both systems of elip (mal;ina a 
I , • ' 

. - ; 

total of, 12 possible slip ''mooes 1n the crystal) can ac,t at about- the same 
. . r . . . 

resolved sbear streas,· c~n tho grains accommodate conveniently to the 

scrains occurring in tlieir ·rui)i!i;bbO~s·:tn accordance wttn Taylor•s cxmditiOn. 
. . ) ' ' . 

c .. ' . · · • • ... · .... ~ • . • · . , · · 

'l'b.e increasing tendency to fail at grain boundad.tU as the temperature,_ 
' . I . . . I 

: t ' ' \' ' ; •• ~ •l ' ' l I I ' ,. I . I • ' ' ·, 

is raised rr~y 'bel due to either or both o' two. causes:'! . (1) ~ec:rease4 grain 
· I l < • ' 

. .,. . 

boundary strongth1' and. (2) decreaQed · easa of cleavage./ • ··.·- L;r,' 

' · · • • : ' 1 I I . ,·. ~ ," •. -

Alth®gb the poa$.ib:il.ity of the· first of these c:niuiot be entire:if ... :. . . ' . . 

, ; ' , • ' : < • 1 •,, ' , I '" ' •' ,'!,.. • 
1 

• ' • , ' • • • .\' '\.;II ,j 

r&eglectadi it .is thought tW:lt the seeond is far· mDte ,likely."' ~e ioc:r~soo · 

availability of ~l.ip sy~t~ms ~·· that. etrer.ui· con~ntiations at crack''. 
, , . . . •, , • ~ ·'• I J 

tips are moro'easily disslpated and cra~k propagation is mQ4e IDC)re' d~fficult 
I ' 

' .. 1 ' 

so th~t eleav.age b~omes lese evid~t. .As ~ exper•n~l f~ct,~tc·· is, t<nown 
• •• • • • < 

• • • • ' . I ' i . ' ~ ' ' I : ' • . I • ' . ! ! ' ' ; • ~ ,' ; • 

that cryst:uls of the UaCJ. structure clcavo more readily at·l011 temper.atur€1&. 

tath the tendency to' cleave thtis ·~educed, .failute/occ:u1:o at r:~gtons of hish · 

. ... 
~ ,'' · I • ~ (' 

' 
.'!' 
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adjustment of noighboz-1ng grains is ·unlit{ely to be perfect, and. areas 

near load points· where local •stress concentrations must be considerable. 

The observed failure·at grain boundaries.•can thus be apla1ned.with~t.~ • 

postulating that grain boundaries are inherently weak.. . .. ~- i . ~ : ~ 

Work' is continuing, and it'ia hoped• to .obtain more iafo~tion abp~t 

the processes taking place in the deformation ·and· !fracture of polycrystal• 

line Li!l'. It is also bopec:l to extend the work to i&maller•grained :spec1meas • 

. a 

,.. . :1 . ~ • l • • ! ' 

this t~rk was performed under the auspices ~f the u.s. Atomic·Unergy 

Commission. 
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