
.3'1ç 1-

v

I

a
.1B R¡

Íj'ift;fLN .ê.GnÏ.i'iG Ii,f A l;PÏirq.- T I fi AÌ{ I iÏll

A. S* FIIAROE

B--Áppligt $sience 1-Act+I )

å th¿esiË euhmitteû far the rlegree of ltlas'ber cf "6.pPli"ed

Scj"enr:e ln July 19"t7, fhe investåga.tian Tres Qflr'r}ed' fi{'rt

ln the i\taterials Scienee üroup, Oheuic¿iJ" Eng*reeri*'g

l)epartrneÌrtr {Jniverslty of Ade}a.inf"e'



.r.iIBIE OF COÌ\TÎEÌ.TS

SUI':jj',JAiìY ..,.. ô..o ....o 1

DICTAF-ATIOÌ'I ..o.. 3

ACKi\'0\{¡EDti-El'iEi[TS ..... ..... ô......G. '. h. ô ô.- 4

1. r¡ItrRODUCrION ..... õ... .. o. . i â. o. ,. 5

1.1 Stra:Ln ageing mechanisms ..... c o ô........... 8

1"2 Sl-ip systems in zirconiu.m anC titanj-um 13

1,3 Present iriork .. !.. . ô. o Ò. c '. G o o... r ... ç. 15

2. EXPERflilErtI'JÂ], .......].. ..6.. i6
3. RESUITS ..e .ôaÇ...óo. oo....... '... '. a c c. o..' ôá ' 2/r

3.1 llleeha:r-i-ca,1 tes'os o... t. i...o. o.... ôoc o oG' ao 2/+

5.2 El ec-bron microscopy '....c"o..."n;.o'e."'' +O

5.7 Burgers vector analyses øo..ò..ooo.'...o..- 46

4-. DTSCUSSIO-TJ ... ¡..õ.. r. o o... o c..... o..... o. ê õ eo ? 4-7

5. COi'fC¡USIOilS ...'.'o..ô.' c o.ì. ç c'.. oG.e o'ø@'êoê ' 5i

DiBlfoGiìAFilY co-?o'...,o,..qo.o .Çaã..6ôô.ú. 56

AP?EI!.DIX I; Preparaiion of Jrnn d.isk elec'tron in-i-croscc'ri¡

foil-s at sl:.bzero temperatul.res'

APPIII'JI)]X II: Automati c pJ-o'cting of s'tlereogna:)l1i-c

pro j ections.
AP?1ii'IDfX TII: ;lnaJysis cf burgers vectors in f-i"



T

å4gås$¿u]!il

'Ihis ti¡esis conteiins no rnaterial which has beq:n accep'";ed

for the award of ¿iJly o tlrer degf ee or diploina ig any

r.ur:Lversity, ar¡d. to the best of the auth+r¡s knowiedge

and be.l:[ef the thes:Ls c,rntafnÉ nû preYious]"y p.u-blishecl
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1 . Ii,rtüoÐìJq;UIqÈ.

Titarriu::i aud its alloys are gair:in6 eTeT 5-ncreasing

inportarrce as structural natesÍa"l-s, especially in the

aerospace ind.ustry" Jt is irnportant therefore to Ìrave s

tirorough ur.derstand.ing of the bef,".u'ioìrr of these aat-

erials througir ttreir servÍee tempeua'úure sange - up to

6000c" (l,ntony, 1965 )

. I*iany r'lqïl.ie1's have observeù engnafciìs behav'iour in
tiris tenrper:a'hure range. itosi aad. Ïerici¡rs (1951) in
ei(perinents on fíne 5rai,1ec1, collnercial F-l1¡llty titaniur:'

o-ûserv'ed.. diseontinuous yieid points on initlal strairr
in the rarrge 1000 ¡g 300oG and. serrated. y1elðing in the

range 4500 tu 65ooc.

Churchrna¡r f.'1955.¡ using ti*,aniurn slngie crys'tale

containing 0,0'1 wt;å clxygell observed no clissontinuous

yj,elcl Fo.!n-u on initial 6tïain- Specinens cot3iai¡iing

0"1 ut7å oxyg€.4r þov¡ever, did exbibi,t en j.nj.tial yield.

point, ff these speci.rneas were imnettia1;ely Ïestrained.

a sr¡ooth continuous Otress/strain ciÀ¡.ve resìrlte¿.

Annealing at 'treiOoç 5o* two hours ivas suffieient to
reir¿ttod.uce a cliseontinuity oll res ur:aining" ?oly-
crvsta^I.ì-ine suecime¡rs of 99..35;o pu:ci.i;y a:ld ?5 grains/m¡ir2

grain size exhibitecl. a discontinuou.e ïj.eld. point at lest
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-üeilpera-burr.,.sr groater tira.n 9Oo t-:.

Sa¡:tliana¿n and iteed-ililL (I970) i.sirrg conuiercial

p*ui;;i1:y tj.t¿::iLL.ir of 16 rrij-crons grarin siøe found. evidence

of dynatic straLn. ageiug manifes.ted. a$ a work har<leriin,g

peak in the ';enpet:a'r;uïe t:alt"ge 2¿5o to 32.50 C" Se¿thanram

et al i't 9?0,r, wori;ing witn '6he sarne lr'aterial as the above,

observed, rvhat they descr'-ibeå as trnoa-Ídealrr behaviour-'

of trensients duling strain-rate-chemge experiments in
rhe range ï0ûo. to 4oo0c.

Turner and, Rober:çs (1968) in experinents on eommer*

cial pulity ¡itanfun - grain eíze 1000 'to 1500 grains/rnnz

- reported. dtsco¡r"Linuous yielùing in the temperattr¡:e

rarrge i00q to 45CIoc. They also found lilder's b¿rnds in
the range 4ooo to 45ooc.

Jones arrd Conrarl. i19691 carrled. out a serj.es of
reon temperature eicperi"ne:rts on both coiuror::Rcia} purity
and. l-od.lde r*:'ined, tttan-iu-rn v¿itÌ¿ grafn s.iøee rangín,g

f¡:om 0"8 to J0 nS.cronsê Comtnercial" Btrrity alpha-ti,taniì.rm

exhib.tt,ed. dj"Econtinuoue yield. proÍnts on ini-tie-l strain
irrespectir¡e of gr.ai-n elze, whereas irr .fine grained

iod.id.e tltanium only yiehl plateaux tnc¡ yielcì d.rops)

exhiÏ:iteil no ).iel.d. pbenomena at ail. on inltåa,i strain',
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ijarclÐ et qJ- ('i9'I2J aga:ln ì,tËj.i"¡g cOIümeÏai¡i'ì- p¡;trity

€inct Íoiiide r:efillsd $.pecimens' Counú sinj.i-a^r r:{ì$"';1ts üp

'tc¡ 5Cì0o(j" ïn eKptirir¡ei'r-l;$ on hiflli plìïi¿r',. ii i;p;riir-Liii, rfr)flif s

aJlrl Ccnrad t19i)S) cles+ri.bed û. etraiiÀ h&r'J"eniu'g Feêrk å¡r

the range 1?5a to 3?5ûü"

¡lnomafu:uSly' low trêep lla'bÈÊ j-a co¡fliÌIercial purit;/
tita¡¡,iurn in the ternpe-ratul'e l:angg |Ûüot to 400Ët have

beerr ïei)orteú -by Cullf äild Gra'nt {1952i arid. "T¡i¡.$'her q* h

a:l (1955), fitire:r wotrKers þave a]er¡ r3lìori;ed 'bej?;ÃviüliÏ

cönsiiì t*¡rt rrrj.'¡5 e'traii'r e.{i*q¿ng {Ba;irdT I 9?1 J '

From ïhe abocr* it ís r)'þ:r.loua i;llat ntrain st¿iej'ng

pl-ayr+ ÍL¡Ì ini>orta:r'h rnLe ån tlrt:¡ mecha¿ii'+e} beh*vj.ci:x r.;f

a.lpha*titanj-un iri .ti¡¡ se¡v;-'::e teupera-bure ra*rge" Tìre

yie:Lc1 poj-nt eârl c'th.er stxain ageing effr",rct;* tii:scriìle'*
t¡ave bee¡¡ åierÌÊra.l,l"y .ilte::preted j"n te;crl¡Êj of Ð, liel*¿*r.l;ì';*"r"y

weak .ì,rrte¡:as'hi.o.n lieitv*¿lir .-i¡:terst,i"bi*rls o ptr.ililc',iii-+riÏ

o.?(y6Ên anC uitrogen, a¡rd. clisl-rJca,tions (l"ori" ar;.d' Ësrkin¡.¡c

'19511 fur:aer anrl 1ìr.r'nerts o 19{¡8; IJa.i¡rci ¡ 1 97J ¡'" I't }tas

been shcwn irçwçl er t¡,a'C tire intera,{:tio¡r 'Þs uvucen i;r-ber*

stitial^e a¡"d dislocations ís 'rery 'r¡realt; iude+eii i"i; hs"e

'rree¡r suggesteü thai; the hariten.Lng effeci ofl i"nterre'tri'htaìro

ä¡ri$e$ ,froin ti:e ¡ieeeer-ei.ty' ta f'o¡-:ce hhe 
"-lofu.'Le 

a'tcr¿P t¡u.t

üf 'bhe pa'ûh cf tJ:iei trlcbila d.isl-çcatiün {:'.r-re (f.itscn" 19b'lt

1958j, Iliffl'¿sion, st\Âdies of 0 ¿¡-rìd i\t j.n l"itasii.lrn ha"Ë:rs
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shov¡n good correlation rvith the activetio¡.r eaergy of
ti:,e above hard.ening process, 'rakirrg this into account
t'¡ith the fact that in Ìrj.gh purity al.uba*tita¡riun sonre

¡>rior deforsie.tion is neceÊsary 'üo produce a yield dis-
ccritinuit.y j.¡r other than fine grairred. specimens (chtrrcÌrman
19.55; Jones a:cd. Conlad, 1g69io it v¡oulcl ap;,rear that
disiocatlon-d.feJ-ocailon interactions may aluo be involved.
rt haa been reported 'bhat there is a tend.ency for
tÍ'baniun to for¡n cellu.1ar c.islcca'tion arr.ays, even when
straitred" at roon tern*oerature (Jones and. c<lrrracL, 1969).
sirrce in such a substructure ihere is riicery to be sig.,
¡lit'icant disro cation-d isto cation interaction, invest-
iga'tions were corr<iueted. to deterrri¡:.e if tÌrese iateractlons
nigb,t play a role in the observecl strain ageing phenomena"

1 ..1 SrfR¡.Ii'I AG.EIrIË I,IEOIIA¡ÍISES

As has been ehown eLsewhere (.partrld.ge, 1g6?;
ryson, 19b8), there e:xlet exter¡sive simiLari.ties between
ihe phystcal ancl mechanical properties of tltanium and.

øirconium. Tnd.eed. 'xyson (1968,l in lnvestigatåons into
the effect of interstitials on the niechanicaÏ propertiee
of t;itanium caIlecl heaviry on the clata for iaterstitia^l
b.q,rdeirlng in zi.rç¿¡i1¡¡¡. Tn tþis investigatfon also a^n

atternpt to explairr the behaviour uf titanium will 'oe
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ûiad.e itr tirsi rigirÌ; of results obtained with zirconium.

i.any worjcers have reportecl discon'iinuous yi.eJ.dtng

in alpha-zirconiuur (Treco , 1953i iieeler ' 1955; Reed*liiJ-}

et al. o 1969; lìanasvuarni a^nd Crai.g, 1967; Bed.ford, 1970).

lhese phenôrnena v/ese generally observed over the temper'-

ature ra$ge 2OOo to 400oC" tbe nature of the yÍelding
bchavior,rr and. its ther¡¡al deperrrleace ere shovsn in figures
1(rr) and 1(b) respectiveJ"y"

Sirnilaily, anomal,ies have been observed. over this
Êane ternperature range iir the creep behaviour of øi¡-
coniu¡a a¡rd. its alloys (fià:-¡nes, 1964; Fid.leris¡ 1968;

Ro tsey and. Sriowden, 19?1 ) "

ålthou.gb d.iscontinurou.s yield points have l¡een

reported for alpha^"ø-ireonium in the tennpera'bu¡e range

2cr0o to 40oo0, one of the characteristics of th.e better
known ¡e/C or Ì'e/Ì,{ systerus, namely the occurrenee of a

sharp inf tial. i¡ield. polnt which reappears after ageing,

is nol[ olserved wJth the c].ose packed lrexagonaJ- netals
and, all.oys" This suggests a eignificant dj"fference
ûrajr exis't ìletrveen the strain ageing ¡nech¿mi,s¡iis in the

!'e alloys aad. th.e c.p,h. oneÊ*

Rotsey (igtO) and. Bedforcl (19?0) lrarre suggested.
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tirat a discontirructts yield. pOint in airconiun occtlfs

onllr in. specirnerls in whi.ch straini,ng, ageiäg and r'e-

Stlrâ"ir¡ing are all cari,ied. ollt at e ieni:e1.ature in ihe

rarige 200O io 40CoC. f'ros¡ t¡langrtisfiion elecf,ron rnicl:os*

toF,y studies of tilin foils ireate,j in this woy¡ Ëedford

iepor.ted thai; specinens strained â.nd a6ed, iri tire strain
agei.ng tentperatur.e range t¡ere ciraracteri-zed liy the

presence of a veli d.efineå cel]ular substruct'ure" lhe
cell \¡íaJ-ls corrsisted. of d.ense ciislocation tengles whi.Ie

the ceil. interiors were virtuaL.i.y d.r.'voiù of iìfree¡¡

d.islo cations "

Specii'nene strai¡ed less than 1026 at rûon tenpetatui'e

cr conrparable otrains at tenperailures below tire strain
ageing rênge clid not contain these rvell defined- cellÊ"

'ihose stlaiaed. âi ternperatures abc¡ve 4OOÛC, while
exhibiting a celluia¡: subsi;ructu.re, eontained rnany free
dislocations Ín the cell iriteriors, Corrseqrient u¡rorr, 'tbe

finùings of tsr¡rli'ord (19?O) airci his co-rvcrkers (tsedfo:rd

et al", 19'12) the follov¡j-ng mechånisr¡¡ wasr suggested"

Ðuring inj-tia1 str.'aj.n in the 'ter,rperature ran6e 2000

ïo 550oC d.ense disloca.ti<¡n tangles are for&eù resuJ,ting
in a cellular elrbstruc'hUre.. .{s ageing prciceecìs i}rese ce.l:l

r'¡e11s become more fit'ruly estab.Lished; al-so i¿lters'b5-tial
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atons' (oxygen) dl"ffuse to the dislocation tengles
furtìrer sta,biliøi:rg tbe gtructure. Ìleiag a long range

ihree-d.l¡nensio¡ral structure the di-sl"ocations ê"re strongly
loclred. irr lhe cell rnralls. 0n restrafnlng the speciraens,

the Oislocatione reurain locked.; when the upper yl"eLd polnt
ie reachEd nerv sources come lnio operation resulti-:eg 1n

a sb.arp yÍeld lþint.

bedford explained the reLatively narrotv ternperature
range over whlcb strain ageing is obnerved. as follows"
Specimens strainecì, below 200oC dld not exhÍbit a cellular
eubstructure. ¡ì¿ller (19?1 J, uoing internal. f¡lctlotr
techniquep, shor,-red. that at tbese temperatures oxygen has

a Juunp tine of grea'ber than 10000 second.s. lher.efore
effective atnoepheree d.o not foru, At temperatureg
greater than 40OoC free ðlslocations abouu.d. in the cell
interlors so d..i"si"ccatioru-dieLocation interaction locktng
is much dininLshed.. Al"so at theee tenperatures oxygerr

atong b,ave a Jump tlme of IEss than O,'l ËeÇonds, thenefore
while oxygen atours readlly dif,fnse to tlre dlelosation
ccres, the ct.islocatLons aue easÍly unpinneå by tl¡ermal
.fluctuationc. In both cases' tho crfteria for d.lscontl.nuous
yielctlng âre no t qet"

ì¡iore reçent work by l'lood UgTfJ has n.ecessitated,
some modif,ication to the sbove hypothesfe" t{ooçI ìras found'



13.

t.rrat specirieno strained ai room teinpe:ature rvil] sub-

seqqerrtly exirlbit a d iscontinuous yielo point if they

are aged, al?d restralngd Ín the strain ageing ter'rperat'¿re

range" Fuller (1971 J sÌroive,l that ilirrirrg ageing the nean

free dislocation lengtb d.ecreased and he Í-nterpreted

tiiis iir terme of a d.esrease in ciisl-ocetioì:- d.enslty and

Ën increase in pir,rning points. Stress r*l-axation studies
(i"¡ooa r 'lg7r,¡ furtþer d.ernonstrated considerable dÍsloc-
atioa motion d.ur'ing ageing. Sinee dislocation rearlange-

rnent occrfls cluring ågeing, and, siace lYood was able to
de¡¡¡onstrate strain ageing effects in S'pecirnens which

¿i¿ not develoBe cêlls on initial Etrain, it is colx-

ceiveble that s()¡ne cel"l forrnaticn occuxs durJ.ng agei¡xg,

1,2 SI,IP STSTENÍS IIí UTRCOI'TIINi..[I{D TTIAXITUftI

In view of 'the simllarity of these two u'retals ol1e

would expect them to have the ñarne slip syeltems opexat'-

iag d.urtng defo¡matioa, Íhe respective slip syõtens arîe

shov¡n ln lable I" Ì'ii]]lams anil Blackburn (1968) lia're

reported, dislocatlons Yrith diUSÞ typo burgeru vectors

in tit¿l¡rfum, although Bedforcl (19?0) has cast some doubt

on theiï observatitns"

thls coincj.ùençe of ùefor:rna'tion nodeB Ien,ls further
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vreight to tìre proÞosal ti:at the strain a.gelrrg mecha¡rism

postulated for alpha-zj.rconium fnay -r¡eLl be operative

fn alpha-iitan.lur¡"

1*7 PP.IjSEIùÎ liolLr

lhe present v/ork v¿as undertaken to deterinine il
tire above propogal that ibe strain ageing mechallisltr

postula.becl by tsedford (tgzo) is operative jrt both

zirconiun and. titanium * is in fact a valid ollê' Vhile

rnaking this collpä:níson the following shouLd be borne

in ni¡id., Although tb.ese fivr; materials have very sinilar
a¡cia1 ratlos - titanj.r.¡m: "l .5871; zirconj-unrl 1"597

(Partridge, 196Si - there ts a 1Q"þ diff erence in the siu e

of the octahedraL holes (tit.anium having the smaller)

v;hich are the interstitial sitee ('Iy'son, 1967; Churebrnan'

1955 ) ,

.{,lthough it was shown ear'l-ier tha't i-.rteretitial-
disl.ocation interaqtions are not soJ.ely sesponsi.ble for
the strain ageing effee'ts obse.rved"r nonethelees th.ey do

have some infì.uenûe on proBerties' It is So be expocteÕ

therefore that v¡hiLe titanium and zirconi.r:in should er*

iribit -uhe same genereJ behavi,orr.r, there wculC' be some

d-i.ïferellcefi ìn detflil.
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2 " TX}?i'R,Iì,IE1"I'I4Ji

'Ihe mat€'r-.íaI i.rsecl ivas electralyt:L* ti'hanir,¡.¡r" frcar thr¡

U.S. lJureau of idlnes, rvitTr the noriiinal chemi+ai a::al.yui-s

a¡i shcwn i.u Tab1e I.f " lhe ei.esired o-ue*nti';y cf tb.r':

rnaterÍa"ì-, i-n granulatefl fr-rrnr ÏråIs firet *ontpreSoerl intn
a biscrrit anri pl.aced o.n tir¿ lrearth o;f {ìJÀ arc meJ.tír:¡;

fr*¡taue" lhe fu.rnaee '¡¡ae evacuated" r,¡^trtil trie pressu're

wa.a less tha¡r 1O*3 min i{g a'Lrr"lal-ute, -then fll¿çhed^ lts:''r.¿rfri

rines çj.th elry angon, iriel+"ing vras carri"ed. ou't ur.id.er '¿ry

argon. a'b BG mm äg absoj-r.:-he prçssll:rÐ" *i;y re*io.u¿l- clxygË:r

a¡id nitr:ogen vresJr) reri¡(iveè b;r getl*ring w;Ltbr mcÏ'[çrlr

øirct'¡¡ritr¡n fcr at l"ÈaÉit, 5Õ ¡riinu-[es pri*r t'c tne"l-1,i-lng -f'he

ti t¿uri"u¡u.

lhe titanium was ueL'tad at least th'ree 'binres 
't'û

ensure complete fusion and horro,geneit'y" fh+ but,lcn 'bitus

abtai-neù v¡as -*oi,Ied inio a eigar stra"pe amezrahl¿.: tç'

further åefor'&ation hry evtagång" lÏlris oLr:6 wae ch.emir;a'Li"'{
d'ì$polleheù- " and then o*r'.¡nea.l.ed u¡rde;t a d;ynarni+ v'acrr*rn of

better than 10*5 tcru at 75Otr: fnr 50 ¡uiriu'bes pr:å*r tt
beirrg eold swaged, ii¡to a rod. 5 "7-'¿ fltIÌ¡ -i"rl Ciars*tfi;r" F:t:*¡m,

+t {+Cheiniaal ¡rolisb; ?,5'Æ HS, +6.25{o I¡,,JÐs, 46,å., HZO
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thj-s ¡od round, section tensile test plece9 were iT¡achined

v¿ith d.i¡nettsi.ons as shorvn in ftgure 2'

îhese si:ecinens !îerè chemically polished and' ê"flll-

ealecì at ?50oü for one houru again under a d'ynarnj'c vacuum

of better than 1O-5 torr, to produce a uniforn structule

of 15 rnicroa graln síze as deter¡¡ined' by the linear
J.ntercept ¡aethod (Giflcins, 1g7o)" the final eguivalent

oxygen corrtent¡ üeterrnlaed from ha¡d4ess tests tÂutonyt

1965 ); nas nominally 500 pprri (see f igure 3 ) "

Short ti.me teneile tests from room temperatr¡re to

IFOoC were conüuctertr on a hard 'tensj"le machlne rvhich

has been äescrtbeil elsevrhere ('rilood, 197r). JIll tests

vTere conducted. in a dyiramlc vacuìÀm of better tha¡ 10-5

torr, a¡rd at a e'brain rate of 4,17 x 1o-4 per second'

Ibe d.islracabion arrangerrente collespor.dång to

va::ioue specimen treatmentg vuere d.eter¡nined. hy trans-

nissj.on ele.ctrr¡n mj.croscopy usl.ug a i'hilipe Fl$200

electron microscqpe. '[i'ansverse disk specfmeng were Cut

fro¡n. the gauge lengtb. üf-'each terrsile test plece by

spark machining, fhese disks were then chernj-cally pro-

filed usine the methoÖ' qÍ IìJ"ce et a-l \1971j,.- prlor to

the final perfoxation wbich wae done electro}itically'



Iigure 2: îhe tensile test speci,rnen ueed i-u the
present vrork"
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'ihe final .oolish was autonated' using a modif

of th,e r¿eihocl of Sni.aLelc a¡¡d llitchell (1971 ]" 'ÍIhese

authors devised a technique whereby the sÞeclrnen to be

perforated was Ílluminai;ed by a iòlv Povier helium*neon

laser beam. A Photoelect¡ic deteci;or, placed on the oppr.

oslte si.d.e of the opecj-nen to the l-aser vras connected

into the power supply of the polishing cell in such a

vray as to svritch off the potÍshing çurre¡rt at the rnone4t

'of perfoîation. À laser was chosen as the lÍght sou'rce

As it provld.es a:3 irrtense, well collimateô. beam' Itlhen

the above nrethod vras used at, the Êub-zero teurperatures

required. for i;he satLsfactory polishing of 'íj.tartium'

it was found, that thermal ''¡ariatfon of tbe sensltivlty
of tþe photoelectric cell and the formation of frost in
i;he }igbt path rendered tÌ¡e technique useless" fo or/e1-

co¡ne these ùifficulties a new potislri.ng ce}} was cleslgned'

' 'Ihis ce1l, shown in f,iêUre 4(a), consists Of a

pyrex gJ.ass pollshing chamlrer into r¡¡hich two light
6uides (rna.d.e of pyrex gÌass) æd a stainless steel

cathod,e have been embeddeclo In ad.dition an inJ.et a¡ô

outlet have bee¡r provided so that the electrol"yte $'þ

pérchlorlc acid., 76"þ n-tsr.ltano}, aixd 58ñ rnethanol' coolëd'

o

freeaine bath) Ls pr¡nped through the cetl- ancl reü¡rned



rïitï"re 4:

(a) 'Ihe polisl¡ing cell (without nasking)

(b) SÍ,eoluen mo1¡nted, lri hoLoef t'rÍtb þhleld
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to the reservoir" The electrolyte is ralsed to the
requlred. tenperature (-l5oC) by paosing it through a
stainLess steel tube wound with Kenthal and coupJ.ed. to
a Eurothern stepless pro-þortfonal . contuoller. lemperature
is tneasured. rvitlr an iron/consta¡rian tlrermocouple placed.

at the iniet to the pollshing charnber"

Although the ceLl is shown with the ehroud.ing renoved.

it ls in fact covered over nith the exception of a wj-nd,ow

provlded. for aligrrrrent purpoÉes, to .orevent stray ligbt
from reaching the d.etecto¡:. I':lultiple reflections within
tbe sell vtere elinrinated by shield.ing the specimen ao

sbown in figure 4(b).

to assist r¡ith the interpreta'tj.oa of ' electron
mlcrographs, etereographi.c pro jections for titaniìrm were
prepared. using a computer pxogran d,erlved. frorn that
pubJ.ished. by Stokes et aI (tgAg), (See J,ppend.ix II)
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'Ihe tensile test Ïiieceþ lvere given a 1./" plastic pre-

strain. Ihe toafl.ura.s then rêduced to tha'b eo^uivaleat to

ir¿¡}f the 1,1ð fLor,¡ streSe for 1000 seoonds, a"fter which

the speciuens rr/efe given a f,urther l;å plastic straÍn"

Þacir s.oecimen ilas givqn the above treatnient at ë' eonstant

ternperature $/ithin the range 17o to 15AoC. Stress/etrain

cut:ves are.sirOwn ln figUre 5¡ at nO ternperature was an

initial yielding d.iscontinr¡ity observed'"

At teinileratures between 1000 q"ö 20000 a¡r i:n'crease

in flow stress was obtainecl on restlelilirrg' $pecfmens

teste¿ frorn this temperature up to 35got (th'e highset

test temperature used,) exhibited" d.iscoutinuous yield

¡nints af ter.agei-ng" If f igr¡re 6, v¡berein the temperature

variation of the lov;er yiel"d. etÏess is plottedn ls Ûon-

pared. with fÍgure 1(b) it can be aeegl tSat tltanÍum a¡¡d'

zirconium beha'r¡e iu eseentially the saüe maÌlner j*u thie

regard..

' TÍgure 7 shows tbe tenperature clepend.ence of the

stress lncrenent required to initiate defor¡:nati'on after

agein6 (the upper yield polnt) and that requllted to màin-

ta,in cleformation (the lower yle1d stress)r both beirrg



Tigure 5t lrue s'bressr/true s"trai¡ cutivert at varÍous
ternperatures
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Figure 6¡ Variatlon of iower y¡e1tt stress a.fter

ageing with temPerature
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tr'igure 7 ¡ Yariation of. J¡ocrease ln strength af ter
agef-ng vrith tenperetu¡e, Ehe pa;rameterE

. . plo tted are ahown in ffgu¡e L
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I,i6Ure 8: Defiultions of the parameters plotted

. in figure 7"
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e:(presseè as a pel:centage of the 5É flow etress at that

tennperature. 1Ïro actua.l pararneiers plottetl are ðeflned in

figure B. 'Jhe preceding flgures 5 ' 6' and' 7 indicate that

highpuritytita¡riumex}ri.oitsstraina6eingphenonenairÌ
the range looo to 550oC, with the effects belng most

pronorrnced at about tOOoC '

Gt"ven the strain ageing n¡echa¡rism of Bedfortl (1970)

and. aseurolng it is operatlve in titanir.un, then one woulcl

expect evid.eace of, tbe Ptesenoe of ôyaamic Etrain agelng

since it is the interaqtion of dieloeatlone diìIing etrai¡-
iugtbatl"e.heldtoberes¡rcnslblef,ortheeffectsob-
sen¡ecl, oae method of iteternialng lf tÌynasl,c strain ageing

occurs ie to sturty tlre témpera'üure vartatLon of the work

ha¡rlening behalr-lour of the material r.urder Lnvestlgatfon'

In tbe absertce of dynauic straån agelng the work bard'en-

lng rate wou1d. be expected. to d.ecrease. with increasing

tenperature due to the decreasing therrral conponent of

stress a¡rd the insreasÍng operation of, tbernally activ-

ated dlslocatfon Bources" If d,ynamic'straln a6eing occurg

boweverr devJ.ation fron thie behaviour would' be .eXpected''

I¡¡dwilr (1909) suggested, tbe fol-lowing simpi-ified

power currre to d.escribe iidnsile ueiavtorr¡ ln the plastic

lang€ 3
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C ¿ Co + lt"€D ôù...,..o"'(1)

where n, tl¡e stnaln bardenlng oxponentr ts related' to tü¡e

work harôenlng behavlor¡¡ of the tr¡aterÍaI, Plotting
t}¡e stress/straln curve on logarlthnlc co-o¡rÔ|naÈee

should then yleÌû a etraigþt llne of, slope n. lhlð wae

d,one for, a eerleo of, teet temBeraùurreg; tbo plota are

ehown ln f,lgUre 9" llre neeulte thus obtalneô are ln good

egree¡¡ent wlth those obtalned wlth uone neflned poly-

cryetalllne zlrconluru by Arunachela¡o et al, (tgtz). rhe

valuea of n, when plottecl agal.ngt tenperatuner ghow a

cüeüfncü wonk hardentng pealt at SOOoC (ftgure lO)'

It Ìras been suggeeted that a norê reallstic meesure

of work hard,enlng would be the rvork ha¡rôenlng rate r.dÇ/d€t
(KeflJr 1972) whlch le ln fact tha lnetanüaneous slope

of the strese/stratn cu^nvs. Fron eguatton (f) I

ËË = ..knu(n-t)

= nåE'6:,
€

= n(r -to) ( 11)
€

llre varlaülon of (M/Ael G- .OJ vrlth ten¡nrature ls shourc¡

ln ftgurc 11¡

agelng range.

agal,n a peek lE obeorved, in' tlre etraln



Figure 9¡ Loe(true stress, vs log(true strain) at
varf.ous tenperatures
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I'i6ure 10: lhermal variation of the worlc ha¡dening
ex¡nnent, n
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tr'igure 11 r lirerrnaL variation of the work harde¿ing
rate, (do /0e ¡" a "oJ
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Santha.nam a¡¡d. Reed*IlilL (197Oi .have suggestetl that

a better assessiltent of Yro1lr bardening ca¡r be made by

:neasuring the gtrees lncrement reql¡ired to increase tlro
plastie strain frora O.r7É to 5"t¡. 'Jhis procedure has thc

advantage that tt ¡¡alces no assu¡rptlons about the shape

of the streEo/strain cu¡1re and, the Lactrement ls not

iafluenced by changes in the tlrermally actlvatecl flow
Strees coû¡nnent. FigUfe 12 ShoTtS ôoooû+0s veraus

ternperatuue; the data of Santhanam a¿rcl Reed-Hi.l} are ln-
cluded. for ÞonParlsoa.

,Ihe siress increnent at a¡y given te¡nperature is
Leso for the hlgher purity r¡aterial.. Ihe hi.gher tlre

purity tlie lower the dfslocation density for a giïea
strain (Kel,lyo 1972; Conrad et aI 2 19721t bence the

lower the Long raiege stress component snd the less stsoss

required. to lniluce the strain.

All three sletho{s inèicats that dynanic strain ageing

doee occur ln high purtty titêniun over tlre gaüe ten¡r
erature rar¡Se a8 that ov€r wÌ¡ich diecontlnr'¡ous yleLd

Iþints are observecl."

¡teferríng sgafn to figUre 12, a¡rotber sig¡ifficafrt
observation can þe nado with lqgqlal iq !Þe q\gpsg of thê



Figure 1'2t M(,oo5-+"o!) vs ternperature
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tlo curves plotted" Both sborz an anonalous work hard-
ening rate in the temperature range 15Oo to 55OoC anù

more inportantly the nagnltude of the effect, as meas-

ured. by the,peak height relative to tbe backgfound curve,
is tire sa¡ne in each ca6e" It has been shown that for a

girren strain, dLslocatLon clensity iucreases wj-th .inpurity
content (Ke1ly, 1973; Conrad et aL, 1972)î. since the
i¡rternai stress conponent ís d,lrectly reLatetd. to d.is-
Iocation deueity i0rlovd et al , 1972; I{ratchovil and

Conrad, 1 97O; Conrail et aI, 1972¡ the hlgher stress
fnorement obtained. for the cownercLal purlty material
is expected," . If hovrever, solute-dislocatíon Lnteractions
were solely responsible for the obeerved, d¡¡ramie straj,n
ageing effeots, then consid.ering the Bpeat dlsparity fn
solute content of thc commercial purity and electro-
refincil mate.rlals, the noted eimi]axity of the eff,ect ia
the two naterials r.rou.ld. ,not be crpected,

Since the onJ.y o tber mecÌ¡a¡nisms vhl.ch rntght cause
agelng are point defect (other thali solute atornsJ-
disk¡ cation and ôislocation-dlslocatloa interactJ.ons,
the occi¡Jerence of dislocatÍon cell,s over the 6a¡no temp-

erature range as that over rqhich the e,nonalous work
ha,rdening behaviour. å.s obeorved. (6t.2) assumes a ¡rew

signlficance" If it ls hypothestsed that distocation-
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dlsloca,tlon l-nteractions wlthin theee cells are involved.

in ageing (a reasonable pro¡nsaì. in vir¡w of the reported
behaviour of zÍrcotrium (ll"tl) then a rnod.lfication of
tle gtuess relarcation behavl.our Ln the strain agelng

range would, be' extr¡ected."

Stress rela:cation regulres the movernent of disloc-
atfons over narry atomic d,istar¡ceg. If rllslc¡cations become

enrneshed. !n d,ense tan6les during etraining, stress relarc*

ation should, be severely inhlblted. Qualltative oonxpar-

lsons of stress reJ.axation behavi,our at va¡J.ous tenper-
atr¡res were made¡ tbe reeults obtained. at room temper-

atu¡e a¡¡d ]OOoC äre shown ln f igure 1r. A speclnen relaxed.

at roon tenperet'trre from the 37o f,Iow stress exhiblts
extrþnentiaL relaxation behaviour bo tb j.nitls^lly and a.f tel.
reload.ing to .the 7f' fJow stresg }eveI. thls is i:r direct
con^urast to the results obtafned at 50OoC wbere initially.
there is only a very short period. of exponentfaL decayt

follov¿ed. by linear relaxation wlth a very low rate of
Ioad drop.

'Iests were conclucted. to d,eternine if static straia
ageing occured to a signif,icant extent in high pu-uity

titanlun" Specinens vrere stratrred., 3É at room tenperature,



-d'igure 172. stress rel.a:catloa behaviour of tlta¡riu¡n
at i?oc a¡rd 50ooc
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Ff.gure 14; Ihe effects of dlff,erent ageing treatnents
on titanLun.

Curve'Ar restrained at aoom tenperatr¡re
af tet lf, strelln a¡rd agein6, both

. at loOùC.

Curve B; agocl a¡rd, testral¡red at ïOOoC

ef,ter 3fr room temporature etrain,
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lhe result is sbow¡r i.n flgUre 14 (curve n)l a discont-

inuous yield pcint has been introduced'' although the

efi'ect Ls not.,.as pronounced as that obtained when the

initial straln is conducted ai VOt)oC'

It was suggeoted earlier that the strain ageing

behaviour of titanlr¡¡n shoulù be simf.lar to tbat of

zirconium, tut wj,th sor¡e rnodification d'ue to the differing
elastic interactfou energ¡f of interstitials ln tbe respt'

ective rattices" rn tltanlwn, wher.e the ¡¡isfit ie greatert

the interaction between interstitials and dislocations

shoulè be correspondingl-y greater" Bed.ford' (t gZO) showed

that the cornbineü effects of dl.slocation-dislocati'on and

interStitial-ôislocation iateractlorre were such that the

ageing ef,fects were naeked. when an ageê apeoimon was

restraineè at roon tenperatr¡re" lita¡¡Lu¡n .s-Pècf¡nons whLch

were straLaeü and eged. at 30000 and, rgaáaine¿ at room

temperature exhibitetl a yield plateau (f tgure 14r cun¡e A)

indicatlng strongef loclcing thafr ls the cese for zirconlun'

,, 2 ET¡ECîRON I{TCROSCOPÏ

specimens v¡hich had been givea the a¡rneall'ng troat-
nent tlescrj.bed earlier exhibited a typica'l ttislocation
glruc'tuÏes ?rITJl a, ¿ov, qË{rÞ-r uJt ¡(¡'¡tq\"rr s¡E v-



Figure 15 t llíei.c oat""lû-n rs h;ru,eh¡xr-: i,rr sÏjÍ.:,;;íiÌ,rlJj"

e¡rneair*iT. at ?SCDfi .fcr c¡fi.e jrr:u¡:*

lXeignÍfi"¿atiq*l 3?C{iilli





I'igune'î 6 I }isl"o catj"on structu;.e cie-¡c]ct petL *r.f, 'l;exr

3l' straÙ¿ a'L rtlou¡ te*iperatn¿re"

Magni'ficatiûllâ eÊ0S0X
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I'i*gure I ?; SelluLar subs'b::ueturql. el,cl'elo i?ç'.1 r¡fter
3fi etraiå at 250o0.

&Iagnå.fi0â'ù1.Õ.u¡ e?0C'OX
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Figtrrtt -18* As for -fJ^p.u;:e "i7 B'ìfcerpt spec':iJlen

strainer"L at 5Ü0c(,1"

äiiaginif i.+atj.+P.¿ ?:'¿Û!JíJJ,
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-,'i.;;ìr,c'.; 1 9; å¡ for íi,.'Llrê f i cxt:epi; *':¡ecÍmcr:

' straileå at i5 L'o û "

t,.n.¿'rii-i iç3-i;i i:.ri"' 2?00t)"i
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dislo ca'ULons (f igure 15 ) " Straini ng TIta at roon tenper-

atute prod,uced largerLoosely itefinect, cellular ¿rrays

and nany. free d.islocations in the cel} interlors (tt6Ure

16). thç sane defornatj.on at 250oc prod'uces a ce1lular

substructure, the walls of which eontain lreavfly tangÌeù

dislocatione anct debrÍs, rvith virtually no free d'isIoc-
atiors (f iguxe 17.r. Defornation at 5O0oÜ produces eesent-

ia3"1y thg serne etrüchr¡o (flgr¡¡e 1S) as'doee straining
at i50o0, although fn thts latter case more free dlsloc-
ations are apparent in the cell interi¡ors (figure 19) "

7.3 BÚREERS VDCTOR ÂÌiÀIYSES.

In order to compare the slip systems opera.tingt

burgcrs vector d.etorminations vere conducted on gpecimens

stxained, at different te¡nperaturcçr l¡ging the technique

of Beilford a¡rd HiIIer (19T0). .In aLl casee dlslocations
were founcl to harre burgero vec,torg of the <11ãÞ type.

A typical analysfo is glven 1n Appendix III'



47"

i,o :)IJ,'i:äSiii,iJ

1i is ¡:q';¡ ;cr:i.er.-'af1y eJreed i¡re.-b fcr e. d.isco¡¡tinuous
yicld pciat to occur all oislocation$ ;ûi'erient irt ti.¡e

¡:;ateriel r¡uËt renain effec¡ively loclced u¡rtil the onset
of nicrostrair:" Âtti:e upper yielC. stress there is a

suiiúen n:uitii>Iicatior:. of the nunber or' raobil-e dislocations
pre Ð Éiiî.

Ðepencìinb cr tiie strength of tne J.ccking nechanisr¡r

¡his nul'ciplicatiori me.y be cause,l bì' a ì'er,¡ dislocations
tnovirig through the lat'uice ai Ì:.igir speed anil multiplying
rapid.ly or, in tì:e case of etrongJ.y pirr.ned. dislocationet
nev d-Is¿ocatjons rnay be c¿'eeted at stress concentrations.
f.neee disìocations, again, ruu.LtipLy rapirily resulting in
a yj-eid drop.

crussa¡C (lg¿l J proposed. a ¡¡eciral-rion, in actuality
a co¡nbina'[ion of tne Cottreli a:rd. CÍs].ocation-dynaniics
tneorj-es, in which it was consid.ered that prior +,o' a

yi.eid. point occurrirrg, a few sources rvil] operate by a
r:rernral aciÍvation lirocess, 'rirese dislocations p.ile up

agalrrsi grai-n borincl.alies; t¿e resuiting stress cotlcen-

t:-'atic¡rs even-LualJ-y i¡iit-tate sJ-ip iä lii.e r-rei-ði:bouríng

grains. rìapid disLocation nultiplicatlon fofioç¿s giving



j.a

i'. yield circlP.

ued.fo:rc!. (19?0) interpre'ued, i:is obseI¡va'iions in
' 1o cå-b1orr tarr6ì'ês o ccurr¿ri more

aJ- pha-zirco-riiu.iil r''"Jilere 0.r s

often j.n tne viciuit¡r cf 5rain boundaries lhan in ihe

grain in,;eriors, as sup¡lortirrg tire r,rod.el of c:c'ussard' 'r'he

neèossary s'¿ati¡¡ticaL cornputatioas were not tione in this

rciic 'Eo e¡iab1e ¿] cori¡pËì^f ison of dislocation d'istributicns
to ae lnacie.

rle fras sta'beù in the i¡ltroductiorr, iri ¿ircoitiu¡n

a ûoi-;rell iockini¡ necirar:,isrn actlng aione has been 'lis-
counrec as beir^g reslþnsi.i¡ie for prod.ut'ei-irg the sirain
a3eil:g effecis observed. Using 'ühe 'leii::'ition o¡' ¿tabarro

i1g4e) fgr iattice C.istortions 3esultÍrr¿- fron Jche !i'esence

of Eoluie atours, the assdvÍ;retry ratic, Ei¡(c)/e u(a), for

oxygen. in zi.rconiurn hes been fou'd ih? bu 1,2 (eult anè

Conlad., 19o7), ìie¡rce rr.o hard.eriing ot- the type described

ìry ilieischer as being nue to ie'bragonal s**rain fielcls is

oi,'serveci. rjl' titaniun the âris;'r¡içtry raiio is 70 (Pearson'

19i¡j) t¡eiefore ¡'l-eiscìrer hardening v¡iIi occur. i¡.easule-

nents of actívatj.on eÈex6y hot'¡ever, have siiowrt tir¿it t'he

i.nteraction betlveen <lisloca'bi-onõ end iritersti'bial-s cannot

be accounted for ily this nechanis¡¡i (lyson, 1961 ), fì'¡rther'

F.ull and uo¡rrad, ( 1 96? ) have Eihnwn thei in i;he carie of
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'bi'L:ai:ii.i;:¡ tÌre ini"lueitee of i¡:.telstiti+i *or.i".rt ora s¿ort
rêfr¿€ j-ir-ber:taì strcse is less ì)¿'onounced. î,í..eiÌ in zircoi:.iurrr,.

Îi:i.;r l¡a.ve e):jll-ai::ect t.b,-'Ls in ter¡:'¡s of -iile :i.attice distor.-
tions ';I.:^¿tt .es*it it'hcn e-'.¡ inters-r,itial atonr is ¡rlaced in
'¿!:c rei.,it)rjci;ive La"¿rices. ¡Íì:i-Le 'i:he Letticc d,istortiori in
zirccr¡iun ìs iess tiran in titenirrra, tire for¡rer is vir-
'üually syr,.nei:::caf (see above) l.rhereas iire l_atier occ\rrs
alr:rost entírel¡r in the iicrr clirt:ction (Pearoon, 1958); ti.re

strain i¡r tire ,,¿rr dlrcction is inerefore greater in
zi.rccnium than i'u ir¡ in titanir¡n¡. tiris rneans tirat for
p.r:isr:aiic sl-io t:re interâction betr'¡eel: a r,lobiLe cJ.isl-oc*

ation and ar¡ in'ierstiti.a.i. aion r¡¡iLl be greater in
z¿rsoniul:l than Ín tita,niurn.

i¡ronr the fore6oing it can b,e seen tnat lnterstitial,-
aisLccatron interactions ale rrot sol'ely responsibLe for
¡ire agerng ef:lects observed. 'Iìre erectron ¡nicroscopy
stuùies shov¡ed, tìrat tlie substrìrctures concoinitant .¡¡ith
age.tng were ce]Lular d.isl.ocation errays, a situation
involving ex'ue&eive clislo cation-d islo cation interaction,
i'urther, tbe rJ,ynarnic s'ürain ageing stud.ies reveal-e<l. an
ageing eff,ect, the nrag;nitude of which is apparently
i.i:ser¡s:.t1ve to the d.isparity in solute content that
e;'iåsts þetvreen iod.ide refinecL a¡¿tl conr,ierc_ial purity
titaniun¡. strese rela¡<ation experiment-q sliowed that only
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ver¡r ìi.-!'¿Le siaìliliza'iion of 'che sîruc 'r.tire tìeve l.o l:ed

durirrg stral¡rin6 r/as necessary to greatl-y injlibit d.is-
iocatio¡r notion. i'l; i'roulcl apj)eax therefore, tliat -uhe

tiioio cat-i ou*Cåsi.ocatioa .lnieractio¡:s resuitin¿¡ froin ceIl
fornation play a significanrt roLe in age.lng.

iìe:ferriri,g ì¡ack to tre bi-riding of cisl-ocations by

interstitj.als, tirat irr'leraction vhich cloes occur wouLd.

be expected. to be changed oilce dislocation tangles have

forned." the parent lattice v¡ilI be oeverel,y distoried.
rvifhi¡r the d.ense clislocation talrgles lvhich resuÌt v¡hen

bo tir rÌetals al'e strained in üheir respective strain ageing
ranßes" l,rnd.ei these circu¡nsta¡rçes tire lattice strain
prcrcirced. in rite¡ium by interstitial oxygen - 12'/b in
tüe trsrr diceciiori (Pea:cson, i958,) - slrould. lead to e

significantly greater stabilizing effect on these tangLes
tnan vould be ex-oected in øirconiumrvrirere the räaxinurn

strain is +"+yi' (l,ichter, 196ü)" 'Jlhat this is so is
supporie<ì firstly by the moxg proìiounced. d.iscontinuous
yieldiitg et'fec'ts in titanium anti. second.iy the differeilces
observed in the stress relaxation behe.viorrr of tita¡rirrn
ar¡d, girconir¿r*n In theÍr strain ageing tenrper:aiure rårl¿l€$"
rlhe ¡nore effective stabilizatio¡r of dislocatÍons in
tiianiur¡ wouId. inhiblt clislocaiion ¡ntrtion more effective-
1y; al.so reJ-oaùing to the initial g'bress value d.oes not
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appear to unl-o*k si;¿lbi,l.Ízed ctir-"rLo*;li;"iç::rs, a di.ìl"fe¡'enii

situa'tion 'bo tha1, oÞseï..¡ecl i"¡l ø.ireoni.u¡n (itoori., 1 9?I ), itiÀe

str+nger lockår;g would. al.s+ ex.plai.n t*he generati.on of ê

rooilÌ ternperature yiold point ir: high pirríty i;ita;riut¡l
af ter pri.or e,trainirrg a.ori ageÍ..ng at }ilOÐt, a p).rendJaellsÀr

not obse¡rlreå Ln øi,rccu:lum (see 63"1),,

'Io <¡ bta.in a peak in the La/ c vÈrsuÍ:t 'benperatuire

cul:ve (f igure 'l ) :.t wuu.Lr:ì be exp(ìc'bed" that a't; th¿: peair

temperature , l;he cl.iffr¿eio::r o.f ir::'terstifi$l,e wor¿id" be

r¡uch that cornplete *¿trnospheres woulil have 'bine ic for:lt
while thernaÌ unpiu:'.r.ir:¿1 of riislccai;åc¡ns v¿eiul.<i be rnain*

tained a'1[ a ni:riinu¡ii, Irrati et aI (1964] amr]. ri'u.pta and.

lVeirri.g (,1':¿r?.) Ìi.arre bc'hi: c¡'b¡:erv'ci- r."el-¿raaticu peaks in
Íateraal f¡:i.c:lic¡:.r r-:ti¿d",ic*s of titali,iun vriiich theÏ ha.'""e

shown aa"e rr:-l..atei1 i;+ tircljj.f¡uis;j.on +j" tr,y$ün. the rre-
portetl ai:ti-vaiia¡i errus'gi.es of' 4B'i0Q anr,?. 45 00fJ ciiJ-*';¡'€pl,

noie r'.-jspêoti'ue.Ly are th<: s;ãmç à.$ rcp,)rte<J. f:or a.n c..;tygçxl

peak Ín z:LrcE¡nl".run (Frrl-l.err, 1971), Hreineier¡ et al. {"'969,ì
have fourrd. tha'h the activation eä'::ngies for buili ,1.Íff*
t¿sicn of nitr:ogen in t.itanir"rn¡ e¿iil øircoui-¿n¡ ara 1;hr: sgJit* rr

Pernsl"sr (t pgg¡ hae r.$lrlr"hecl a;:t aú ti-,.a"hiçn *ne;rij)¡ í)f
50ú00 cale,/gni" nole for ",tke hu,ik çlif.fr.¿sírì¡u üiT o:'ri;gÊ;en in
zi":r'coni¡:"m a,nd RoËa (tgtO¡ hae .fou.nrÌ fiiL a+'livs"ti*n. ÊrreJ:#J*'

of 48600 tals/grn. moÌ+ for oxygen in titaniur¡r- l,{"'i-l1er aad
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5rc';;/ie f 19Ü¿). ìiar,.e óbserved, an in'uernal friction peaÞ;

íli hi¡ìi plìritJ.¡ titanirtn c.ue to tire Îeo}.ientatio:r of

o;i:ii;en ciipoies; the reporicC. activaiion energy fias;

5S000 t lûi0 cals/gn, rnol.e.

liròn the fìore€;oing it can be ..rsiu,i,'.ìied that the c.iff-

'-rsioir ¡.e'tes of i-¡iters-uitial.s i¡r the trvO inetal's are

o....;.serntj.aLiy tiie ËaÌne; fuì-ler (tgtt ) has deiernined the

reLaxation ti;:re for tÌre oxygen peak in zj.rcc¡riu¡n varies

fron 1C000 second.s at 250oC tO a?.proxi.r:rately BO0 seconcls

at 30ooc, 10 second.s at JSOoÜ, arncl O. 1 seccr:'d's at 450oC"

assuliing the Saae a'bor¡ Jucrp tlmes in titarriiun, ihen for
t.le a¿4eirrg tin¡e used. (1OOO seconds) a peak in the ageing

curve icouLd. be expected st about 5O0oC as $/as ind'eed the

cese. i'rom this it nust be conclutled 'bhat i-riterstii;ia1s
al"*so pley a.n importan't role in the strain ageing 'oehaviour

of alpìra-titalium evetl though they are not solely res*
ponsible for the phenomerrt¿ observed*.
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S üfaÍn aEeing eff ects Ín titanitlm ilat'e l¡een repc''r'bed

in tiie }iieratu.re .for tire l-ast 20 years. :r'o a large

exl;ent these oÏ;serva'tions have Treen ni¿rd.e ûn impure

titaniun r'.rh.ich shoivs significe:.icÐ di.fferelÌces to the per-

forr:rance of Ìri¿1ii plrri'úy irrerterÍaI, "tile ma;ieir one bei.ng

iire occurrenoe of a discontinuous yie]d, point on initial-
strain, even at roo¡n tentperatu¡:e .

the prcsent work revealed, that to oì:taia a y-te1ð

point in hrgh p¡.rity na.terial, a cegbairr arnount of prior
eirain is esseiitieì.1,, artd that f¿rther, signiflcant age.i-ng

does not cccur at tenperatures much j¡eLctw 100ot' At tire

upper renperature iimi'b of thie workr \5To'ri, agei,rig

effects âre still quite ¡¡ariced'

lhe results obte"ined. ind.ic¿ite 'ühat the rnecha:risnl

of ageing is essentiall,y the sane aÉ that prcposed by

l¡ed.f orcL ( 'i 9?O ) foi: a-'ì-pha-zirconiun¡; d.ense disLo cation
tarrgleo form cluring straining ¿¡¡cl ageirig, r¡¡ith the con-

sequence that s'bro¡.g Aisloca-bj.on-<ì.is}oceticll c,ccurfl"

uire for¡nation of ihese ta;rgIes (celis) Ís not sufficient
i.n itsel-f to produce ttiscontinu.¡us. yield points; marry

ot.her uretais exhibit ceIIs v¡ithcut tlisplaylng evirl.ezlce
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of aEúlng. -io\ïrrver, tire dif:i'usion of interstitial. sohite
a'bonis to these tangles stabiiiøes tne:,.r, efÍecti.,,.e1y
Ìccking tire drsL.ocations in tï¡e cell iyalls,

' ¡lithough ari undel:ste.ncling of the basj-c necha;rj-sm

res¡x)nsibie for etrain ei4ein8l .tn high puríty ti'banium
hae ìreen ach.te'¿ecl, ¡nany detail"s stilL remais unresolved.
:riie proceèses whereby celi- f,or.nation occurs rrere not
stutlj"ed., Quencirj.ng of specimei:s imi¡reùiat-el.y upon cessation
of siraining wu.uld. enable the separation of tirose effects
due c.nLy: to straining ax,X ihoçe cì.ue to ageing, hence
providing nore ir¡-forrnai;ion rel-atirr6; to ceII folniation.
Specinens c.uenehed after varyiirg ageing times n'ould. aiso
yj.eid iir¡'or¡r,ation on the changes occurring Cur1ng i*geing.
Íotig ter¡n stress rela¡ration experinents v¡ould. aJ.so be

use-ful in this regard., &Ithougir the temperature stabllity
of ihe appara.fos lras such as to limIt bhe 'binre interval
over which ihese experj.ments eould. ire cond.ucted,, The

ascription of the roLe of statiÍLizing clislocations witb,Ír¿

ceLl-s to interstltials was ded.uctive; holvever, the ir¡-
creasing sophistica-bicn of rrricroanalysis techniques ìIlay

euable more direct evid,e¡rce to t¡e obtained.

lThiLe iire xesuf i;s of this v¡ork and, those of Bed.ford (lgZO)
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give a Lj.eepeiî j.nsight into tlte spectrum of loclcirlg
rnecbanj.sn¡¡ vii.ì.eh facÍlitate strain ageing in netalsn a

ilore co;aplete und.ers'üaricting sirou,J,L be afforclecl if resea¡ch
is ex'uel-.cleå in'bo th.ree areas, Ilrs'bì.y, the effects of
higherbempererture shoul-i. be exa¡nined, v;Íth particular
íìi'¿cntion paid. to the ¡¡rod.ifications to dj.sfccation
s1,rücture wroughi by recovery eÍ'fects a¡rd ti¿ej-r influence
oi1 ageing ph.enoiaena. Secor'dly, j.t ls cbvious fronl the
l-iterature that substitutioria-l a'tomË greatJ"y affect the
beir,aviour of titanium; thereforê, û stud.y of the effects
of somposj-tioir on 'r;he ageing mecir-ani:lsrn çihoui-C yield.
fruitfuJ. results, Last1y, the .i¡:Jiuenco t-)f Latt-Lce
pan'arneter cÌla.nges could be more fully eva.luaied l¡y exarn*

ining the a6ein6 behavicur of both flafnium ancl Scancllum

i¡r d.etail,



56.

tsrEll:o GlìltP][r

A¡üTQN-Í K"C." (t 9O: ), "Pape¡ Fresented. to ^q,Sti. :natj.,rrral

rne*ting, Seattle, lVa-qili¡rgtono 0ctaber,
ÀRLil,iLlliåiålrl L'.$", P.ATTANAI.I( ,S", b.0ru'IDIRO S".l\í" r R&nÏ*HçÏkL

Il.lx,, (19?? ), LIel;' lttzuru " , 2., '! rJt'3"

.¡i/*IR$ J.iJ" (tg?'l ), aÍet. Reviews, .lÊn llc)n 149'

illlDI'0iìn Å.J" {19?O}, Ih.iJ" thesiso TJniv* of erielaí,*e.

tsilDF0iü 4"J", -h'ULi.,Ii'| 3.G., [-T¿-àEI{ D"R.'liln t^,9'¡2.t, ;F" lfuc'.

Àfateriaie, *åu 1 64"

BEDTUR} A"J.1 ùi-TJ,r,ilil D.R"M* (tgZ0)o J"A"r.Ài", _J.5.0 1?9"

cHui{tili\,rÀi\¡ Ä" l" (1 955 ä\, .¡lci;e ltet" , ä, 2e"

00irR.{t} ¡i., Oit^As.pJlT Ko, ß.ê^i)üTtr Y"n J0l't l{" (,l9lz), üi-e"qi{ç:a,n

t,ii cr:o sco'ûv and. Struc'ct¿ra o.Ë I'f¿ri;eria].s t 4513*46?"

Çätfs$rt]ìÐ rl" {196î), Ii,,I}"1" ,Synposi¡¡rn nn* ',|5, 548"
,.Jt,¡'l F.B, ! GltÂl'iî ¡["J" it 95e ), fron ASe, j"¿l¿, (21 ,i, i54"

EIJïR}IEV V,-to 7 'Iì'A.È{O"¡¡' Yu., üi" îP.E.i{ü'$ å-S" (1969.}* TAVest'.

Akaû" Naulr ßS$R$ Jriei;a.J"iyn (4ir 2í;2,"

FTl.lARl*Í ìJ" itgegJ, ,f" Nur:" lJa-teria)-e, å"6"n ï'l ,

}'uI,Ãtr':R P*ç" (1917X ), Ph"Þ" theeiee u*ili"'eo of "åti.*io-ict*..

G¿"RDE rt"¡{¡" | $¡li'I1l.Hl"i\ì'Á"1{ ¡1- l" .o lìii5"ù-ïüI.íi i1..Ð" ('l 9?? ) '
¡{.c'ba I'leü. o å8, 815"

GI¡'KII'¡S Iì.C" {19?ü)i, r

GUF'IÀ Ð"É !\THINIG Íå" i1g6e), Sr:i;a ùi+t" , jûo 292,

H0irI[ES J"..r''" (t 964] o .1, Nl.r+" Àla'ferJ"alrr fr-r i5'r"



l',-Ì "

Hli"Lí, ;J. r COi'Li(rLI) H" i t :le;? ), i;ra¿l-rl-in "tn,rtt tute iìepor:t

F"C1 83+,

J{)f irìs R, ^L " , cr)ir RA.D }L ( 1 96S l , !-åe "itig.Lç*,ç"9*__feçfsikç.q.tr
ern.'l- .4.p1:l- i ea'bions of 'Ii tanj-u¡n 489"

JOl{nS R*L., Co-tiR-rill H" (1$ro9J, Tr:aris, t',iet* $r:ç*

rÅzr x"tg"

iiìitllliit J"H. t1955), +*rans" .4,fl"Ìr[" o L'^L, '157,

XÍi,I,Y P,i',i" ( 1 97ll ), i}ri'r¡a,te co¡rn¡unicaiion^

"ËICi-lflllit Ii"J)" (1960), Tr¡rn;,r, .,{i.Ì'ün, 'èj$-, 1015,

ÄilfE¡

J,UJIV/IK F, (X909), Elenente d.er'Ieciinr:lo,gischs:m l,ir:cha:ii.lr

IUS'I.kLt üoR" , 1'/.EIü1ñ 
"V,TJ" 

u HÁiìjlÌviAfi D"'fÌî* (1 955 i " Iiete:rj_a1E;

¿rnd. I,rethoiIß , 3,i^_, X Oil.

IJ:LtIxP. l)"iÌ" ? BF.{J!'/}ìr'J ií-Ìri" (l Í16S}, The i3*i.çnee, TcclircJ.+q:y'

alreì. Ai,fl":i eaticns oÍ' rllå'I¡"r:iu.n s 4Q1,

tJ"âtsAIlJi.A F*il*i:,1, it i;ae ¡, F;:oc" Ïli.ys. SoÇ., å9, 6.è9"

CIRl,ûl¡À A,, }$,LIii'iü fi.ì. iii^ , t].l'nifä" *,T. ¡, {lE'lr_}, Ëh:i,1,- $fag",

'Æ-' B(t5 "

P"ArttÎtllllç.Fl P" G" (196'l ) , ùiet" Rei'-iewg, jå, no o 1 1 ,f

!Í:.gRti0tJ vr"3. (t 95e,), liandbnole r¡f .t¿it'bice $r¡a*irr¡:s ç.nii

fi"!gg-ç""!Hff:"9"--ql.Us-!,¿J-Ë.n vç-l-. 4.
FjjÌ-i$.mR J"P. (tg5a), J, Erecr;Ì:oeirem" sr,r:",u .liìão 71:ì,
ÏRå'Iî ,ioli^, GR.A'Ï"LN.A l?,.f " e CÏJJU,I"B,ËRS B" {'i :,r:i4), J**ta, LIe'!;" e

?'' 2Q7 "

I{AlúA$l'I/rJ,lI 8", tR"q,l$ L1"8. (i gATi, tr:r¿ns* X{r:t" - o'?.,,. ,{ïI{.}!,

.?.1-H, $6?,

7DX ¿e-¡



58"

iìIiiD-iÍf L-ü RrE. e RÁ,tii"cHi\ll]:)IìAl',I v- , $JL1ü,IÌLit,iÁir{ A. T" (t f}e g),

U" S " A. E" (i - repor".t; Oir,ü*Ä'il,- ( +C*l ),-32*2-.,'i O.

ß.ICn 1., ÌI1i'i}ìSJ,.ii:{ CoÍ'"u CoîiF",Å"r.ì H" (11?1 J, L:e't;.*Llirgp:r.phyr

j!*, ?57 "

lr0sA ü.J" {197t), ,[i,ie'tn 1.rculr{, -o -1, (gJ, 2.5'17,

i(Osr l'"D" , P$FKTI{S ¡." C..., (1955 ) E 'fra¡rs " .å* S *11. ' ,4.5-' g'r'? *

Iì0 TStrY I'/ ,3, { 1 97C ) , P.rivatc eouunr¡¡riEÐ,tion.

R0ÎSEI \{. B. , Sitr{i'J}ï},i K, U" (197"t t , Priva.te commu:¡iåea1;iüu.,

sAi{Ti'iåi'IåJ'[ Á" t'" e RlúlA0H&i'J])tì$J:{ 1|" o REEÐ*llTT,,r, I{".ã, i"¡ ?îaJ -

.tiTe t" frans, o J-, p,591 
"

s,aIiíllütiiAlú Á"'r. o Rn.ilÐ-iirr'"T, R"ñ* ( I 9T0J, scrå¡;ta Met. . ..$,,

52_9.

$j.,ILAIIä: R,o.t. , ¡,{tr,JS}i1.1Äl, 1"ï., ('i ??t ), Rsv". Scl". ïng-,ç¡:r.l¡nantç *

LLn 8!io.

snOÌffis G"I/.,, F*IJOWN ,$,R" ! Dy$Oi'I $.J* (196ff), *t'o Å;+p.

Cr"yst", _lu 68.

TILÐCo Iù"Iil" {i"953), sr¿ro.eo ¡t.goil{", "alålu Ê,fä-"

[LrR.it-*R I'J"G" r R0I{.fiR'IlÍ '}rï"T. (196s}, ,î, ]ieç.s tomiaçrr i{et;Ú.1'i,

11, 37 "

rYs0l¡i Tl.R" {1 96?), Çan:,. Llot, Qt}y" n þ, (,+) , 30.1 ,

Tv'e0 ¡i lÍ 
" R * ( 1 9r; I )' Jæ*fi-g¡,$lg^{to*l,c'ÈþruJgi.ç,¿^-**¿*4r¡3åå*qg$å"t**i.

gr-*åi'-iiffiiå[ E 479"

ll'toÐ Ê"!Y. {1975]], ph.-l). thesås* Tlïi-iv, o;f "Ad.ej"a,ifr"1J "



APl?ilii{DIX I

Ïl'epara'tÍon <¡f, 3 rnrn llislc ELe+tron lii.crçsûrpy' IoÌi.r Èt

Sut¡'* øerë ilernpera Nures

A teshirlcal no te published. in tl¡e Ji¡urneil. cf, ,Seie¡e-*Íf ;i.c;

ïnstru¡nents, 19'!.2, å, 984*5 "



3"1 ,1

PIIEI:"û,RArII0I{ 0F 3¡rrrn ÐTStí ìÌI¡ï01R0N h;IÇR0SCSPT FSIf.fi *"Í

S U3*AEIìO tEiuFEiì.A.tUtt,,i5 "

A " S " learce ancì. _F_** lÏetlt
Iriaterials Science Group, CÏ¿emieaL sngin*eï'iü,g Ðepartneu"t,

Univereity of JLdelaiåe, "Àus1;ralla,

tl{i receivefl J0 Liay 1972"

ÅÐgSgU Â pol.tshing cel.l is descriiled urÍth acsurahe

ternperatura control Ín the sub-zero rangÈ, foruse a'itÏ¡
a heliur¡*neon laÉrer e.t'ter the ruethoC. of $niai¡*ilc and"

lúitchell" fl¡e systen ensureþt suqeessf¡;-L operaiior.r +f
itre dets:*tor, wii.tch otherwi.se coe"v be í¡rev'cn,tc.rrå ìry

lack çf t+npe,rature stabfill;y rr j.ei"n€: ån tlie )-i.ght pa'T;li"

1 lNÎROïIUC [I0I,,l

Au-bonration of the Smur d.isir: t*chniq^ue ]iae bçsn trn,ri.itiça-
elly' aceûmplisheå r¡ith a }ågli'b Fourcs d,ir:ec1;ed. .ät tit*
d,isk, end. a. þhotcelerutri* cell t,: á¡.rlåcatç tbç ¡ra:ne.rrt

of T)*rfclre.tj,on.

A suitabie ii6ht sou.rce rn'¿st c¡f ir'aceesity be in.ter¡.se

and. weLl- col-1ima.'hedr and. the adverit rif iov; costn low
polver laeers has Brovici.çå ;:n id.eai sÇux'oe, $rnielek a:rd

Mitchel} t19?1 ) have d.escråbed" a Snrn råi.sri.t t*cbnique r,ielng
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a laser, i:ut thqir rneth.od., â8 rì.eseribeld.o p.'ae fcTlld. to T;e

unçuitabie for use 1¡¡1ti: eleetrol-ytes r:eqiåi.Ïin.S sî'rb"*ø8r0

0 perÐtin.g temPera.tureÊ"

I'lod:i.ficatione t'ct the teeluriqi¡a; Ì¡rer:Ê requi'r'Éd' 'bc¡

elj.miriate br¡o maín ploÌ:lernË¡ (1) the effeete ':r.f po-Li*h.i¡.fl

cç:11 ternperature fluctuaiions on pþ+toel,e+tri.c celÏ
.see$it:vi*'I; (a: formatiotl of fr¡:su in the ì.ight Fâui:{"

['he syst*m atlcptea iras overûo¡,1e 'bo1;]r th"ççe .}.iffå*i¿ltiee"

2'JÐÌ,"F8-\A'ilUil$ C0il'IR0L

îhe ncr¡nal prethod. of ,"i tzurd.ing 'Lhe pclishing cell" in a

frseøing batlr (me't:hai:rc1-ecIíû, CCtZ) Yf&.s';Lj.ecarded " Inr;tea'åo

the el.ectrulyte ittií perch]eric a*iC., 36rt a-bu't*noi, an$

5Bi4 metiiano]-) i.s ,:¡ir-låcti i¡r a reÉ]er',*ior "to l¡elçr'¡ *r*$DL',

again usirrg a ¡teti:ia¡ro1*"soiict ÇSe Çr"ro1no*, a:td, 'þ'hen pi:lriped'

tlrrciugh the prllish.íng cell and. retu:rn*rl., i¡. res*rvoir cf
't Litre capa.*i,iy, and. a punrping rate of r."r5rprc;ximateiy

50mI mi.n-''l ur*r"u foun,l to be ,cui.tp.ble: wj.th a fae-i;er fl+w
of eiectro.lyte the reservuir i$ qlifficui'h to .ín*i.iätêin

-i¡e"Low -åi)0C.

The ei-ecì;rolyte was raised. +u{¡ t}re <lesired tenperi^ltu¡'e

rf -55oç hefr¡r:e ílowi.ng i¡ttç tÌ¡e pali"shin¿.1 *ei]' by paesfurrg
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i+, i;i:,tou6h a heater ecn$:i-s'i;ing ofi & $taii?l.es¡¡ Steel' tu'þe

vround, w;i.'i;h r"ar¡th¡¿l art,å tÕupfeC to a ]r'r¿rc¡'t'i:e¡'trr sie¡rle ss

pt:¡) lio rtion.¿¡l cc¡rrtrol^1cs. "An i:ron* çoliË te-t"'li¡n tire:lrno çü u.pi,.e

measu,r'ed the eLectro.l"yte teritlieratuie imm+ld.j.atc*iy bef+re

the polishing cell"

3. *9Il-liHHffiI!

fJnr; potisiii31g celÌ, sh*wn in figu::e 1r was *.rigina^iJ"y

marle :flron¡ per$pe$, ì:ut Ïras beeri" r.'epl-a-ced v¡itjt P}ü:ex gltt$fi"

The iighb 6t¡-ideisi are all å-nte5:r;i-1 p;:,r't of tÏ:.e ccli., +nd- 8,Jl*

pararnOtUrt iri cve::cornirig tile {o-wo A.fr-r;:emer.r'h:ì"a.rled, 1:rabiemË"

Seir.rg good. thermai insulators, they ¡t:reverit ie* fcrtufng

i,n the light path aird. iÐ.r*uiate ti:.e ph+toe;ec'[ric dqter:t*Î
from the po}ishing cell. i,laski-ng the ont¡;r eiirfaces cll

the light giri$es aria rnost cf ihe cel.J- 'with ¡'fCl taî:+

great).y re*u*eg i'¡r'Le:r:[r.;Í'Ênci:r with -'ç]re riete¡;'l;'lr ;:Ï $¡tr¡'r.l

light, though a wi-riclow (s.srown as lY in fi¿Tur;e 1) is
required Fo thaj; "bhe új"s¡{ r¿a,ù. be ¿++:i:r¡r¿çeÏy a.I.igr"ted in
h]r¿e beaú. Electrc'lyte fiov,rs upwards :Ln 'hhçi eel'-ì", a'rld' hhe

flow rate ulled give,e gocirl r.¡"rri:f+rm th-i¡nui.n$ ç¡f ape+;i.:ne,u.e"

4 " låÐË"ls!"$gs,

flhe e'larnr cjrcui't d'iaE4ram ig ai:çï¡n in figr"lr"ç ?"' The ll"'3}t't
d.epeutlent reoistol: j"r¡ orre s.rÉ Õf a ç¡rr'*ge cffncuit whfr:h
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iE bula¡lced, r,r¡i-bh the d.isk in 'POsi,tion bi;.i[ v¡i'çliout the

polieiiing cupent s;lvi'tched ûn" Outi¡r"* froin th.e b,;:idge

Éioes to a hi"gh g+rin a^rnpl-ì.f ieir, witÏ.i ard,jr.r.s taT;ie positr're

feed'back. tiri,s euabl-e.s 'bha se¡'tsitivit;z ¡1 the elnplít'i'e'r

tO bç set tct filter oi;t no:1.,3€. r'e¡:fole*r-'i.on Of thç tJ.i.;¡lc

switches off the poJ.i.sh.inß ci¿.f3:+nt via the trÊlíåY âr:l"d.

triggers a¡¡ a.ucij-b"r'"e åiarm.

Ë íì P$C I itih'ií illìË}'ÆiAf IONa

,}mn uirconirrm clj.Sks, abOut 0,5nn thi.*ic, ç4¡erê *L'"t ç-rl' 4i

Servomet sËaJlk eutting machilre, antl pfofi.lecl ür¡ h*-th

s:i.des by jet pa,:hf;iing" 'Jhfc cl-lol1ing was å,:n'e utñing en

electrqtl;,'te cf 5/, percirl,C,ric n,sj.rl irr me'l;Ì:r.¿¿n'ri ;:rt *úSÙ(]

anú ¿r \¡ûf i;age of ?00 voltri "r)Ç. ltiternlum {t.ishs lryere pr:ofl-Le{

c.remicalJ-y ueixig ì;h+ mcthçi1 c¡f Rice et a-L (.19i1 )' Specimenn

tyere cüate* '¡Ji'th L¿l.ccmit nt<lppj.rrg i:ff coutp*u:rd. å"Tlolr.rr'd' tþe :

edgee, grippeti. irr m.oåÌfiec tweeners, anû pia*eå Ín i;Ïre

l-aser bea¡n (inad-eL 41 0, Iuletroiog.i.c ]¡rst.rlÀmÊnts, Be}-lma'wr"

l{J' OíJ0-50}.. llire irolis}ri'ng I}üwer FuPIi}Y vras tl,:err sw"iteired
'*.ll Ì r -_--ì_.-1 &;.orl ; i-.nrned"íaf;eiy tile al.arm sstutdËd. the f¡púrÇåulçn ruas

remorred frcm tlie eeIl, vraglrsdr .iv¡ cl-eåii nietbaricl tmd ¿j.r'iecl"

Delays in washtng in êrçsess af tws seeond's will reÉru"Lt in
dirty spêciu're¡Ìs.

fhe pepfor¿ìtions ave:rage.d appros:i-rllately 'f CICI tni.crone
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i¡r d.iarneter , vi-i;h aCeqr,¿a'be areås trar:.spanent t+ 1f,¡0i'lV

elee tr<;ris. Alth.ou¿5h tire l:,¡rparal;)¿íl has ori.l"y heen r"rÈ€d' for
?ur ar¡d. 'lio it shoul.d be su.itable for âJ:rf, mr*'Ëeriß:Ï"

reqi.iiring sì.¿b*zero poiishing cand.itiotlÊ*

AC i(i';O i/j,llÎ ß,', l!i',i T S

'Jir* aut.trors r'¡i$h, to tha¡¿k lltr" 13" l"Ce fci: heiir :r¡ith. 'f.,lne

celi, f*¿nìp a:rd. lier¿ter, a.nd. Irllr. If* i'.cno.all fcrhhe
electronice, O¡re of the autirors {"tSlt¡ ¡¡ra"tefu-ì.iy
aclcnowLe"Jgee tiie eiippo:rt o:f thsl Är¿,çtraJi.a¿ I'le¡¡easch ûr:rults

Gom¡¡í'h jþee.

R¿*I¡]:'.REüSEË

Rice LN Ï{-ines-Ly t} } atrd. Çonl:ad" ïi iV71 lil3'J¿.i'*t0Gti;'t"?Ifl.{

A" ?57-68

Srni.aleh ã, å and Mi1[cheil t ä 19?'r P"f].f" $CT.. I]ü$iIRiìüÏ"

aå P,9o-'1

-@ {r:rsì,kr'v'P*4ffi.

';* lf20*5 V was u,Ëed fór: fir *rn'I, 10.$ T far lli"

Journal c:f Shysår;* T,* $+ieyrtå.f i"c Instmmer¿'hs i 9.?3 Voåume 5

h'åntecr ån Çr'ea',; Brit;a.in ú) i*Tz



Figure I Schematic diagranr of the polishing cell
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¡lu to¡iratie 1,ìo tti.ng oi' S'herec) ¿;rcaphåe Pro j e*tiorrs"
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Al;TOMATï0 Pi,O TTTNG OI' íìT,\ËEOGTìAPHT$ PJiC.:F:fi T]TüN$

1* ÃI"ß.eiE:{åÊti
The veiue of ,stereogr"a'phic

Ft.oje*iiçne has Long be*rr recogni-sed. by cr.V*titalicgrapltsl'rì ".

While therr¿ are mßIiy srst¿¡nda.rdrr proiectictlo ¡¿vftJ^ie'ilie ii:
th,ç J.i.terature, projâct:Lona other than thece stanrle;'cåÉ aIÊ

of ten pl"<;f,er;'sfl* ManuaÌ cçnstruetion çf' pru jeeticns 'hen,åt'

'bo be tL¡¡e *onsl¡¡tiiig and, tediuEo and tc' thf¡; eiiiå the

fofiowirrg p.Fogï"an hae b,çen l'r'ribteÌi forune wit,.h 'i;he ü:D{J 6l¡.*cl

com¡rutee with Calccmp 1O¡r anå Jfrrt 1:iï"ctiers:.

Ê.. gltrg*åx

A. fr¡rt:ran progr¿À¡n has i:*en ¡¡¿r'iÈ'btsi:

to prr;úuce +'l,er:ecgi:aphiæ projecÈlcns, t¡oth ;p-la,nr.rr and.

d.å::ectionalo of- an¡r oi'È¿::nte.tlon fc¡. an¡r çrysiaJ. s¡¡etem whiclr

can be clescr.ibed by th¡:ee noncr:p).ar6rr" rìi'iee Éì¡:ìÇt chner+ inter'*
axlnl- ang.Les" ïÈ 1s ËurnmsrtËed in t";r'nlx ¡:f planar 1-rroject¿ona:
pLrttttng of cllrecticn.el" porjecti.ons Ls ¿:ou:plei,e1J¡ a.nalogo'rißr

ft ia 8.1Éû aeuiuücd that the canceptu cf, ei;eì.'cographLc sphere

ancl projeç florr åI.Ê undç¡'stooü."

To faclt:ltete the act'u-a-1" nie..:ha¡:ícn

of plotti"tìg the projectlon t.'lrree refererice âxeß (Btane

narrnale) ar:e r'çquår?ed, olls af whl.ch is the normal 1:o lìr*
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pt'ejeetlon pialien Oiice .thc pçin'U to be p"lottr:i'-ì hp*s bÊê¡r

çhùÍjÊn tïia ä.ngl"es v¡irich the plÈne siermfìi 1.r'l t.;ltr,iÊiion nake

v¡jth eeuh of t,hre thre* reference åïes årrg çlirliì ''lat'ed' ft

ìa then ñ í.elutively siinple i.t'Í-gcnot¡letrir: oËei'¿iLjr.olt -fcr

plot t,hr, iroint, IT.re tri6i:norrÉ'bry 1s cctitiicle;r'abiy' simpl:'f1ed'

if tire t-efëÍ.srìee axeü Lìt'rg mutually perpentlicr-iJ.al'" ilowever.o

f'or many no¡l*sLandarci pr"oi€etions¡ pÊrtifiuiar'î:; in no¡i-ciihLe

sy$tens, ihrce uiuüua1iy peí,'pendi(:u.1.a1" piani: ¡ir:r¡naJ.S IÌìåJr :ì4È

"Oe knOvun" ltlliS d,ef icienqy c¡r¡ b,¡ e¡¡Íif ly OveJ¡{:í)ii:rrì US.i;1,61 a

Þeraic prÐperty of \rr:cttLr$, niîineiJ¡r thaí tir¿+ '3r'cli3;1ì pi"c;l.ucf

ol'twr¡ Tecto¡'s vriIf )¡1i:-Ld,* thj-¡"cl- pel'peridicule¡'.'í*'thÊ fl.l;'ob

twc, If' vec hcrg # t, and. ;# 3 are th*n {-rrosseiir Êt fÌour"'lir

vec [cr. wil] resuil that i* Fu:perid i.su.Lar to these* [hr.l.:

prr:duclng tiiz'e;e vectors, ,ií1, ¡È3, an.d. if l+, lr¿hir:h are

mutlra] J"y per.'¡ienclfc uiar' "

TlffÌ pï'ogråm is writLen to gl*-e

the o¡rerat"or optir:ns aÊt to tire size: of t:he ploto wi:icir

p.totter ( i 05l Gr }Cl"i is use d, wliel;he¡' i t 1¡¡ o.fl p)"arten or

projectir:;nÊiu the cr.JeI' cf p.l-eir-tes of rlileetio¡¡s ¿çit'l$idefedn

and whether cr not a ¡rririt or,rt uf polnt co'-sl"c3.in8'r;eÌs Íe
requireel" If these optï.<lnu are not e:iÈrcioeü Îhe prclg"rarr

e€isig.¡rs Cefault vaJues to ena.bl.e it to Fll-rr'

3. Pkp"sJË&.*æqåuJå

7"1 tarrguÉrge i 1+'1R:tP,4.lI IV

5.? Da La ki1:r,it e



(f) Rad.ius of plot and chr.¡ice of pLaiteï"o å'2.Ï

(if) Nu¡nber rrf proiectlons to be pJ'otted''

(i11) f,ottlce parsr,meters Írr br cF cl' þo Y.

(iv) Frogranr ccntrole, These ]imit the ol"dÉr c¡f' plnneCI

plot,ted. and whethert plunea anü' clire<ltJ"ons Éìre

cù'n.s idered "

(v) Pole of the proJe+tiuti arrd two mubuall-J- pl¡.¡r'pendielr.inr

reference p-'t"erneS" I.f the latte¡.' poles o"r* nçt 61it-enu

the eomputer' generates åts olvrlo

1"3 Claiculstlon,$.

Usi.n.g t"he g1v*n lattice pei";amelern

ùhose o.t the re,:iprocal lahtl.ce are calculateii f,roril 'ih.e

f'<.¡llowing å- 
r

V ä å'baC* (cosâ fÀ +. ccs ÈP + cos 2r * 3"cÐs{xnf:OÉ3p,,con1*}È

where V ls the r.¡¡rl.t cÉÏI vç}umc,

Fnen s
fÀ L**si¡s¡

ar¡d.

V

IFcos(d ".
eos/-lcÕsY * co.gfl

sinp. slri ^¡

# , êtc., are ca.lculated, cyeiíciy"

Tf i;ìre [vro ¡:çfçrence poiee a::e

not eupplied, thoy are €enerebed uoirig ".lk¿e folfcw-ing rslatlons:-

Consldêr twç eete cf p1-anee (1*e.



Aä"4

vectoÍ's ån neclprocal- Epece ) (urvrlvr) arrrl" (ur'rrj*j), tlisi.i
becau.sg of' üh.e re'l aticr:nhi¡:s -n*tween l"*:&1 ar¡rì. r'ecfp:lr.rcal

apåge,

(u"l|.'r.t.,) r (u"'t""wu) Ê fu,,r'f,l' I Ì i.' .l J J'

where t¡YtlO j,s ia v*c.ltoå" in reai i;Ë$i(:e arid. Ls, *f *+il;,çeo
pel"¡ronciicular to b¡,rt.n (u*u.rrtvr) snd {u*v*wri I

[I=rrrw.r-*jri

V = ,nJ*i ,j*i
ìfr = urv* .* tjol

ft-tirVJ is thren convex.teÊ to a vc¡ctç¡' iuvw,ì ln reeÍp.c."oca]

sp,E+Ê ae follorrså
Ll a U*f¡ ? -1" V'oa..bucosl + l,loc.tì",?ûËlt

1,¡ x Uoa ob ncDS l. + T"b * .,¡. W.h rf; oÇü*âj, il
lit- æ U,CeS"Cf:S,r3.+ trr*-Ð,Ç*COGç¿ 4 V[,{:e

Th* actuel proced.ure is then:
(u2v'¿w2) iu gSvi*n hy'(,nüo) ï., {,u,,o,wr}öë
(u5'rr¡wy) ls giv*n by (u.r",rrwr) rE (ç.rsav,¡ai

ìE* i.f {ri,v1w1) = (togj, 'biren it ls croee,Èrl. .rvJ.th i'i-;f }
Ïn this ñ'åy ilr.r"+e .nurXuaJ-J.y pær"pendå*uiar" s.rirla nt"e ¡;r",.td,il..,*rliì"

the À{r}1e¡, ånd.eä. tr:i¡-;l.e be ar* th*i:
genenated and. tee'b*d Í"crp a co¡Tr¡r¡o¡1 fa*t,oil; f.íl nons e+xån-iiv1;na

angleo'¡o d, anü É ere es.rlci¡latecT,

Ð¡sm t.b.eee nr:lgJe$e. fir+* x st1,* ¡r



I'-f.gure I ¡ 'Ibe stereographi.e sph+*re
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Ço*ordtnateÐ of each point re calcul.ated (poi.es en t,he

baclr henisphere are onitteci by Ígnc.i='i:r¿¡ tho¡;e poLes wit-h

x > glo"

The expressi.ons used are;-

Thç; tr.'iplets at'e ge;'t$lral,ed. u¡itiI
drn-* . ùli*it, and are cLo¡'erl. aì.ong with tlir; p1e1 co*cr.crlrrcttûÍ.,

and lnterpianar öFacingp uni;lJ. ce-ieuletlon ie conpilat,e " th,e

stereograph:i.c pr.o jectlon l.s tb,err p3"ntted."

J .i+ Default Values,
Ïnput datc. requåremen i;r* h¡i've be+n

giv'en ín tr.'à." Hai'¿evero of thesr* oni.y tbe Latèit:e Få.rÉrroeiÈìÐs

ure gsRen1,lal for the prclgrårn t,o Fr.tì't" Ttre otlter paranlr;tern

have drlfault va.Iues assi.grie.J accr:rdlng to ti¿* foij-or¡ring t*.þ]..e¡*.

PsÃBsßiså SsEg*S¡aå,¡,ç. Ðs-f_l+_ul.,lç." vpr,ua

Pl-ot radåue {) cule* F crfÐ*

No " of pJ.crto O 1

FJanes or cli.rrr* " l" 'Ð F

Limlèing o¡.d€r"of tr>oirrtn pì.orred. ( O, O, O) (z_ rZrA,)
P.roj. piane (0rop0) (oroot)

If' only the latÈice par*arreteFs arç supplie<Ì. ln tTrc ,ls ba

liet the resuJ"t wxlt þe a (o01 ) pr.oJ**îr+n sf pizure normals*

x E -R.cor¡f4.rr"(rÍ),*ostø u. cos's)-È

y = R,cöse.*a"({)"(ccisap * *n*te)-å-
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1O Grn$. ln d,lameter, inc-ludlng pl¡ånes up to d(rrrr*)
plotted on the 10rr pl.otten"

( 22A) '

Lt. COì{0LtlSI0N

The pr.ogran hes been used. E,¿r.r,ceË)ß-

fuJ-Iy to produee several projectlons for tt¡e hexagonal
systenr, e/a, * 1 ,59, ae well ae for cr;bic arid orthcrhomhJ.c ,

e]¡Ðtems" Trvo examl:les of the plots oþtalned are show¡r 1n

fig:u'es 2 a¡rd 5" A pro6ram IÍetång le also given"



tr'igure 2z lhE (t t'l ) pro jection for planee J"n

titaniwu * cfuo 1"59



(îtl) Prroiection for Planes, Hexagonal - c:a=1.50

tÐ

êì

ru

ùa

oU

ð

zrl¡.1 û

¡\
i\

I'

È'd

gË"'l

s'

sa ð, ,Ð

at 6¡, ¡ù ,Þ

g

nO 
.U

{
.8

;$

ir #)

;$ r\t

cl 9ì el

q"

nl¿

¡\
o.\

r4s¡
R¡

4ÉI

é)

c¿

õ¡

tìt

s¡ 4¡

¿g

nè
'Qt

1.
%

ß

ø
a

t {

û'çlclr

t+t

t2

¿+

re

t
.e.

_e.

{

ôqo.q ls. ¡s. CÞ, .., 14É tp

à.
â-'

t-'

*\ -.

Éê
*o,o

¿ro
jro

g.þ I

-ß'
H'

râÈ'

.i'
å'

2.

t'
'Ë

s'
q'

Ê'

2it

s

I

"f,

s
r¿

'¿

a
¿r.

t.!-' ¿tt

![4

1t
'!-:Q

o-t æ.1

c. ":-.'e. t'
ã'

?o

ira

'-5

¡L*

?*

i'\

¿8?. 1s,4-.s.o=È-
t0

's13+

is1

,!

'9

',ù'

ù¡ È

"Q

tl,

ro
o'

'Tå1æ
{lo

¡io rh
u,

i'

r'tZ l&
aîo

!Tf

zlf

rÉ

!l!
{¿I jÉ

I
|¿ "bI {t ¿lt

rþ aÌs ¿\t

'tìo

rtt

|l 5 5#



Fig¡¿re 5¿ rlhe ütOJ Brciectåo¡r 5,or dåre¡:tåcr¡s

in tttarriun cÍa * 1'59
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PHOLì{lAi'4 STt FrF0 ( I\lpUT ! 0UTPUT )

IN'ÏIGEì^¡ tì(40{)) r Hl{r F
{lËAL" LIf,ìITr t-l,f"jHq LIMKT LIML
DI¡¡f:rrlSIOi''i X (4û{r ) rY (4úil ) rK (4(10 ) rL (400 ) r IC (5)
L0G ICAL HLIÞ'ìçKLJMTHXC
DATA PI r I Ç/3,1415i?-7 tZ ç3çb;7 çLL/
COiqiUN¡¡/Ahf Lì,/ A r Fì r C I COSALP, COSI][T I COSI-ìAM r HH I KK I LL
C 0 14¡'r o Ì\¡ / C O{\ V E tl T,/ A S Trì r U STR ç C S TR r A [-P S T R I Ë Ë T S TR I GA MS T R
IC()í'JT = 0

JI

{s

++

{$

{$

+t

It
It

h\EAI] IlAi)IUS
C0l'J'IRr:lL ( I 0

( I NI Ci'4S. ) AND PI..OTTER
oR:_ìil T¡\Çil).

2 ¡\7

2 i]3
7^4
2íi5

RIAí) ;(!5r RTITENI
1F1n.L-8.,(r,) H = 5,
IF ( l'ì.l-T * l2 '5, A. I Tl:hl. F-(ì.0 1207 r ä03
C/\t-l-" PL.Of Iû (THllflllEYCUr7)
(;0 Tn ¿fi4
CALL Pt-0T 30 ( 7HNi1DËYCLJ r 7 )

CAL-1. ÊAtIFLOT ( I BHBt-Ar!K PAPER pLERSFI I l8 )

FOa,4AT (Ë5çIL)
R=Qlf4 r:ì9::ì7("r I
XR = Ì-)

Ylì = l¡

RtAn irrO. t)F Pt{0JFCTI0f'lS T0 HE PL0TTED
r\\i!) ÐRl\ll' StTpPRFSSIOf\l IF RHQI,JIRF-n

RLAt) I /+s trrFe JprlIt\.JT
14 F()iìr"rqT (lT3l

IF(i'¡P.$T,[f ) G0 TO ?ì-l
!\lP = l

?n7 PXr,4 = *lìt(lT+5){sfiP
ÇAL-t-. .xLIflI r (PXfv1)

RE,\I) LA T1^ I C.'E I;'AHAIViH TE:I1S.
aRE I¡.J t)F(ìf?8F.5.

II\ITHRAX IAL ANGLES

J? REr\l) lr ATHTCTALPTBËTTGAM
I Ët)q¡'t41 (¡FIf,l .5r3Fl0.3)

IF (a.1.['4..()rll'LF.0..(].CrLE.0, ) GO T0
IF (/\LP.LF: r (ì. . 0.HË-T.LE. C. . t)o6AF,l.LFl. 0, )

AL"P = AL-Þlrirl/180,
HH"I = liþ.-T+PI /I,q0.
GAM = GAr''¿+tPI1låt)'
f,¡'C = .fr'

¿1. C0SAt.-p = CrjS(ALp) $ SINAT-p = SIN(ALp)
CûSr'1fT = C0' (ilET) $ SINHT-:T = SIN (HET)
CO5(i4r'4 = COS (ftAM) $ SII'IGAM = $IN (GAM)
IF(EXC)(.iiJ TO 37

u00
GO TCì EOO



{t
{t
lt
{t

SQT = 1.-COSAI-P*+¿-çpSBET++2-COSGAM+*2
I + 2. +COSALP{tCOsÈtETtf C0SGAM
ftECV0l- = AttB*C#(SART(SAT) )

ASTR Ê B*C+SIrlAIP/RECVOL
BSTa = C+Ar$SIÍ\rBET/RECV0L
CSTR = A#ElrlSINl6AM/RECVOL
CASTR = (COSBËT{SCOSGAM-COSAt.P) /SII{BET/SINGAM
CbiSTR = ( COSGAI"II¡COSATP-COSBET ) /SI NGAM/S I NALP
C65TR = (COSALPçtCt)SBET-COSGAI,4I /SIflALPlSINBET

READ LTMITING INDICÉS AND ì,'lHETHHR PLANAR
0R !)TRHCTI0NiAL.

REAtI 2ç LIMHTLIMKTLIMLT0PT
FCIRMAT (3F3'AlrF5)
IF 1¡ttv!H.t\lE.0.O,L_IMKrt\E.0.0.LIML.NlE.0) G0 T0 P50
LI¡4H = LIMK = LII'tL = e
c0h'T J \iLtË
ALFSTtI = ACOS ( CASTR )

UET$TR = ACoS ( CBSTR )

GAMSTÍì = ACOS (CIiSTR )

IË"(OÞT,Irì,lHD)G0 TO 37
AR=A fi f_li?=f3 5 CR= C
AFtì= ALP S l-lTR=ËlËT $ GF4R=GAM
A = ASTR
Êì Ë ÊSTll
C = CSTFì
ALP = ALPSTR
BE'r = tsETSTR
GAM = GAr'4STR
ASTil=Ar{ $ FSTFì=BR $ CSTR=CR
ALPS Îp = APR $ HETSTR = BTtl $ GA|I4STR r rjMR
F-XC = , T.
GÚ TO 21
c0r"rr I r{iltj

¡AE/\D PIIOJECTIO¡I POLE AhID RIFERËNCE POLES

?

?5 ri

37
,ti

+t

ìf
Rf:Al) 3' l,/I rVI. rldl ruârv2çhlzçt"l3rv3rll{3

3 pQar{A1 ( vF5 )

If'- ( l.lI .Ntf . 0., 0, Vl .il18. 0 " .0. !¡J1 .N8. 0. )

tlI=Vl=0. $ wl=1,,
71) .4 I REF = KiìËF = I

I F ( tJ?.É-ç¡. ¡.,A. v?.Heì. 0, .4. nl2.EQ,0. I

If" (i.l-l.FQ. 0.'4. V3.80. 0 t .4.b13.E8, 0. )
TF( IREF.NL.O.Á\.KREF.NË.0) G("ì TO 41

TH I S ST:C T I ON TJHNEÊA TE $ THE REFERËNCË
POLES fË ¡JECI--SSARY.

G0 T0 206

I REF
K REF

=Ll
=0

+t

{t
lå



+7
'¿51

Ifr ( IaFF.Erì,Q.A,KREF.Etl.0 ) G0 T0 42.
I f; ( KRE:F. F:Q.0 ) G0 T0 43
tJZ = tlil Xù V2 = V3 5 W7. = h,3
GO TO 4ll
I F ( t.l ì . t- (.1. I . . A . v I, FQ. {) ., A . tv I . E0 r0 . | ?5I r ?5?
TV = TU = Titu = l.
G0 TÔ 420
ïU = lr
TV = Tt'-J = 0.
UT = TV{$ltrl - TUt*Y1
V T = 1' '..rlrl' r-l I - T l,J ì$ ì¡J I
ì,!T = T(Jr$VI - l"V{ttll
CALI-- l\xCHA!'.! (tlTrVTrWTrlJ?rV2rld?)
UT=VPl¡íÂil-!,!2ttVl
V1' = i,'i2llt.ll - I'llltl.JZ
iNT = i-l?+rVl {lIlrV2
CAI-L A XCl"iAN (LJT I VT r c,/T r tJ3 r V3 ç ui3 )

852

4?!.\

4j

lï

l1

PHIi)lT l(r
PR I [iT I3
PR I \IT 1:ì

13 FÛRI,4AT (

, Ar$rCrALPrfiETrGAM
ç (ll ç Vl rt'i1 rU? ry2ett!?rU3rV3rh/3
Ir.ìXr9F10.4)

4l Ç0rrlï i t\lllE
FR I I\T I6

tf\ F0rìMAT (lt.t1)
LJ:'aIT = SPI\CF. 1¡lMilrLTMKrl_IML )

SPAXTS = SPI\CF- (lll rVI ç t¡í1. )

SPX = SPaCti (rJP r V? r l{3 )

5PY = $FTACF (tl3 r V,? r wJ )

l-lH=KK=l--L=-ì
í\10= ll
INCH=ï:',!eK=INC[=]

/1 Hti = HH + ïf\iCHq KK = KK + JI'!CK
6 Lt = l-L + ï\lCL

If-' (þtH.Efl,0,A.KK.tr(ì,0.A.LL.80.0) GO T0 6
Ri-1 = ilH lli RK = f(K $ RL = t.tPS = SPACË ( hìH I RK r l"lL, ). T: (Pq.LT.[-T¡,¡II) OO TÜ 7
COSPiiI = Al\l(ìLE (lJl rVJ ridl ePSTSPAXIS)
I F (COSPH I .L T. -1 r E-03 ) G0T0€'

It\¡DICF.5 ,,'rIT!-t 4 ¿gru.l0\l ËACT0R ARÊ ELIMINATED.

l.-)U 20 Ë=lç5
Ti\l = fi\CT0R(HHçIC(F) )

RTi = IN! HH
l'frl = FAÇTOR(KKTIC(Ë) )

Rn, = Tl{ * Kl(

tÍ
it
It



t$

'l'l'l = FÂCT0t"l 1¡trIC(F))
Rt = Tl! tl.-
IF ( Rr.1.EQ.4 . .,4, RK.8Q.0. . A. RL. EQ.0, ) GOT06

?n Ctttrt1lf.,i11E

I

çq
ìI

hiO=Nl()+1
H(ttlO) = i-jH
K (irlO) = KK
L.(lrl0) = tLCQSPSI = ANIGLE (tJ2rV?r!,12rPSrSPX)
COSTHï = A¡,lGLE (UlìçV3rl,ú3rPSrSPY)
P0 = ACfJS(C0SÊHI)
P02 = F0/2.
Ti'4P = fìltTAr! (P02)/ (SQiìT (C0SPSI*#e + C0STHIlt,*2) )

X(lilil) = -C0SPSI#TÀ{P
Y (hll)) = C0STdIr$T"lP
IF(IPilIhrT.l.JFrf,ì) GO TO l5p¡f rlT 95r H (N0) rK (NCl) rL (N0) rPSrH (l{O) rK (NO) rL (l\0) r

X(NlO)rY(lilO)
FORT,IAT ( 1(lX r3I*ì r FP0.l0 r40X r3I3rPFl0.5 )

KLIr'i! = .F.
HLIIf = .f-.(ì0 ïn 6
Ii\lCl- = -I!\lCl- {,LL = -IflcL
IF(I\rCL,l-T.n)6lçA
l-L = i)(iu'rî 6
CQNTTNiLJfi
IF(i{t-TM)(ìr-l T0 q
KLIirl =.T.rìù Tn 5
lirlCK = -Ir\CK
KK = 'ï[.iCKKLïl"l = .F.
l. F ( INICK.L T' (r ) tll I É1;l
KK ='l
GO TQ IJ

I l-- ( Ht I t"r) ç0 T0 1t)
HLïirl = .T.
G(,) Tn 4
lF (It'tcH.LT,C)$0 TO 11
Il{Cr'1 = -INCH
Hil=rì
HLïM = .Ë.
Cì0 -f rr 4
CO¡iïTi'lLJE
Hl{ ã -.il0tì1.
SYM = lH+
çALl- PLCIT (XRrYRr-3)
XR = 2*(P+2)

Ér 'l

7

;l

(.,1

,$'l

ìr2

lfl

1t



l+ (t

/+l

lr,

7l

77

7'1

74

6t)

Yiì=$
IC0\lT = IC0l\T' + I
l)(l eii! J = lrNlo
Xí,| = AUS(X(J)) S Ytut = ABS(Y(J))
(ì = Xþììrì$2 + YN1*rË" $ (ìG = S0l{T(G)IF(íj(ìrí\lb_.0.) (ì0 To 46
Tl][T/\ = rì. S G0 T0 qT
A LF = YÌril6Lì
THäTA = A5ì T.J (i\L.F) + PI/?
C0N!ïIi\llJI
IF({(.,).LT.Ffl'A.Y(.J)a(ì8.ËR) THETA = 2.rtPI - THETA
IF(X(J).LT.tR.A.Y(.J).LT.ER)TrlETA = THËTA + PI
TF (X (J) .LJE.F]R.A,Y (J) .LT.ËR) THh.TA = PI THETA
SLH = Sl-K = SLL = lH
IF (Fl ( J) .(ì8, fl ) (ì0T07ç
tt(J) = -!1(J)
SLH = lH-
I"F ( t( ( J ) .tiE,'l ) G()T n7l
K(J) = -K(J)
SLI( = I l-
IF ( 1,. (,J ) . iì8. ü ) (i0Tn"¡?
l-(J) = -L(J)
SLl. * I tr*
(lOi\!T l. t ltlE
Ii\lClrtr[ ( lJ r 73 r SLASH ) SLH r SLK r SLL
ËORi',lAT (A,l.Al ç/\l )
E Nçfir)Éì (3 ' 7+ çICI"ìAr?) H (J) rK ( J) rL (J )

F(lllL;11T ( Il I I1 r Il )

CìALI- -cYf"ll-l0L (X (J) rY (J) r.04rSYMrt), rI )

ALFA = THF.TA + .7f154
XÇ = .07¡-lil¡Cll5 (AL F"A)
YC s .i!7fì1'räSI¡i (Al_FA)
XJ = X(J) XC
Y,J = Y(J) YC
1'HñDÀ = fHt-:TAr¡Iß1,/PI
CAt" l- SYvitl0l-" ( XJ I YJ r r 0 7 r SLASH r THËUl\ r 3 )
ALËA = THETA + I".lfì'll
ÅC =,1?ii3ttCOS(AL.FA)yü = .lä53+rSINt(ALFA)
XJ = X(.J) XC
YJ = Y(J) YC
ÇALt SYI'il'i()L (ÀJrYJr.0TrICHARrTHÊDAr3)
IF(ICrllril'rLT.ÞlP) G0 T0 l2
CALL trl.Q'f ( 0 . I r) . ç -lJ )(j(.) To 5i!1
ptì J 1!r pij ]
FoË?'r¿T (l0XrrFL/1-fTlCI FARAtvttTER HAS UEEN RE.AD+r

1' AS LESS þ]Ai\ OF{ EAUAL TCì ZERO. JOË] ABORTED.TT)
s ioÊ
Ë- l\ill

2.1 lì
TtJl

I
541



f:'llirlt-. r I l)i'l Sl¡¡r(l{: ( tl r \l ç u,i )

C(J!/,j",íri.1 / ¡¡r'tt.)/ A çr.ìrCs LìtjS¿\LÊr(.: r)SFì[.T ICi)SGAl"lrÞìHrKKILL
Sr.l5¡r = (i'ìl/i ) ìïìi'fa ( 1/ttrl) lÍrl2+ (r¡ll¡C) ll+2
StJC,¿ = ¿"'it{.j 'lt\1 liA¿¡!"rJsL()Sij/\¡4
5(.) 'S,.ì = i_i . -;l\/ìil¡l lrrìiir'1rc()sALF.,
S{lc f = /. ì$þr.ritl.liallþ^+rC85BFT
5Qt rT = fìri'jP+ :ì(!Si-< + Sr,.lSrl+ SrlS I
lrl)¿\t.lË- = l"/(SiJËÏ(SiJI)T) )

iii:_ ïi lr:i¡,;
F lir¡.'



t tlr,iCT J0f.i F A CITL)Ëì ( I o Þ1 )

F0 = ivl

t'li = lll:1.(ì
F'ACTrìR = irlTì1Ê{(ì
fìtTilË!'.1
E illl



FUNCTIT)þJ A¡,lGLF, ( LJ r V r l,J r SPÇ r llSP ¡
I r\TE.(ìEH llt-l
C()IVTH1¡¡¡7AI\I(ì/ A r F I C I CC)SAL.P r COSBHT I COSGA14T HH I KK I LLTI = Hl-1lri.lrtAl$A +KK#vr+ËjnB+LLr$hl+rc+sc
Tä = (KKatiry+L[.+rV)rhÊ#Cr¡C0SALP
T3 = ( þ{N.lt+t+¡.¡.,rîrJ) rÊÀriC*C0StjE'f
ï+ = (HHrtV+KK+tLJ) +tÂ+H{fCOS(ìAM
ANGLT = $pÇrf F¿Sp,r ( Tl +Tâ+T3+T4 )

Ê(F-TUei'.!
ENI)



SiJRË10LlTINE AXCHA\l (RHrRKrRLrUrVr!{)
C 0 tir ui 11 ¡x 7 ç 0 I\ V F: RT / AS T R r tl S T R ç C S T R, A L P S T R r tl E ï S T R I G A M S T R

Tt = Ét STRr¡ESTllrtÇOS ( (ìAMSTR )
T'¿ = SSTR+rCS Tfì.¡CnS ( ALpSTR )

T3 = CSTrlt$ASTr¿+tCftS(BETSTR)
tl = QHrtASTt++|ASTR + kKi+Tl + RLlfT3
! = RHr.11 * F?Krf HSTR+BSTR + RL+T2
iry = QHrtTS + RKttTP + RLrfCSTRTtCSTR
RËT(IPI\,
fNf)



J,111:ii'Jl)ïX ïïi:

Ana1ysis of the burgers r.rüctr)ãfit of c1i;¡]oe.a'tirnß ån

al pha-ti-tariir¡^n"



"a3*?

The consistent.ly índexed eoLutìûns of thes* tr¡''{¡

díffraetion patterns &re Ehc¡wn in figure å' The tPeråt,ilre

refle+tíona were {1Tä) whriqh cocrespondø to g 1r tiT]Ï}, antå

(Tl3) whåch cgrresponcSs U,û g 't' iÏ'13). The barger*; vecto;ro

whiclr mu6e be perpendi-cu1ar tçr þoth these, í* *herefore

llI0l (sr tlL?01 in ¡,lfÏl-er-Brav,nås nÐf,qtictl) n



ri'Ígurc-. 'l ; lt¡at sectic* ç:f tlle Kikuchå map

repreÐentfng tiie tålr:ång *:xp*rùne:i,t"
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FÍgJre ?,¡ ScirernatÍr.: representatÍons cf tire two

Kilçrrc.t¡i poLes usecl to ídentif,y the

o Peratj"ng refl-e si;j'ons'
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Jd.lgure 3; ScJ.u'ciar¡s of the twc¡ eLec*raa
d,lffrao'Li*n patterrrs 
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Fi6ure 4¡ Showing the eondå1;åon* of E,ero ocntras*
fo:n d.åelccati,+n J!,
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