
THE CYCLIC STRAINING OF ALUMINUM - 4% COPPER 



THE CYCLIC STRAI NI NG OF ALUMINUM .. 4% C PP i ' 

By 

ANDRAS ABEL, .Dipl. Eng. , A .I. J.t . 

A Thesis 

Submitted to t he Faculty of Graduate Studies 

i n Partial .Fulfilment of the Requirement s 

for the Degree 

Master of Science 

McMaster University 

May 1965 



MAST•·.R OF SCIENCE (1965) 
( Hetk'\ll urgy) 

cMA.ST " il ;IV • , l1'Y 
Hamil ton, O.t~tn..;·io. 

TITlJ~: 'the Cyclic Straining of P.lu.."llinum .. ~~ CoppeJ~ 

Ul'HO : Andras bel, Dipl. Eng. ( uda.pest) 

''UP.I Rl/ISOR: . of QSOr R. K. lia 

NUMBEH OF PA E$: v, 160 

10CO I<~ Al'~D COW.L'.Fl~TS: 

In this thesis the nature and atrongthen ~ffuct of the v rious 

precipitates in Al-4% Cu arereview d, followed by a literature survey on 

tha response of this alloy to fatigue. The first e:q:;e ~iments described 

were carried out to measur tbe uschinger effect and th~ r sult of 

th...;se re presented. The experim ntal study wa further extended by cyclic 

straining corresponding to fatigue conditions and tho result obtained are 

behaviour 

eft ct of heat treatments carried out during th· int~rruption of fatigUe 

on a specim~m containing . etastabl u precipit tee in ported. All the 

experiments were carried out on single crystals and most of them with 

112 orientation as indicated later . 

ii 



Acknowledgements 

The author wishes to express his most sincere than- to Dr. R. K. Ham 

and is particularly grateful for his instruction, col'l:Stant advice and 

encouragement which enabled t he completion of this work. 

The author is also u1debt~d to Dr . R. H. ·fLly of Aluminium Laboratories 

Limited for providing the alloy , to Mr. D. W. Eley of Englehard Industries , 

Dr . J. Rezek of Canadian \vestinghouse Limited , Mr. G. Globe of Greening 

Industries Limit ed and t he Steel Company of Canada J.,imit d, for assistance 

in forming the alloy. 

Thanks are also due to McMaster University for providing an Instron 

testing machine , in addit ion to providing regular facilities and to The 

Defence Research Board of Canada for providing the n eessary funds. 

iii 



Table of Cont~ 

Subject 

Chapter I Introduction 

Chapter II Products of Age- hardening in A1•Cu Alloys 

1 . Phase Change Leading to Precipitation 

2 . Sequence of Precipitation 

3. The- Nature of Precipitates 

Chapter III Theories of Precipitation Strengthenin 

1 . Strength of an Alloy Containing Coherent 
Precipitates 

2 . Factors Involved in Cutting the Precipi tatqs 

3· Temperature Dependence of Flow Stress 1.1/it h 
Coherent Precipitation 

4. Strengthening wit h Non• deforming Particles 

5. Work-hardening Characteristics 

6. Effect of Deformation on the Precipitate 
Structure 

Chapter IV Response of Al-Cu to Fatigue 

Chapter V Experi mental Apparatus and Procedure 

1. Experimental Apparatus 

2 . Experimental Procedure 

Chapter VI Experimental Results 

1 . The Bauschinger Effect 

iv 

1 

6 

6 

8 

9 

15 

15 

18 

26 

29 

36 

40 

50 

52 

56 

57 



Subject !!&! 

Chapter VI 
2. The Cyclic Hardening Curves 64 

3· Annealing Experiment 69 

4. Obset-vations of' Relaxation Under Stres:::; 71 

,;. Modes .of F'r-.;~.cture and Obaer'V'ation of' Slip l..inea 7J 

6. Electron 'ficrosco.py 79 

Chapter VII Discussion 93 

Chapter VIII Conclusions 105 

Chapter IX Suggestions 

AP,pendix A '£he Growth of 'ingle Cryata.le '<lith l "'· ferred 
Orientation 

Appendix B Mechanical Testing Techniques 

ppendix C El ct:ron icroscopy Tech,niques 

Figures 

Tables 

eferences 

v 

10? 

109 

129 

132 

1}4 

143 

155 



CHJ l'El:t I 

Introduction 

It b sti ted that over 90% of_ mech~ica.l ailure in 

no ngineering ervice ar caused y fatigue , so that there ha be n 

inor naingl.y intensive r -a · rch on th fundamental n::::ture f this pro-

ceo~ over th 

ec nt r v ews v b$en given by Thompson and ~adaworth(1 ) 

a.nd Thompson (2 ) . Since 196.2 further advance hav- mad , especi 11y 

with the u of th trans i io 1 ctron microsco !Y o thin 

filma.<3•4•5•6•7,S) . It is now apparent that in t ha fi!i.st f 1 hundred 

or t ous£nd cycl of fati e , the g neral pur metals 

lik Dl.umini or copp r occuro by the ormation o· 11 prismatic 

di location loo s and dipol s, which unt 0 So - l r, of th tot 1 

di location !llsity . In few local re: io lip co tinuos with th 

formution ot intonse1y oncentrated ttlip "striations ' , in which th 

dialocationo f'or a well-dev lop sub-etructur ( ·m er d. ob rte(9 ) 

and l.fcGrath and !al on(10)) . Tho triatio ot ponotrat far 

(about .50 - lOOp.) elow th urf ce of the 1, but th y 1 ad to the 

initiation t orac at th urf c within about " of tho ex ct d 

li e in a pecimen lasting 106 cyoleG . h r st of th f'a.ti ue process 

- 1 ... 



consist of growi the crack. Thus there is rel tivel.y ple knowledg 

of th fatigue proces in pure metalG and detailed q titative xpla -

tt p " 
11ev r , much l bout vio r of 

alloys , although rk on al ini1 alloy of the a ha den ty e 

een particularly tenaiYe , since th e are or vitol importance to the 

aircraft industry . It has long been own that the t'at~'U strength of 

thea lloys not · proved in proportion to their t 'nail otrcm tb 

by h t tr atment . Oro (11) g ted first tlmt n or f ti condi-

tions , th etallo pbical1y st ble nlloys y suff oveTageing9 

hio po ibUity pursu d furth r y Hanatock(l2), ho obtain d 

m t llogr phic evidence ot precipit tion induced by fatigu in support 

of the overag ing hypothesis. Ro #ever , stook • .s inte r t tion has 

e criticiz d by roo an his co- wr.> kel'\ (l}, l 4) , no \ r unabl to 

corroborate tock 1 observ tion of pr cipitati found in t ad 

that th 111aterial ath fatigue triatio could be 1 ctively tched. 

1~ ttect could be uppresaed t very low t mperatur s (-l83°C) , and 

heat- treat ent of the alloys estroyed this ffcct. Th lectron 

icroscopy of oxid r plica could not t ct the otria. .ioro, but 

further ag treat nt rter atigu . led to tb o erv tion of what 

wer pparently d nuded zones in th region of the otriatio • Broo 

. lso o erved similar e fects in regions near th"" frtl tur u:rf c s 

fro these alloys pulled in tension. He summarized the possible 

echanisms an follows: 



i) 'rhe creation of vacant l.a.ttic sites by I:.1Qvj.ng dislocations 

with th cons ~uent incre a in diffuai n ~nte leading to 

overageing comparable to that occurring isothermally t a 

nhighn temperature (14) ., 

ii) An increarae in the diffusion rat brought noout by multipli-

cation of dislocations and the eonseqUQnt groat·:t" possibilities 

(1.5) ot "short-circuit" diffusion paths (pipe dJ,:')ofusion) • 

iii) Th interaction of mobile dislocations ~ith other dislocations 

which form tho boundaries o:f coherent procJ.pitates, such that 

th s pr cipitates become incoherent , thts reducing local 

elastic strains(lG) . 

iv) The nucleation ot table (as distinct ft ~ transitional) 

precipitates(l?). 

v) There-s3lution of precipitates. This i~ in distinction to 

(1} ... (iv) , which could be embraced by the term 11overag 1ngn. 

It is supposed that there u.st alwiJlYS bo a distribution of 

solut toms between dislocations (as atmosph: ... res) and pre-

cipitates . The multiplication of dielooatio.oo may necosai

t te thG tran fer eyf solute toms from precipitateo(lS) . 

vi) According to an eetinlate of Freudenthal tt!id \\! . iner(l9) , 

ufficiently high temperatur may be generated. in slip 

bands by moving dislocations tor normal thQrmal ageing to 

take plac · , leading to softening and er ddns Fahelby 

and P:ra.tt (ao) have shown that the estiraa.te is unacceptable 

and that the temperature rise in a slip band y be only 

a few degrees. 
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cl- ical wo k of For yth and tubbington (21
t
22) and 

Forsyth (Z3) should nlso be entioned. l'be e orit rs found thnt upon 

£ tiguing solution treat d Al·4 wt .% Cu lloy, the e:x.trt: ion of thin 

rl. bona of tal occurred at triat1ons , followed by cr ck initiation. 

Th ' xtru.sion eft ct clearly sociatod ith motnll~ ical inst-

bility, inee it could b uppreas d by verageing th.:- .r:W.loy or y 

fatiguing at very low temperatures. Su oquent ~itl- or the alloy or 

fatiguing at 2;t:J°C indicated that th striationo b~. d pl ted of 

.solute . 

Polmea.r and bridge<24) e a imU bsorv tion in 

Zn alloy without r quiring t e sub equent heat r at nt of 

orortb or roo • Fors yth ( 23) w. a ble to obELrvc the eff ct in thin 

films of Al-Mg-Zn. depleted zone filled with ~locatio arranged 

in vall-d. .v loped su tructur • It is cl o.r that h .~equenc t 

ove t 1 ading to the concentration of lip into scriutionG uring the 

fatigue of ag • hardening alloy very diff rent i'!'O t t in pur 

metale . A urther study of the literatur reveal..,. that th- various 

ago- hardening l inium alloys r pond differently to fatigue . Con-

u ntly, from the b inning of thi inv sti ation, · ttention hal been 

concentrat d upon one alloy, .U-4 wt .% Cu . Th str~ ctur or this alloy 

its precipitation haviour ar relatively well underotood. uch 

ia known bout ita 

is possible to bas tully of ita fatigue b haviou:t." o re tiv: ly 

firm foundation . Further , this inve ti ation ha.a boon limited to the 

tudy o the arli t at of' f tigu , since this w of gr t funda-

mental int r at and is the saential prerequisite to the la r tag a 



5 

of oraek initiation and propagation. The grea.te t attention bas been 

givon to the mechanical 'behaviour of tho alloy and hot; it altera during 

fatigue. aince it is thiS a.opect of the problem tha:l;. h.:"J.S been loaat 

studied so f r , although it , u.ut be knovm before ruty quantitative theory 

can be developed. 



CllAfTER II 

· d %M in Al-Cu Alloz: 

1 

Age-hardening riginatas in th tomic r~rnngements accompanying 

the breaJ:t .... down of upersaturatod solid solutions. ·~e ohangos are mostly 

submicroscopic and ighly compl x. 

The fr e ner. change provid the dri~ring force for pr cipitation 

and th proce s is controlled by the th rmodyw ·cal factors of the 8olid 

solution stat , diffu ion. nucleation d th free on rgy r lationships 

between the phases . ost age h rclening systema t!"ru'l..a:fo 'Y'ith the con-

ventional type o nucl tion nd growth proc sa anu thU$ th r is 

nucl tion b rrier hich ~s to b ov rcome y ompocition fluctuation 

b tor tb r is a net deere e in th tree n rgy of th 

tt ntion, ther fore , t focuae on the diffusion co ticient of 

Cu in Al 

wher EF and EM ar th ctiv tion ner ie for tb fo~ io and 

·gr tion ot vac cie r sp ctively and A 

as umin.g that EF + 4 . -24 2/ = 1 .. eV, D,... ~ 10 c • o c. 
, vU 

lt i poe ible only 

to estimate the xperi ental diffusion coefficient Gina th aiz. and 

s acin of th initial clust rs not ufficiently w 11 own. 

- 6 -



( 6) ~16 2 
D~or'bo et &1 ~ bAv c lculated DCu -v 10 c . /s by sa ing that 

the copper atol'llS ove thr~c or foUl• aton diam terf; luring cluster . • 

1'hus ther is a disc pancy of ..., 108 betw en th e. ::p(}l i . e nt and 

tht..oor, .. tical f ·u:re • low the · o s vaeai'lcy theory ;;·t ·r butes this 

discrepancy to the fact that di!f io is gove:rned y :1. vacancy con-

centration a.~d so 

7 

:1:H r rrin to th que ching t -ap ratu.re who th., vacancy concentr tion 

quilibrium an TA to th act 1 t. eratur • econd exponen-

1 · co atant ror the initial st g 

t:: .. 16 2; ? x 10 em. sec . 

d from 

erim ntal data . 1'h di cr pancy bet e t th retical and asur d 

dif!U$io c f ici nt will d nd n T and th s :i..l· also exp in 

hy the r te of qu nch· s uch 

cl • low, so, v canoi .s lUV tir:l to igrat 

to inks and t ret in d v caney concentration ".ot b"' associate 

with Tu• but with o e lower temp tur • 

In this 1y iS , tho etore • pho.s chan e 1 to p cipit tion 

•ry much · v c cy cone ntr tio d ndent proe ··a in the initial 

v rs· r pid cluat ring stag , follow d by sl w reaction and it is 

u osted fro tivity ur ont that th it tak a lo tirn 

for th vac ncy concentration to t 11 to ita e ui ibri valu • V caney 

concentration ranks b aid solute cont nt, ageing t~ ~ a d eing tem-

ratur var· blea controlling precipitation. 
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by th · prinoip e that the alloy decontp('> · c8l initiull;y clong the path of 

m.!Jl' urn activation nergy rather than xir.lum lGs o J.ree one gy. 

)et iled rguments on th interpretatio~~ o_ -ray diftr ction 

pattern l1av l,d to a general acceptance of Guiniortu theory{2?) of 

a succ s ion of precipitat typ when ac s ..,.e of a;ei . as ociated 

with a definit$ precipitate type , ut that th tirut pr•cipitat a were 

poorly define end constituted a r -precipitation t~~~ . GF zone ar 

a con p se in exactly the sa · way as th Clui.librium .{ r eipitate • 

the only difference lying in the nature of the interfnc~ which i eoher nt 

for he zone and possibly or. diffus than for ttJo uilibrium pr ci· 

pitate. The origin of this di tinction b tween GP ~on~a and the inter-

ediate precipit t lie in the interp tation of X-r~. diffraction pat-

terns einee the former, having structure v ry $1fl:lila.r to that of the 

trix, simply dis.tort th matrix refl ctions , wherv •. ~s the l attel .. pro-

due dif raetion attern which is ell epar t £r~ th matrix 

patten~.. Thus the distinction an artificial oua and ift the lectron 

ioroscopo there · no iff renee in th 

~t from on of sc 1 and th effoet of thes precipitates on the 

surrounding matrix. ~elly and Nichol on (l5) conclud , therefore, that 

the t GP zones ia useful in describing the initiol p ci it t in a 

number of alloys where the tructur of the precipitate ia imilar to 

that of the trix , but the use of tbia te do not imply y funda-

ental difference from the subsequent interm diate pr cipitato • 



At a .. ly st ges in the ""ei:'!p; roc s, clu.u:.;o.d.ng of Cu a 

dev lope Dolute rich rogiana which are c lled , ~o;w..J. l:lt r nn 

d structure · formed, the '. Th sa two aro Xi. ly c eront with 

th trix. (Definition taken fro .• (25): "A com:nlct~:l;Y' coh~r·~nt reci-

pit. is Ae in which ll interfacas with the matr~ a!e coherent nd 

he r vais 1 ttice in th t ;o cry~t 1 atructuroB '· 4.d<mtical if' 

d · f.ter nc .a in ch ical species a~1d consequent smal_ change in tomic 

spncin d'1) next typ of precipitate ~' is only par-

tially cob r nt nd tb produ;:t of overag:.il g the '"" oquilibrium pro-

oipit t (C 1~) baa only orient tion relationship ·ith thG matrix 
t;;. 

but is not coherent. 

N ture of the J?recipitat tt 

a) GP Zones 

Clu ters gro thro diff ion proo QS by ·imple int rchang 

of to s on a · ix d array f ait s , u...vttil they give J to the x-ray 

dif raction -ft ct typic 1 of GP zones . Th r·rat formed t 

be completely coh rant with th matrix. the Cu to: .a a little 

""maller than th Al to , isfit must xi t, o lo.stie etr in is pro-

due in the , trix d this str 1 govern th fo;t!ll of p:r cilit t 

a.ncl th plan of the matrix on hich it lies.. Sph .. l ... , are sen rally 

t d ne the ato ic ::.sfit ia < .3% and dioc !h~ the mi fit is ) ;;;~. 

It is cleaz· that the copper atoms concent ..... , t'-' p:r~?f-:.rcntWly 

on { 100 J pla .c in the alt iniu. 

H a1< 28>, to what extent Cu to dhow . y 

planes ar nricb d in C toms, an alao tho xtcn·t 'f the di tortion 
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call8ed by this concentration in adjac nt Al le.ttico ,.- .I'l..cs, is not 

y~., det rmin d accurately. From the •ork of Nicho1i~0!1 ~n Nutting (.29) 

it ·n a s ed that GP zon ar di c ot~ped with J - 6 , or one atomic 

plane thickneg and " Bo~ d'runeter with an o.vorngc oopa:r:;ttion of 100R • 

.~.he n ture of the intex-fae -oohorent- m1 th,.. sha e of th 

precipitat --disc--have a reat influence on the z;..oC.".. ·1loal prop 1~ie 

o, the reeulti .~ t\to-p• 6e truc·ture as it is ...,.hotm ll the n xt o · pter. 

The referenc to th p:rec:tpit te as Gi.") 2 /,.s3 uointed out by 

icho1son { 30) as not quit correct ~ 

graphic truct (F:tg . 1) and r lik th i:n.te: .m dia pr cipi-

tate i • than the zone Gl' l • The corr et structure of ... ,. has b~cn 

rk d out by sev ral. authors • vi • , G rold (3l) , ;:i1J;in.i 'r ( 32) , 1.lcock 

t al <33) au Guini r(34) 'This phas also appe<U'A c.. _la.t a n th 

llOO} lnn · of the l inium lattice ith a tet ~t;~.l structure of 

a - b = 4.o5i nd c = 7.6i comp red with the 1 in:i. m r •. trix or 

a = b = c = 4.04i. As " gro b;y tbe decompe»Zition of OR zones c 

ari s d decreas a fro 8 .0~ to 7.6 (Graf( 33t35)} . Th ori nt tion 

latio ship between •t nd the alumini matrix ia {leO} 11//{looJ Al . 

The l.an is thought to b complet ly coh rent vitb t o 

th lattic is cOnsider bly t in , but only the direction 

which coincides with the thin n ion of th pl<te- ~ince tlw lattice 

param ter e the m 

Th dimensions o£ th particl a Val"'J wi.t.(l £l.f cing tim·, be ng 

bout thic and 12.5R diam tar to ,;o)1 thick and 6<:tv J.n diameter. 



ll 

.1.. 1 ro is < distribution in tdze t;\....id tho ' .dtl o ~ thi£ ot:-ibut ·on in-

creetses with age~nr: · 5..me. 

The r ve:t•age separation of tho e precipitatn''; :Ls only about 300R( 29) 

and this .1a.s great significv.nc 1t1h~n 0:1 r,.,.etical GOc1C~~- ~e ~ations a rm1de 

o.t thether catting, b ndi .. g or climbin ia tho mo~ . I~ro ·~ bL ul en din-

locations encount·r the precipit tea. 

From the ::todel of en str,~in field dr ~ (:)O) (7ig 2)' it becomes 

cle.r that with the increasing siz ~ the etrain t t~ n~co dat din the 

atrix com a larger an r·er and ev.ntu lly the who e of the region 

will e tr ine • n ol JCt n mic ogra hs it 

is notic.3ble that ther are dark re,ion t to com or th re-

c::tpitate and Nutting(29) ho d thl:tt thes -rer duo to dif'fraction con• 

t ast produc&d b la11tic train in the r trix. d.th hi,> dcma5.ty of 911 

h1.ch is typic" 1 n r peak hardn "' , th t~ain fi(:1.~;,"' ntr tch fro on 

ecipit te to anoth r, formin~ a ch 

IJ.'he chang of " to ~ an th ho gon~oua nucle~tion o! ' at 

high 9. in temp ratur have not yet been tudioo in ··at.., ·1.. !lo strain 

i lds have een obs rv d near ' precipitate and t. w:r io some met 1-

log , phic vid nee by Nicholson t al (:;6) for th crlG'· !lCFJ of tructural 

disloc•tiono ~round th pr ci itat 

Thomas and Nutting(3?) ahowad that the distribution of elical 

disloc tiona in th qu nched alloy and the distribu.,:l.on of ·• precipi-

tat s ob 1~ d in ox d r plioas is co s ten theory that 

lie l disloc tion act preferential nucl ti ~ site for 
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.'r e:J itates. or ree ntlv , ich 1 O!l(7S, 9) hr<ts u~~...,d h thin !oil 

teehniqu, t study th actual nucl a.tion proc $ t>..."lJ confirm~d rli~t' 

{40) (41} 
lltiA'O· tions by nd · u.tti and ilsdorf' '- l{uhl n 

that only certain l orientations ar . resent it1 ee)c.. array of pr ci-

it t 

The h ter nucl eation f • ccount xo a:ppr oi bl 

fr ction of the total • preeipit tion, sineo lar~e pr· cipit~t grow 

fro, ach h lilt. 

Th truetu.r-e it 

the work of Gerold(3l) 

lt iiJ uite well est- blishf~d (Jig. 3), du to 

nd G:ra£(33, 3.5) .. lt is totr.1b Nll td.th a= = 
nd c = 5.8i. 'l'h ori ~nt tion relation hip f t1 th al i .. 

ium . trix 1$ {.100} • I I {1ooj Al appe ring a disc on the {1ooJ plan~ 

of t e a.lum.ini tri • 1 is ly part lly cohere~.t .. -the f ce of the 

di c~- hile the e-b or c- pl coh r nt, th~ c nir etion o the 

e~ll b ing th thin dimension of th disc . Th par .. ,icl.e·· change in 

.zo s eing proc rom about 50R thick au 1~•.:, ~ 

2 oi thick and 400oi in diam ter. fh r is very :rl distribution 

ot ai:a • 

Thi preoipit te i not encounter d t Ge~l~ timea 1 ss than 

o~ . (42) e thou ndQ ot oura at temp ra.tur s lo 1 c:;~ !':.C. rding to Bonar • 

lt i th~ equilibriUlll pr cipitate- in thi syate~ n<l lu;iC the ch mical 

compositio CuA12• lt 1 al o tetra~on l 

c = l+.874~; v. l ues have be n :pu 11 hed by many wor.;tcr e . g ., Axon and 

Htnn ·Rot hery(4:5), 
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The mod of formation of the phase has lon~ b0~n a matter of 

considerable uncertainty.. Laird and Aaron.so:n ( L.,q) reported that both 

mo:t•phologica.l and cry • tallographic observations at f.c.il surf' aces indi-

cat~ that th behaviour of E;· fo:t-mad in foils is qwit1tat::i .. vely identical 

to that exhibited in bulk specimens and conclude th a :ro· lowing: 

Three reactions occur imultaneoualy during th formation of 

of the « matrix surroundin these ' plate"" are< simultaneously trans-

nd ' plates in the vicinity of growi.nz · · crystals dissolve 

principally by short ning, but also by thinning~ is blocky in E.Jha.pe 

excopt when formed at low ageiag temperature ( < 250°C) t.Ihen it tends. 

to appeat· as thick plates on the {loo}planes of the matrix. Thes pr~;

cipitates ar completely non-ooherent. 

Vaughan and Silcock(45) repo:t•t the for.mtio-n oi rods from ' 

gape between the e and s • conclude that nucleation of within ~· pl to 

and subsequent growth by dissolution of ' is th . transfol~Mtion eehanimlh 

(These rod-type precipitates ar evident in this p~oject , tooe) 

e) Transition States 

In the previous sections, from the description of' formation, it 

is obvious that at certain times in the gei , thoro will b~ at least 

two types of precipitate present. 

The transition of en to Q• is of great intarost, as it is in th 

vicinity of this transition that the mechanical properties alter drasti

cally. It is suggested(,30) that whil... tt is th prodomnant pr ·cipita.te, 
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' c n b nuclvat d on h lical di~locations whic1 ~~o ~~sult d fro 

tha quenc • Pr cipitation of t i ueral cems t'' take place at 

rand. · • Bon."lr ( 42) , conaideri the diapsr1ty in t:he ,. ~ r1 particl 

dirunErt r antl growth rat betw n 

pr·oc ·sa of • is quit ind v"':o.dent of the pr sene·· t ' • but nucleatio 

• r. tak place n c rtain 9'' platoo. 



OHAJ.Yl'ER :III 

Th ries of Precipitation Strep~th ndl~ 

fore going into th dine si n of effects ru1d e aviour of 

preci itat , it ppropri te to tat that ei:tte~ initially the 

trongth of t lloy is du to th short range tnt~ra~tion of solid 

e lution trongth nin d long .......... ,."" e feet 

uniform distribution of ir::lpurity at .. , th n 

the non-

pl ce and ot er inter ot:ton be~oma dominant • tbe fonLc:r constraint 

still hav to be taken into account . 

The tud of th o c nstraint o n liter -

tur n the def'o ingle crys ·1s of ur, t , ls an · loy , 

t c r must b tak n to obtained from f: .: 1~a le materials. 

Regarding the impurity ff~ct , fro the compo~ition (impurity 

< o. OOl..,,v) d fro the t!l thod ot pr th pre' •.nt teat piec t 

high puritJ , · terial re it -ppe s r o bl to ay that in t 

th distribution of impurity is unifo 

negligible. 

• thi typ o'l constraint is 

1. streng:th of aq. Alloz Costaini:nP; Cohe 

Io the initial low etr .ss of an alloy co t··d.n ·· · coherent pr -

cipitat s du to shearing the particl tiona or bee use 

of bending of i ·.location lin s betw n th ·: h s 0 

- 15 -
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t e spacing or the obetacl and on the 

Th process requiring the smalleT np;pli d st e$S ··;ill ocour . 

According to Oro1an{46>, th dislocation ic nhl~ to bow out 

b tw en ob tacl . whe t etres acting i : 

~ - • - - - - • • -(III/1) 

1h re: T is th lin ten ion or dislocation, 

ie th radius ot curv&tur of the loop and is •tual to d/2 , 

wh re d is th opar tion b tv e ob tacl Q' 

b is th Burger vector . 

Thus , 

- - -(I I/2) 

and to make thi quation more P1'\ ctical. th· l e tension bas to be 

dealt with . 

The concept introduced by ott a d Nabarro ( 4
?) is th.<t .. a d1 -

loc tion line will way t nd to lie alOnlJ stra.i.{l;ht lin , ince this 

carr sponds to the low t en rgy ition . 'l'he str~.in n rgy of a 1 

location is property of unit lengt nnd so an incroaoo in length will 

.orre nond to an incre se in n rgy. 

Qottr 11<48>, xpressing the line tension of an de dislocation, 

giv . • 

in hi · od 1 which carr spends to 

Gb2 
T = 2itb - ~ ) ln (b) 
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d · ing ~ith di p rsecl. particle and d is the cqUJ.val nt of th 

c;yli11der ~.~auius in th mod l in wb.icn ll tho nor·-· io .aaum d to be 

confine do G ia the h i" modulus and ~ t Poisuon J c 1" tio. 

Nabarro <49) riv diff' r nt for ula, am o. liff$r -nt o El 

a.g· (.50) for a circular di loc tio loop, bu in ~11 t "'lc- e- tiona\1 

2 
'l' = tt Gb • ~ - - - - - ~ - - -(lil/3) 

nnd uncorta:i.nty i involved in those expr ssiortn , D. vulu of et = 0 • .5 

i genamlly used in thi typ of c loulation.. .Ltw•,. is, {lii/2) can e 

ro itten to get Orow 

~-g_ 
\.. • d 

crit rion to timat tho flow tr 

-(III/4) 

Value ce.lcul. ted and xperimental me 3 e nta ahou <-<.-!tramnont only wh~n 

ing of n alloy occur~ (Hart{5l)) . 

Kelly and l: .. i..'"l . (.52 ) estimated ·the tr ~::;;, r<xr:.tircd to s.'lt ar 

In this work, on Al- 2 at;~ l,;u. an esti llltt is ,:!..:t of thG 

applied t ·es enAbling islocation.s to br alt through tl, zonau. If 

ach atomic length of the dialocation m1.1 t 'b sopr.tra+ el;J~ fo c d throl,.tgh 

a GP zon , th ahe r tr ss nee ssary to do this ~: 

- - - - - • ~ • - -(. Il/5) 

Cu atom i1 Gl? zon and in 

solution in th~ Al. 

I:f, how v r , the 1cng•£h of disloca·tion lyin~ 7• etw ~ precipitate 

'a taken into account: 



18 

• - - - ~ - - - - - ~(I!I/6) 

in alunsini lloys ot this compooition, lip o urs n (111) plan s 

~n (lio) d1r ction , th zone ( g. 4) being on t.~ (lv l s of 

the lu.minium trix, ne-thir of the zo: s lying · r rpendicular to 

the ir ction of motion of ny dislocation. Th (l:I.'/5) i an over-

estimate nd (III/6) under ti t of c6 valu • 

Suzuki (53) ·ound th h at of rev rsion for •.. a 't; Cu alloy 

to 1.3 cal/g. givin v lu of AE = 0.077 e p x ~tor of Cu an 

this giv s, with (IU/5): 6 = aB Kg/ 2 

and with 

Exp&r ntal values of the flow stress in polycryotall e lloy 

n 9 and 17 Kg/mm2. (ltardy (54) ) thin tb r~it r• o:f' v 1 u pre-

dict.d by this analy is~ U ~~ eith r theoretical calcul tio· to ob in 

v ra~e distance betv en the c ntr of zones in t.l~ alip lane (52) 

or talrin,. • alu obtained through icro copy wr '-9 ) * th ealcul t 

flo· str u.eing Oro wan' ori t :rion giv 

~~so+ KgJ 
2 

l s wh n G is tak · 

Frotn this rmal1eis, therefore, th concltsicn i.B that tha initial 

flow t.r a ~ re likely to th ee oo.:x·y o oar th zones 

than that n cosoary to end d la¢ tion loops b t , en th · • 

2. . "'actors !nvol v~d i -
Th wor!~ done in forcing the d1 locatior..a tm•out;h tbo precipitate 

may be v rn d by any of th following f ctora. 
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a) Coherescl .StreG-;es 

\:Jhen the dislocation ia at a dlStance frora the pl~eci:pitate of the 

sam order as the ,prec:tpitate spacil g, a long-rango interaction betweQn 

th dislocation and pr·eipita.tes :W occurring, due tc th.,. oolt~rency 

In a thOOl?etical tre tment, the difficult'' i" how to averag.e 

over the tllhole di:i.ilocation line the eft~ct of the inuividu.al .recip:z.tr.ates. 

Mott and Nabarro ( 55) ova.luated the stres.:> :Zoli.~ the eaae of a 

completely coherent pherical inclusion of radiws r 
0 

''ontaining material 

of atomic volum~. (l + ~ )3 whel"e the atomic VQlUl'Jle of tho matrix is unity. 

Z'11e atreus in the pr cipitate is a unitom pt•essu:ro oi' f' = 3K( " ... €) 

' 
K being th · b'Ulk modulus of the pr cipitate. E$ You."'lt;'s modulue o.f the 

m trix,. *'nd ~ , Poisson. •a ratio of th-e matrix. Th.e t;;l1oo.r strain at ~. 

dietanee r from th ;precipitAte iG 

E ro3 

r3 

of the radius of the precipitate r
0

• 

t 

A Cl"'JStal with N sphericul inclusions per tm:tt VOlt.'!lP baa an 

lillvru:'age distance of a point on the matrix from the noa.l~ast particle as 

1/2 N-l/.3 and so th average ah~ar otrain is y = 8 E r t: 3N · nd since 
" 

4/}rr.Nr 
0
3 is qu.-a.l to the volume fraotion of precipitat~ £, which gives 

tln average ahear strain in th$ matrix 
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y = 2 Et .. .. - ... """"' 'filM - - 'III/7) 

'l"ae average h ar strain 1 the rru trix is ind p~nd.ent of the sue of 

the i!tclusion. Since th st in energy d pends only ;:1 t vol e 

fraction of the precipit te . then th formation o_ St~ile~ number of 

larg r preci itatea 1 ad to no r duotion in the to~ .l strain nergy of 

a pr cipitating syat • 

Mott and ~labarro <47) identify th~ flow otrc u by multiplying 

:N~solvod ah ar stress; 

ct = 2<1 e f - - - - ... - ... - ( I!I/8) 

Th y assum that t his verage should be tak to o tain too flow str sa 

when tho mini um radius of cu.rv tur e to which dislocatim a can be nt 

by the internal stre a 11 r than th op;t. c tion of th pre-

cipitates in th glide plan • 'l'h minimum r dius of curvatur is given 

t 

tiher 'ti = 2G € f and T :.- 0 . 5 Gb2, o the separation , , of precipitate 

in the glid p e must fulfill th condition 

b 
d ) '4i£ . 

If d much less than th valte • then t ~ flow stroos .. .hould not b 

identified with the inte~ trena . 

fmrt(5l) has pointed out that when th s critical purticl 

apa.cin applies th dislocations must paaa throt• h t 1a .. ~~icle , a 

the stress necessary to expand disloc tion loo bethlecn centres ot 



di . tation ithout their )a·si "' through these ce.nt'~:-tu ia given by 

~ 
, n taking d :;: '1f"'Ef and ~ i = 20 € f 

the inter articl spacing i."lcr .s s further,. ucGor(-"_,~~ to Hott and 

Jab.:'lrro • a thOOr'IJ, the strength shoula !'omain co:n::::;t.:.:.;.t t:n{l evel'! if d 

, t::t'~ s will not e governed by th int ·rr.tartielo .;.:,,..; ·.:rg , but y th 

equ:..ltion 't a 't ~ 2G e f. K lly d icho. on onC.LU;..C ' t 1l"-'n t that 
J. 

according to this th ory the flow tres .. , is gover:r:(:o wtot by the m an 

21 

inte:rr..al stress-. but by the .fore on the disloo tical due to he internal 

otreso-~ he a dislocation is close toano otac~o . ~~· h oro d tailed 

cal .. u tior than Iott and Nabarro'a then r .quir C: to predict th flow 

stvo s • 

th precipitate diameter and the process of tindinf~ t~~t.: nve:t"<AG force o 

, d.:aloc. tion ue ~o coh rency atressea be OltlCG ver;l lifticul t. ran~ 

tj 1 roner (56) h v point d out thtl t the tresa f1 .. J. . 0.:.. t lin disc-

shape' preoipitat i quivalent to that of a lop o· cd o dislocation 

and Saa {.5?) calculated the str sa necessary to fore n dislocation 

th:rough a f'orest of dislocation cutting tho glide ple.ne a ,ains th 

th . .10Vi islo tiou ~illn th fixed fore .s 01 iuter: ct:ton b 

for t di locations, ft' 

t fe n 
Gb 
~ 
~ 1 

~ where 1 ie the aYor~ Sw_paration of 

fixed dislocation thr ins th. gli plan 

Y.. lly a."l.d i.,..holaon( 2.5) use Saada ' s method by settin'"" b q cl to the 
r~ 
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a.iseontinuity in olaatic di placement obtained 'by t:!:~:d.r.g a Burg r ... 

c;ircuit around th precipit"'.t, and approximati.tl.f-; thG stre$a field of 

a. ... one by th.:lt f .-. rill! of d . di location. i'l:'Or• tt.:rola • .s X-ray 

.,. salt <58) t r th atr ins around a P ..,on , thG l' s··:.~ failur of 

a. Burgors eir-e ·t i tu...~cn ;;w o.4o4 10""8 em. 1a eq tion, 

u Ll t h ean free path b tween precipi · tes aa '.;;timut from lectron 

micrograph aa ?oR, 'C'- 3. 0 l{,g/mrl· is obtained. l1; uoP.t.!·· :from this 

crud st 

_low tr • 

b) Interna+. Order of ... 

'l'he precipi tate may be ord r ct internally, i :a 1;1 dch ca. ·e if th 

Burger vector or th . moving disloo tion is not eq• to the r~peat dis-

tance of the Ol'dered tructur , then work ust b dcM to cr . t the 

disorde~ int rfac oro s th slip plane. 

Griffith(.5.,) d i s he • (60) orl.inal ideo. _ . .,lpl i d to prec pi

t tion syat a by willi (6l) and Kelly<62) giv s t~lO following r sulto 

o the probl m. 

Whe dislocation particle, a sur aeo eonaiotin of 

w int rfac :t-e ions is produc • order d 

produced 

of rea appr-oximately 1tr i 2 • wher r 1 ia the avers. go '!''- ~.ius of the cir

cular soction or partial& of ~ diua r by th · lip r)l •. ·me. 

r 1 = ~<13 r 

Th energy of tb& ~ ditio 1 

eli b ing y p r unit are and th rea roduced ar b , w1er b i th 

Durge:t v cto:- of th moving di loc tion .. 
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1'he wor don by the appli -~ stress i moving .-' ~i. location 

aero .s a u.-1'-t 

of. the syate:u 

ar a of the .,lide plan · is y b and the in r~:~a..':le in energy 

due to the cutting of' the particles i,:; nCrr. 2r + 2r
1
by ) 

~ p 

wher 1 is the numb r of particl o lntert•octing unit .,.r ~ of t he glide 

lane 

Int:roducin,~ f, the volumo fraction of :precip:U:a te 
2 

• .s£.n 
• ::J 3 

rJ.n equ:1ting yb lith th$ incr as of norgy expresnion d::t to cutting 

giv 

- - - ~ ~ - q - - (li~9) 

If y is mueh great er than y , then the flo 1 strean t.-J: 11 bo independent 
p s 

of particle size and depond only on th volume f'ra(ICi·m of precipitat"' 

being given by 

If the pa.rticlos a.re not ordered interna.lly, that iS y l:': · then 

\'.Iilli 

of 13.9 ergs/em~ 

• 

&timated y for l-Ag alloy and c~culated valu 
p 

The value of y for GP zonee i st -tC!d by K·lly<62>, usin 

he t of reversion figures as 

6E 2 
Y ~- ..,.150 rgs/c • 

G 3b2 

<· i rnilar results are repo1•ted by Byrne e t 13.1<63) (8tt or s/cm~) 

and Kelly and Fine (52) (200 l'f.tJ/cm~) obta · d by u.eins th- same thod. 



Kelly and Nicholson, using (!U/9) with tho ·"'rJllowing values: 

y = y = 200 ergs/em~ p s 

obtain 

-2 f = 2 X 10 

-8 b = 2.5 x 10 em. 

r = 50 x 10-8 em .. 

fox• ep erlcal coherent particles a 

upp r limit, the en rgy alanc 

1 ading to 

d using values as above gives 

<t" '=" 9 Kg/mri • 

lower lim1t ~--1d to obtain th 

t be p rfo ed t - h p- tiele 
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discus ion between Hirsch nd Kelly 1 d Bon.rr(42 ) to inv sti-

gat another m chanis of s t rengthening. If the · rticl have a stack• 

ing fault e!1tU"Q' which is consider bly lower than ·t;h<;t stacking fault 

en rgy of the mtrix, then th$ disloc tion cutting the ) :rticle will 

t nd to dis ociate further whil i t 1~ insid the tiel than outside. 

'his will' produce trength nin eff et due to the VQ 1'" 'Which m t be 

don in constricting the rtials back to their equilibrium trix 

sep r tion. 

A sample calcul tion with the following fonrmla1 

t 



t<~hor w
1 

is the separation of artial iislocr""tio:u.~ in tho matrixt 

w
2 

is th S(7paration in th¢ partiele 9 

... "'1 + w2 
W:: 2 . 

and tal~ins w1 lb 

\12 = 35 b 

leads to t'!)'~ valu aa a ntQJCi.rnum, as w1 and \;a ~:t:o a-:<rtremo values. 

Usi.ng G = .., ,.5 '< 1011 d.ynoa/cm~ . this l ada to:J 

't <>' ~ • 81 X ~$ ; i::l X 5;;;; = 5' 1 ;sf;:,/ ' 
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The 1 ttiee parameter of matrix and precipitato nay be different 

and thon v n it streoaes iu the matrix are- nef!leeted, work will be done 

in shearin.g the precipitate, du to the t'orm<·~tion of ·- misfit dislocation. 

at the interface .. 

Fleiachor ( 64) suggested the model nd appt'Ox:luatod the energy 

of the net>J interface produced to that of a non ... eohoren.,; bounoory .. 

The magnitude of th~ Bur g$rs . vector of the ~ .~tar.t.'ac dislocation 

~ill be \ b..,. ... bp \ , her~ b and b ar~ the Burgo:t•a vectors of the movin~ .... p 

dislocations in the matrix and in th precipitate ~ ~v~n though \bm - bp \ 
may be amall, Fl isehor attacheu physical aig.nificance to this dislocation. 

'fhe energy per unit l er-..gth will be approximately 

G \b "" b j 2 

4nil ... ~"j ln R/r o 

R quala th~ precipitate diameter and it 1s euppoo~d t~ t a 1 ngth b of 

interfaeo dislocati n is produced when th disloc~tion moves forward 



distanc b. The production of the interface disloct..Uon then makes a 

imum contribution to y (energy of the additionul }~rt cl matrix s 

int r:faca) o.f about. 0.6 Gb \Ab/b \ 2 , ithere b :::: \ b .. b 
ll'l p 

For precipitate in Cu and in Al and valuoo of Ab/b of o . OJ. , 
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the contribution if:; only bet·d'e.n 1 - 3 ergs/em~ .i\C';:ordi.llg to Fleisch r's 

mod.el, only for values of Ab/b ':)1 0 " 1 does the contrirution to y beoom s 

comparable to that tlue to c~mg a ln species of nen'~ .... eighboura sti-

J!lated by Kelly and Fine (52 ). 

3· TEfllll2era.ture 'l$p nd nc~ of Flow Stre with Ooqgrc.rl:: r-reclEitation 

Hott and Nabarro( 4?), Seogor(65) and -ott(Gf) tr ted the subject 

th o tically and the results of .Seeger's analy in(G'l) are br·'efly pre-

sented. The energy of the ystem is L~cr ased by U if tha dislocation 
0 

cut on of th obstacl s in tho ab~onc of an appl~od rGsa. If the 

di location moves under the influene of an appli.ed !.~tr s ttY,. th poten-

tial. hill to be surmounted is redue d to U. '!'he ;trl)ns whieb must be 

applied to redue the potential hill to :'0 ia ~0 • ~4ott (GG) derives 

two expressions aat 

f':\.; 
U :: U - 4 bl X C 

0 Q 0 - - - - - • - - - - (I!I/10) 

wh n 't" is uoh less than ~ , and wil.en rc- =>-'t' 
0 0 

~ 

u = u { 1 - .l) 3/.2 
o t'o - - - - - • ~ - - - (III/11) 

1
0 

is the average spacing of the obstacles, x
0

, the equilibrium posi

tions of the di location and x /1 is 11. 
0 0 



Seeger(G7) ~~ites th~ strai 
• 

rate €" 
. . 
G = €-

0 
exp "" 'i.l(t-)/k'l' .. - - - ... - ... - .. - (III/12) 

wh r G = Ab v o• 

1 = n ber of tnts ~r unit t 11hicL dislocations are 

hel up at obstacles, 

A = the ar of lip plan swept out by a difiloc~tion per 

activated event, 

b = B\U"gera v ctor , and 

~0 = vibration frequency of a isloc tion o st~cle. 

Sub ti tuting ( I!I/10) into ( lii/12) , . .. 
~ U .. k'l' ln ' 0 / € 
C = - ~ - ~ - - - (Ili/13) 

where ~ = 4 bl x is usually called th ctiv tio~1 volt.t'Tit: and 
0 0 

at~ tituting (I!I/11) into (II~l?.), 

... (lii/14) 

Kelly and Nic olson (2.5) conaid r the t , tu-.. ... ture or at~ in r t. 

dep nde e of flow tr of allo:ya conte.i. ing coho · ... ::.t procipitates. 

· hey say t t wen the obstacles ar nar:ro 1 d tho t~mp - rat!lr d pen-

de ce of flow stress large, (11~13) should be us d, nnu wh n t h te • 

p r. ture depend c of flow tr so in s 11, (III/ll}) should be used. 

Byrne et al (G3) worked on th tem rature tLpondcnc of t 

C. H.n • .:; . and str in r t dependenc of the flow tl'·"~.J over t e ternpera-

t 4 ~°K t ~~'°K ~ 1t f C R Q ~ • t ~~j ' ur rant!e • G o _,, _, • J.u resu o •• u •• . :to"" ns I g:LV s 



traight line e:;ccept at one point \there there is •Jr a { and this 

point i exp~esaed from (11~4) as 

u 
0 -- ...... - - (III/15) 

Above Tc • th elo e 1 not v ry harp nd belo Tc th te~p r -

ture pen nee is i nificnnt.. To xplain thi.s ty :- t..,.. boo viour, 

Byrne t al(63) uggo t tr~t islocation int racti'n tru~c place ith 

t J di:ff rently orie.n d zones. n -thir of the .... r •$ lying in (:lio 

lie parall l to the Burg vector of a oving dis1oo~tion and preo nt 

u thin ba.rri r ( F~. 4), bee us a change in tho nv.o r of like and 

unl • n t n iehbou•a is prod c d only 

and leaves th zone; thore ia also no ela.atic intera<:r ... ion to first 

a.pproxir.mtio ~ since th Burger v ctor of th mo 7····.,, lislocation is 

nor · 1 to that of th zon • The zone t an ant".l~ o 6d' (irJ. loli ] and 

l iol] ) to th Burg rs vector ot the gli ing di loe~ ti ... ! provid large 

b..~rri r. Thus the given oxpl::m :1.0.1. is as followo: tho i rg 

'barrio:r, nd hence th contribut ion to the flow .str·:·.':"' d p~nde on tem-

pel"' ture only lightly , givin a etrai6ht lin , but · t c and elow 

n -thil"d of th obstacles, the thin barrier booom ·t; .mp r tur e nat-

tiv d , tber foro , their ever-growine contributS.on uith d cr ing 

t era.tur au.per-1! po · d.. The critic ·l rasDlva sh,.. r atre of 

A.l + 1 . 7 t% Cu containing GP zones ,:ta, found. to bo 14 (g/rtJtJJ2 at o°K. 

ric · d K lly<68), on sin le crystals of hl-3- ,.} Cu lloy 

containin GP ~ones, conclu~e t t after plastic 6fo~ tion t roo 



0 temper ture and 77 K the temperature depende11C'"" f the yield stress 

clu to the contribution or solid soluti n t:ri x is :pr bo.bly important. 

rther, th~ plastic d formation of zona hardened cryEJ,. 1a r·s bles that 

of pure metals, except that the alloy crystals have sli6 htly higher work 

hard ing ra ... es, esp ci ally in tho rly stag s of c: to ,nation at room 

temp r ture hare ag hardening may occur during et~nining. 

Fleischer(69) , considering tb.e trengthening :.:'actors of thin 

zone of copper in aluminiu.Q, fin a tho different · L .• stic constant of 

the zone a the most important on • Further, 11dth culculation he howe 

tha.t the effect of the diff rent dulus of the ZOlW • -~ ca ble of 

explaining the observed tem,pe'r t ur$ var tion of th0 flow stres pro

ducing curve which i s v ry eons tent with the c .. en antal values(63>. 
Kelly(?O), ho'. ev r; doubts thu prominent part j)..vel:;. t· tho mo ulus 

ffect and proves that the good agr emcnt batwee th' values obtained<63) 

and F1eiGcher's calcul tion is not real and arioes O~UY becaus in the 

1 ngth of ialoc tiona con idered. 

4. Strength niThS with Non-deforminG P.artiel .s 

A the prooipi tat.e p rticl .s increase in si::~ · ""nd poe ibl;y 

change their internal tructure or th n tur of' their in.t~rfac with 

the trix, the work one in cutting eh "'l"tiel(;l in<'r as a . .At the 

same time, their spacing incre,.,se<:: too, so dislocation arc ventua.lly 

forced etween the particles instoad o throu~h thnm. 



a) Orowa11'a Criterion 

Orm.tan (;Z) pointed out tl"'..at an addition 1 stress i~ needed to 

xpand dieloc tiona betw!tcn hard particl s, w"~-.en gl:iC ·n.g in a oft and 

duotil matrix. 

Largo enough atreo bends dislocations in 4\ zooi•circular shape 

between particloa so that the diolooations can bY .... l.l~\nl; the obstacles 

l aving rings of dislocation. behi nd . 

The initi l flo111 atr , th n , must be compo . .;;ou fror.l tho matru 

yi ld stres (~ ) '''2 
d thi additional stress , tt'

1 
= #:; • that is, 

\ 0;.~ 

- - - - - - - ~ - - (lii/16} 

To te t quantitatively the validity of Orowan's e.rit rion , the 

line tension T ha.s to be ev: luat d more courately • • :ab.~rro( 1+9 ) treat 

thi... proble most extensi v ly and us ing his xp~e~ oitm for l in t nsio:n. 

and ubstituting into (!!I/16) , 

~ = 't s + ~ rt ln f .d 2~ 21' l 1 ...... {III/17) 
\.1 't1t }'I \. J ld .; 2.r) )2 

which the final f ori:!. ot Orowan • G pr diction. by u:lic! the initial 

yield t1•ess should be gi von., 

¢ = 1/2(1 + 1 : ~ ) i.s the moan of the factor:J for an edg 

and for a screw dislocation . 

b) Anaell and Lenel 's Pla$tic Flow Crite:t•5.ct . · -~ 

.A.nt;;ell and Len 1 (?l) reject Orowan 'a idea • nd su:gest th.:!lt 

detectable plasti c flow will occur only when tho ~~rticl.a of th second 

phase are broken. Th stress nee ssary to fr ct .u-e the precipit tes is 



a J) ·1" ed fro· the pile-ups of dislocations ugairu:->t the _ recipitates. 

Kelly and Nicholaon(25) show t at the pila-upiJ a~ai1st the 

particles must b in th ±~orm of pinched- off loops. r; 40 1.>ack-stres 

from n loops stops the sou:rc from operating ( ottrell\ltB)) ·hen 

2(2R - 2r) n = . Gb ... - ... - .- - - ·- ....... (III/19) 

s 11 and L3n 1 (?l, 72 ) m:rlntain that etootahla plastic flo 1 

occurs only waen the particl,.:)s break, · • , when the: E:'tr ~:,.s on them. 

giv · by Fi her, t . d Pry(73) nCb/r, r aehcs i.h~ tho retical 

stren th of the particle, i.e ., G'/o, where Gt i the ~~JL:latic modulus 
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of tb particl nd c is a constant a.pproxi t ly c(:ua.J. to 3~ . In art-

r 
- r 

fl/3 
inc for spherical partie es r/R = oJ!2 , wh re :f is the volum !rae-

tion, then th .tin 1 form of 11 nd Lenel 'a theory io 

l/3 CL = ~ + ~ -· -· ..... r__....~.,...... 
S fC (o:a; :·£173) ""'-- - - - - - (III/21} 

wh r 
6 

is th yield tl"'ength of tho matrix uithout t!le dj.speroion. 

Kell., and acholson ( 25) Qr i !cize Ans ll Jd .: en ~1 • s th ry on 

the grounds that l) the expression ( III/19) is e:riv~Jd :!'or traight di -

locatioun d ay not hold for ,Pinch-d-off loops, 2) the is no exp ri-

ent vid nee t t the par ticles re sh red ~t the J~eld stren th 

(although, aa Ansell points out, it is extr~mely Ji":Licult to detect 

h r in the particles) . 



l~xperiJ,Jental evider.ce on Al-Su al1.oyr· by 

TtobGrtl'>011(74) inclic::~.t0c the validity of Orowm'c Cl'::.tc . ,on.. pa.rticles 

·;~r" produco1 in •.. 1-~\'It . '·, {;u single cryst<ll . t .r:L.:: . .;·nd durln tensile 

d orm tion bo · ing out of dislocotion occurred m .1 t.t1 .. evia.tion from 

CC'c ::: f :t'ol utions.1ip wu only a su to be due to .vn-!nifor:n di-tri-

ution d non-sph,rical "Mpe of the pr cipitater:~ 

. (42) 
Bonc.r •s work supports th<'~ cam:~ repr·eue ,toa by .• -1 ..... 5s wher 

Or"'v•o.n ' s criterion is satisfi d aftc:- certaJ ... ng-e.i.·t,; tim~ and cutting 

t ·'-C"> place prior to that. 

Byrn et al(63) , on 1-157 t% Cu single czy~tJ · cont ain ng 

and found th results consis tent with (III/17) • ~;1u.p )Od:ing the validity 

o ' Orowru1' e cri t · rion 

Ho~~evor , . ta ca culated by Ty on (75) on ti'..: 11 • .n i t rparticle 

spacin_,~ an 

o.l ('16~ i 

plott a · nst yield 3tr n th f , rc-::;:ll . o:c o erts et 

quite consi tent witl Oro an's rolatio·1 · '!1 .:tlco wit Ansell 

V"i\.lue of iut r-r:article epacins for non-spheric;al rcs.rticlos und al3o 

tr t thi::: v·alue can vary with the temperature if th, l'tKJi.":J.n• dialocat · ons 

U'e net con::z.inca. to a singlo pl;Jth:; , but y leo;.v~ t' .i"' - y eros slip. 

c) l}~lly an Nicholson's Th.,.o1:;r of the 

tions with Precipitate -- ( 2.:;). 

As the agei.nn- imo or temperature ·a incr>~'l-~s.d <ll1d tho pr cipi-

t .te size anv spaci "' 1ncr ~ ::es ~ ther may comQ a poi .t 11hc lo er 

str s is r quire to expand dislocation loops b t:vcct ohst cles than 



to sh~'"r the preeinit t~. '.fuen "-he precipit"tt a ·u·"' ully coh"'re. t nd 

hardening comparnble to tha· of pure r.t trix 1et ln. on-coherent pre-

ci1?itateG are ur;ually not <leiol"·mod and stres. -st!';:dr.. cur~rvs show a very 

rapid rate of work-hardening i itially , f'lattenint t>i."f nn becomi.<:1t, 

c.p r·)xi .'ltely p rollel to that or the mntrix natal. 

Kelly ana •:tcholson otter1pt to find some cr · tc:!.'ia o account for 

thie differ nt behaviour an to prediet t.rh ,n th 'C!" ru>2.tion ahould occur. 

Co .. aider.in&! non-coherent p rticl s w:tth n 1 <.t'.'~ 1 ·" stress o 

~[ -~ 
0- d (III/22) 

y cutting, wHhin the particle a high energy int :t• ':co of nergy y per 

unit ar a ia produced . 

If the work done by the applied stre. s in mo in the dislocation 

fo:rward a di tMce 2r is equal to the interf'aee enOl\~ produced (r = radius 

of particle), then the nee ssery aopliod atros i'; 

• - - ~ - - - ~ - • (III/23} 

It <t' c > t'
0 

t bowing take.s place leaving diolo", tion loops behind; 

if t" <.t' , tho particles ill b sheared ~ c 0 

Since t" e .incr aoea with particle radius • :=J.d t' io indepen ()nt 
() 

f it, quating (III/22) with UII/23) gives 

- - ~ - ~ - - - (I!I/24) 

ns a critical particle radius for cutting. 



on: partic1 s 

by . u·t n ·rte nt v ctor b, ·11 pproxi.at to t high n rgy 

grain boun. · ry. from V · er M rwe's work(??) • the tor a tilt 

,oundary about an arbitrary axie unrelat d to th c % 1 structure is: 

nd for 

g.&. G1 • (1 .. 2 ~ · ) r :c/cm~ 
2:rr.2 

ilar twist undary: 

~ G'b ' I 2 
2 

rg;:;:o c • ., 
2n 

1 re 1 
, b • and ~ ' r the shear modulu , ~a11o 

v ctor and Ibisson's ratio, re~p ctiv ly. 

_, ttic tran lation 

tl'akin the arithmetic verag of th se t • val u ., · th V = o. 3: 

y = o.o,; G' b' 

0 

- - - - - - - - - - (III/25) 

If G = G' n b = b', r
0 

= 20 b, so the lar ot ~ticle to be 

he r is 

if th perfect no -coherent particle has about the 1 · lastic oduli 

a th trix ., 

If the particles contain di loc tions with 

v ctor. h ri dll not cr t hi~h nergy interrae ut a rin.~I of 

disloc tion of Bur!Jer vector \ bp - bm 1 will b lof t t o interfac • 

e nergy of this loop is 

Gt' \b - b 12 
l) r 

ln 2b 21tr , 
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and if only particle • ter than 111 diam ter c ntain d:isloc· tions, 

this reduc · s to 6Gn \b - b,.. l2 r , where 011 refers to .omo n.vor· e of the p ... 

ahesr odulus of the trix d particle. 

Now the work do e by the applied str ss in the disloca-

tion orw~rd distance 2r must equal the oner51 of th~ oop of dislo-

cation produce around the tiel : 

-~ 

~0bd 2r = 60'' \bp - m\ t- r 

or 
3G" \bp - b .. , \ 

2 

~ = ""--:!"----" ........ 
0 bd - - (III/26) 

~c is ind~ endent of particl siz • 

'l'h i \ bp - bm \ i lese than b , l r,;o_ non•c her.nt particles 

will defor with the matrix if they cont in di .l...,c,~ ~-7-0rJO. 

For p rtially coher:!nt pr ~cipitates n.nd \)Oh~ .... ,.: t recip1tatee 

which are ordered internally and do not contain dL~loc:"ti na, the same 

artumen is UG d which le da to (III/2~) , 

2Gb2 
r =-c 1ty 

and i.f the value of y for an order .cl preciyitate hich i" fully coherent 

11 be of tho order of 100 J.•gs/c n~ and dep ... mdii ~"' on the G and b value ... , 

precipitates of diam ter up to 200~ will be she·r· db t 1 r~er ones will 

not. The same behaviour is r diet d with part lly coh rent pr cip'tat .... 

Bo <42> d d lt · d. t· u· dit r thi nar pro uce r su s l.!l J.Ca J.ng so, V< J. y o s ana-

lysis. Al-1 . 6 t~'~' Cu crystals a~ d at l90°C f'or 2 hou1•a t~iving pre-

omino.ntly ,. and aged for 100 houro givinrr. predomintJ.n'ly ' ehow d the 

f'ollor.dng~ 



vith ~", tho C. .: • ~ . uao lar ,e r d dioloc '; · Olt'J thrt>ugh 

' 1 articl u. l'u ' r placed "w thero vas initiuJ.-' .: " oh:mcro but aa 

the o-" :<~e of ' plate increased and a ..,iz as rm:teb d rh n the initial 

di lova.t"on mov . on th L-'ltrix did . ot "9 s tlu~o h -' ~ rticle • the 

• • , • ' . fell and s..:.m·1l tan oualy he t of ·.1orlr·· · . 1in~ in ere sed. 

Betu en 40 . d l hours geing tio . , the b hnviour , 

Alloys containing coherent precipitate sho~ lar work-

bar ning c acteriatic~ to thoy o e metalo .. 

non-coherent rtiole:::: which are undefor ed · t · ·· l:i. ..., ro.J.no w il .... t '!;he 

atrix material deforms around them . 

FiaMr, H rt nd r/73) tre t t1ia queacion ·tl .or ticully, 

""ticle coll ct di loc tion loo around th , oup oo dly of lie 1le 

typ • The loops ncircling the p rt olea ert a s11 " st1•ess on th 

surrounding slip plan which oppoaon further slip~ t reas 

ia found to e fairly uniform over tha li pla e ·vui ~. trs v lu · i 

calculated 

• - • - • - - ~ - - (II!/27) 

t al give e = 3 val 11e and 

f = volume fraction o:f ec.: .... >it.: to, 

r = radius of particle . 

N = numb r of loop • 

NGb/r i a measure ot the shear stre ue to the e·1circli loop at 
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tho centre of the particle · cmd of the str sses i.'l the ... urrounding w.atrix. 

("N 
hen tlrls reach~s a critical value C c the inc:re1J<mt of flo\" stress repre-

s ntod by rt"h re· che~ a maximum: 

... - • - - • • (III/28) 

Limitations of this thoory appear to be that the txmnibility of slip on 

many systems and cross-slip taking place is neglected. ~lao, when the 

oa:dmum in the incr mont of work-ha:rden:ing is attoinQU. t:Jh.ich should 

correspon(l to rt'
0

, the par ticleH of GuA1
2 

are gonert'IJ ly not shear·:.d . 

ork on A ... c•1 single crystala(?lt) containing phr.u:;e also indicates that 

to satisfy the equation, tho number of loop~;~ had. to ?,)C b0tt>roen 30 and 

100 and thio high number , conaidori.'lg the shear strcn.:.:i of a particle 

and olso that of the matrix within a volume o the c30J1IO order as the par .. 

tiele \l'olumc, leaves do 1bt as to whether the stree;:.c~; in the Uifltrix 

would ~xcoed the theoretical shear strength .. 

Thomas and Nutting(?S) observed crt:ma ... slJ.p o.:r-ound pa.rticl s in 

Al ... Gu alloys and Ashby and Smith(79) obsewed priom,ic loops at the 

!)articles in internally oxidized cu ... Al alloys. 

origi!~itlly th'lt prismatic loops oan be left aroun. p.:;tt•ticles du to 

!! croe~-slip is easy , dislocations can glide und slip into 

anothe:t." :slip plane \dth the ormation of' jo{~s " leav;..ng p;riSL'l"l:tic loops 

at the obstacle producing stresses of tho same o:t·dq,r ~.te the gliesile 

loops considered by l~sh ret a1(?3) $ 



The loo s are dipole or · riams.tic loops c ; ·-:e lit locatione. 

• .. hi(:h cnn act as a out'Ce of di ,location.s if one E:· .. _, ;: tb.f.; dipole lies 

com, 1 . tely i 1 the alip plan ;h~n th~ :-;tr s upor~ it '"'"""Ch the valu 

... - - .. ., .• - - - (!TI/29) 

:c b ·ill(!' the h ight of tho loop~ 

catalyzing very turbulent lip on many systems hid~ } :Ln cH!d.:ttion, 1 ads 

to any di loc tio inter ctio causin ranid incr ·.~ of d1sloc tion 

d na:lty. 

Aahby(Bl) develona a work-hardening th ory -.. •lie- blc to met 1-~ 

ith non-~efor ng particle follow • slocnti •~· bo· out to by-

pam> partiolQ and croa~,-slip :i one of the :po ... sib:Lt; ',L.chani~mts (Fi • 6). 

,., e cross-slip path ot a di ... ,location. d pon s on th Lccal "'tr ss 

:ro d th') article, thus the loop left round when hy- a.Gsing i com-

plGte. o s not lie in the li lane but at n w 1· .. '·o it. _l .. o, 

re at 1 ast three slip yatems op rating~ 

loops or diatributed in fairly random way . iolr.ca ,ion c lls a.r ·. 

form d during d fo tion with jo ged nd tangl .~d .. 11:'· ,ra. ating 

iJ:tto regions of hi h density--the cell alls .. -and lr.w d.onsi ty , th 

interior of the cells. Further, her arc t o cont. · , tion to the 

dislocation de ity at a givon atr in; one fro. the :OV)S • d the oth~r 

ro the glid dislocations. l e urgues that the av ~ru,;~;: glide dislo-

cation move a distance, larae comparod to th c 11 _i~e an so it 

llaa to go through a forest of dislocations forming tl.o c 11 structure. 



'L'hc stress .!!eded to rorce disloeatior iDcutthrou "il tL. fore· t ill the 

iucre .. ent with 

( <r) • = l/2 f brf 
f ,m 

or tcndile strain ~ her 

r
6 

is the ean planar particle l"adius r
6 

::: ~ rv , 

r b in the purticle radius, v 

f ia the volum f raction of pr cipit t~ . 

-he equation relati the flow tra~o to tensile otr~ in Ui pcrsio 

hardened alloys i well ~upport d by e:xpcrime1 foul r·~ 1 ,;_, \4hen , shby 

m'l.k s this comparison . 
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Barnby and Smith (B2) found on the d form,•Jtticn f a:n us enitic 

"'tet.:l contai ing distribution of co \; preci .i.t.il:t..c~ t. ,~t dense cluater 

o dislocations re nucleated at p· rticlee of M~3~~ t eve tuully link up 

to form a cell structur ,, ith dim n.si ns c m:pnrabl~ t-, tho iuter-partiole 

h- :r.< enins rate, ue to the prcs""nce o:f the M
23

c6 pa:::4:;1clea a.risea from 

th cii.ffioulty of movinoo dialoca.tions through a nt: tri"t cont i ing a CEtll 

~tructure . 

J!"in lly, Mitchell et et1 (92 ) report on lo·.-: ~c.:;:n.:_'.;;r~turo d formation 

of o.n alloy containing; e _ art5.cl s that the thcrma).l.y t~ctivDted rate-

controlling echanio . .l for the plastic defOl"mation i::; ckte:l:nin d by the 

di location intersection mechanism. A distinctive !Jll!' r:Lt l." of this 

nech,;mi is t diatanc L bet~ n forst dislocatioxs~ They find that 



40 

1/L is somewhat greater for di.spersion-str ngtht"!nG< u1 oys than for high 

purl ty Al polycrystal~ n:nd fu:rthor that the mucll r.torc ""r.pid incre, so in 

1/L dth at ain for diapersion-stren;stheno ~lloy~ ~e a major f ctor 

6 . .l:f£eets of Deformation on th . ' ' -

report on cyclically ::rtl·o.inetl age-hardening 

Al-Cu sup r aturat d oli olutions tl t th t tigue ~tr ngth-tensile 

strength ro.tio 0 0 0 deterruin d at 1.50 C, 2.5 G and -195 C r,;ocx ·se lith 

in.croasing lloy content , ut a. -195°0 much more :i'tlQ • dly. 'l'hi au -

gc tad that strain agei g d/or ag - hardening ocGurret during t sts 

at high r temperatur s . Additionally, these ratios at l50°C exceeded 

tho e t 25°C for ll compositions , indi-Cating roatu · strength ni 

'uring f tigue t 150°C. 

Gane and Par i.t16 (S ) observ d on Al-4 . ;~ Cu nJ.:ocro turate lloy 

t t if the aaterial ie cold-worked and th n aged ~t vnriow t mper tures , 

the hardness fir t falls off, ~8e ching a minimum at a · ut 2 minutes in 

the e se of 200° tr at ent and then ris s to :pe-2k: l!:tt•()l'..ess before over-

a eing occurs and then the hardnaaa falls a ain . ·. ~ti unstra ned m terial , 

th ca.~ is diff rent: the curv a tarts with ho:rlzcut(ll a ction reaching 

imum ell low th p hardn obtain d in tAu cold mrk d ample . 

Tensile and co pression tests show th same trondt l<~~ •train followed by 

0°C tr tm nt for 3 inut s r sult in a dro in yi ·lc .. streso of about 

30-}5%.. Th e changes are ttribut d by th uthor.., to change thin 

the lid olution, rath r than precipit tion ff ts , t1UB ing 
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>:.'> r in-ag in pho I') ul · are ge erally explicabl in 

terms of Cottrell ~ theory of trnin- eing. 

• rt er • they ob crve an i:.1.ern .:.»e in th n r of u-rich r giona 

if ~ ing at ?.!.)Q°C follo m cold- rorlting, wher a tho .defox nod s -c· ons 

theroiorG a.cc le~ t a r ci.pitatio .• 

On Al-12 . -;>'Jb ~ · loy, ,tubbington invost~gat a tho ffect of cyclic 

and unidir ctional atr ining on th e:.L"lb b hnviour 

of t s~pers t rat elution. If solution trcm.t o, t is followod by 

unidirectional d fo tion and then \ eing t ~cs pl::.t ..... t~ the subsequent 

precipitation is not ff ct d appreciabl.y . Howe er i" in the same 

oequence cyclic straining is used, finer dispersio :f ;particles and 

hi h .r UIDY.im • hard.'l. as ia the rcault in the tully ' r·cd condition, com-

p red with a normally agod ttn•ial . 

b) Deform tion After Pr ci2itation 

.Broo t al (ll•) uggest that rur.on other ec is , d formation 

creat· lattio site increase tho dif usion rat~ 1 adi.ng to po""sible 

v rag ing comparable with that occurring oth . ~1l.:i at o. "!.igh" t m-

"eratur· .. 

MeEvily t nl(B6), referring to Thom md iale, otat · that as 

a r ault of ~~!direction 1 loading, cold work r · ~ut the £ragmen-

tation a~d disappearance of zones · d coher nt pl~Ci~i ates, that is, 

rover ion takes pla.c 

Thomas and Nutting(?B,?Ba) ugg st that tho :a.'Ol"' tion of GP 

zones m .es it difficult for dislocation sources to·b co e operativ s 



the slip path t mia to void the copp r enriched ···ion , o wavin s 

t al:tp lines is increl';lSin with mre GP zone pr ... a ·.l • !tow v r, the 

lip displac .ment is 20-1+0 times reater than tho :t;:;o cing of 

zon o, therefore the e:)tact inter~ otion of slip plan.o ··1..0d zones rett~ainD 

o scure.. With u, t1.1w r slip lin wero ohse~voo ·:u1d :tth :preoipi-

t te, the slip lin s were 'bent around the particle"' • 

They also bserved through oxide. r plieas that plU'ti "llly cohe

r nt pal"ticles deform with the m..'l.trix and with <>W~(Xi no -coherent 

al'ticl , th sl1 linos bent around tlw preeipitr.l e • However, t 

-l84°C, these particle&t were h ared too, an& d t·o. ~d. rith tM mntrix. 

Deformation of thin films of Al- '•% Cu i tl · o1 etrotl io:'o-

scope by rsyth and Wil£Jon (S?) suggests that GP e£tl1e'".J Gl.n:Q • ~ cipi-

tates are cut lil.nd tbia do o not effec.t the nWIIber or b ha'Viour of the 

disloc tions. Sp cimen tully harden~d at 1;o0 e fol"' jCJ ~~} holde4 

& ' d ce of fine t raigb.t lip lllithin tho atns.. ut .. o •solution 

ob erv&d, although the f cture occurred in th nee. 

ins temp mtur is raiaed d tho an .tre path b twen rticles 

b come larger • more defo:rma.tion take& lac in t} 

o,f th• oor cQtlij)Cntnt in the foU . Th1e defo · , tion beco oo very vi

d nt in tho alloy co taining . • and 9 preoipit tee. ~ id D loop and 

pris tic loop to tione, th authors s geGt t h!J. d locationo ar emit

ted by the trained precipitates with th r ult that a multiplication of 

dialoo tions would oecur on inteN cting lip 

o ed at higher t per t r is tran granula.r and orr t • by cross-slip 

of dialoc tiona with ' acting as both \U'Ce cl . in! .. tor dislocation. 



It is d by th authors that this y be ru "i ~ortant !acto in 

causi a mor ra id work .. hardening rate of' this 'tl"''t.CtUJ;' than t t of 

the loy ag d at lower temp ratur • 

Koda and 'l'ak. yam CBS) report evid nee of Cl"O~,s-slip n the sur

iac 1hen a polycryst llin , pecimen-- d at 25r/>,; £or 2 l/2 hours and 

c ~taining coh rent ' precipitat s-~w s tretch d 1-~~ . particl 

collected enough rings o that th stres reached a Olfficiently high 

1 velt e ring p s~ed throu h the prAcipit tes d ranished, so that 

tl1e r cipi t te · bent. Th plate-lik particles of' x>r cip tate are 

bent in the ip bands on th aur ace an similar b nt a.rticl s re 

o s rve in th interior. It is, ther for , bel·eved that in this loy 

the slip bands in the int rior ha.v a structure · im.i.:V.l.!' to th se on the 

sur .c • 

Work on 6 1 precipit tes by Clark and Mcn:v· y(B9) indicates a 

cr tion of lur n ber of tangl d disloc tion.G, u·t of more co plex 

typ than re orted by Koda t l ( 9 ) , "Who found that a t r 5;t tensile 

defo tio fracture occurr d and num roua tangled ui ·l cation and oc-

casional loo s w re observed. 

It is also interesting to noto that Koda et al ru•gu d allOW 

dark- f ield micro phs aa vid nc t t fine on th 

pr~ci itat s hicb are n rly p allel to th foil sLU~ruce. Their 

direction is consistent with ( llO> with ....... 1002 s Ciu'j, whiob would 

suf". st a ery fine slip in th f!latrix. 

Nicholson ·t al(36) also report etriationc on · q precipit t sand 

int rpr t th as 
. . 
1r t tern ettl n the m trix th p cipitat • 
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Cl'ODe-alip are obaerved. The fact that dipole loop_, <Jnd •ell atructure 

of disloc" tio tan le- are see:n in the dilut matrix t:.i'tar cyclic loadi.r..g 

locati::>n confi ur tion mor .. :r~scm 1 e ptre eluminiWl than o!ut.;ou-

tr.c.ted alloy . 

in m.~J Buinov{9l) conclude on plastic <lo:f":tr" t:J.on C>f Al-Cu 

alloys that artial di solution o ' zone nd paJ.'t. · clcu o.P • and on 

t e other hand thG at-bilization of certain propo;-t..:.od of thcs praci-

pita· s tilkea pl C"' and lao their transfort:lation i:zrto · 1 an r·ticles 

.re ... pectively and th· . ppcaranc of U{; GP zones is JGC1 ··ring. n bOl'll 

c se. • the slip l:Lnes r.~a~a throu >h particles of t:l'v~ ..., f .l,lCI.Dc; in othors 

1 stic deformation doe not change the mechanism of 

only ncc&l~rat it. 

· cipi ntion, Dut 



CP..APrER IV 

Th ion · rin work of tock, Broo - d c - .KJr era d Fo r.yth 

n co-worker ha lre dy crib d i the ntrod ction. r re-

cently, tho probl hna been tt ok d by Hellivily and 'y-i· co-workore t 

"n rith Al-4"' Cu. 

vid c tor r v rsion during cyclic loa .:. . , ot• an al iniutl 

lloy (4 .5"' Cu, 0 .. 6% 1n, 1 .. ;~ Mg), cEvily ·t al(BG) ond cted xperi-

e t her tter cycl or 1 ot' th lif t ~ 50'00 i, ge· follo 

xhi ited ed incr se in t tigu lit • 

.sequent age t 150°C in uc s r pr oipitation 1~. t h 

zone o that th weaken d regions are s trengthen d au' th tatigu.o life 

ia xt n ed. Statist cal an ly"' tb 

bove ... mentioned did not indio t Gignificant dift :o:nn.t ;.;~ from the eontx-ol 

'0 :P• fatigue lit of th control gro p •· G i 2;:;00 

6,991,450 cycle and verag o th heat-treat d l.fl , ir- 1' ,< iO cycl indi-

cat d very r rkab1 incr .aa in t tigue li o indc v· bsyond the 

l incr a whic would hav be n e ect it n.l th" 

tully :r-epaired. 

this no ly, 

who has shown that a finer precipitate, more uniforcly di tribut d, is 
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o t<:Ained if · eing followm cyclic lo · din of a s .l.pQrf;;a '·uru t "olid 

solution, a discussed above (III/6).. This finer clioi;ribut1on of 

nr cipitnte ia believe to be, then, th reason for ,,.rov .. ent in 

th f tigue propertiea. {Stu.bbin.gt n 's work \IaS done o. .U-12 .;i~ Hg 

and torsio fatigulit d showed rnpid oftening du it.! thCl early stage 

t ageing.) 

Clark and HcL'vily(S9) on .Al-4 wt.% Cu all.oy ccn:t'irmcd the hypo

thesis of Broom et 1 <13•14), that the met table hc.r~:kn:ir..g pr cipltatea 

are stabl in · in'um .,.e .. hard ning alloys duriu.g yclio loadin.g. 

!nt r ctions of tho dialo a.tiona with _n can one ... Je oar+ region.<J 

wi hin the ioroGtrueture 1ere further d tor~~ticn i$ cone ntratod and 

rep- ated cut tin of tbeae precipit t e, revereior-4 td::e pl. ce d, 

further • this finding ia. at ran then by 1 otron ho~ 

pr ipitate-fr band bout 1.~ wid • filled wi·h J's)~~a ion rraysw 

'l'hey ug ,eelt that wit con~entratio or the atm. . -n.~ ruJso,ge o:f a 

larg 1 number of dislocations through a limited ntmibel? o ~ \7., nrecipitatea 

,further dislocation motion. On zon s, th re is com{ ·vid .. c t t 

the dislocation re slightly bowed~ uggesting th:1t th" di locations 

arc impeded but not arrested by the a w ak zones, and ~1though in a 

:£ew i'oila, faint structures ill the background au..ggento · the formation 

of zone-f:r. e regions induced by t e cyclic lo ~·, th mallno a of 

th GP ~n s pr eluded tinitiv videnc $ It is ~1purtant , too, that 

no evidence of cell formation, or pr cip t tion of '11 r ' indic ting 

over. ei observ • 
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The large stze of ··u zon s b rderins tn prt·ci:r:itatc-i'r e regio 

~1.' that the reversion 0 e·t. nd not muy fr~ '!! c.ttatit)n to a iz. b low 

In thi cuae , of eourno, somo k owledge i t.J~c ..,oluLon .. tr ated 

i::U.loya of:fe1"5 ;some help a-'ld the aama authors 1 .. e or tha.t th chal."aat :r 

a d tinita c .11 ~truct re and a l .rge numb~)!" of JiY.lolc 100i Q elong- ted 

in. the ( 112) directions aro eenorated ( ,ro ... ?sl~reut~ .,..,. d ·ih .. l\lo~/93 >) .. 

the Cl"' a- lip r quir d for dipole fo tl.on and ~OI' ~::~(;. J.'ormation of 

eel structur() . 

Exp :d.ment · :re o.lso made in hich opecint"'M· cycl d to d volop 

reverted r gions were reanncaled a 16o°C to see if ho proaenco of the 

la.r-,.e num.bot' of dialocatio 10 which mi~ht ct an nuel ating it~s would 

influence th preci itation procea in thes zon s . ,'h~ co"' pl te bsence 

of r verted zones 1.n these sp oimens indicated tl1.1.;t'~ 1;$ o heat treatuent 

eliminated the soft cgiona by reprooipit ti n of ' in rto:r sizo d 

diap·raion. 

Ho ever , it Ghould be pointed out that Clad~ a•.ti HcEvily . pro

ducing th ir thin films with windo :~ technique, ·· d · enoir's lectro

polishing solution so tha.t the alloys b ve been hcatod ucp to 70°C 

durfncr thinning after t tigu& and this may have alt0rcd t observe 

truoture a pr ciably. 
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Thea two pap rs con titut$ the latest th::i.n.!\.. J:r, on the fatigue 

of AJ.-4,~ Cu alloy in age-hardened condition and. it i ·' :.H~~~n that nt pre· 

sent th re s o direct unaobiguous evid~nc o th_ c fo~ts of t tigue 

upon the d tailed mecha.'lical behaviour of this t· at•)r_, ~1 l'l'he only 

known tu .• 1Jeri •nt o:f this typ0, in \'lhich the rnc:ebnnic.;c.l rce'JOnee of the 

alloy is dir ctly etudi d u: der f tigue con.diti us, 'itJ t•:mt desc-r1b d 

by Liu and r~ache(94 ) . In ord .r to obtain information on the ffccts 

of "'trainirlfl' cycles consisting of tenoion and su.b.o~q.wn f; compres. ion, 

€- T d E- o were varie·d between o.o6 to 0.~8 a."ld. -.j. ;) L'. to -..') .f res-

ctively . 

The obtain d rel!!ult were ot corrolated ~·Ji t.~~ interne~ processes 

it was solu.tion-treated t ter quenched, god at room tcnperature tor 

4 days nd finally machined to the ~p~cimen ize. 

The Bauschinger , ff'aet r e rted dep nda on tht:o m:ag:nitu(l of pre-

strain . First, very rapid inerea"'c 'WaS observed vf:l 'h increase o · 

conatant val ue v ry large .. re• str in.s. The ii·r :.r -~.c in. Bausching 

off ct for reve~ al from tension to compreaaion a"1('k that from compre eion 

to tenz 'on was eX"J?la:ined with the higher yield strfnrr.t 'S needt~.cl for a 

c- rtain pre- tr in into compr sion than into tem::io.1 .... 

Ho'-levor , since this work w a carrie out ~d.th pol.ycryotals, the 

~chinger ff ct could aria~ larg ly rom int rcryst~lline constraints , 

ao that thea r sulta c nnot derJonstrat the tt-u~ lL ll~)Chinger effect as-

ooc nted witll precipit te structure. It is the :mr-X>~e of tll!s thesis 



to assess this effect in ingle el"ysta.la and to ext.nd the study to 

further cycles of strain, cor~esponding to f tigue conditions. 

During pla tic deformation the flow stress ~ opposite direction 

is s aller than tor stra.in in the original direction {that is, after 

t naile cycle , the reverse flow strea is smal~er in eompre. ion or vice

versa} . This dependence of flow stress on the strain histor.y of the metal 

is denoted and expressed by the so ... called Bau ehingor effect. 

For the measure of the BaUEJchinger .ffeet duri the pr sent pro

jeot, the following ethod is used. 

~ . th constant strain amplitude cycling, the p ak stre s in tensU · 

direction is mea ured and dur"ng unloading and on ~ubsequent compression, 

the stress at which plastic defo1"lllation iS detected tha:t is the reYerse 

flow stress ia obtained. The differenc in these atr o values is the 

ut~chinger effect and lf of this value is tho ~lastic back tress as 

it is shown l ter . 



CHAt: V 

l . 

During th course of this project , tho f ,:,llm:in.J..:; uip ~nt wao 

used in chronological ord r. Th ones me..rk.e4 'S' !'d etru1(.Ul' · equipment 

and ~rc not described in this thesis; th others ~~a ectlt with--accord

ing to th ir imporlanc .... rimarily in the tl.Pi' dices, 

i) s Stanat 1odel TA 21.5 6" rolling mill. 

ii) s 

ii ) 

iv) .S 

For grooved rolling¢ 3/811 (4 2;8r. . 

i'iniu& Olsen TelUlile chi.ne. 

Col d drawing trom ¢ 2/Su ¢ l/81 • 

Salt t !urn ce .. 

ilor critical anne ling§ single cr~re, ·at gro..tth and 

solution treatm~nts. 

Reiche~t Micro$Cop&. 

For gr in l:'ize deterl1iru:ttion, sli .• llnt:l (H.It>erva.tion. 

) Precise t nsometer for 2- 3 feet lcuc.:;· h., 

Hodi:f'ication of Hnunefield for critic,.J. .stx>~d.n:lng. 

vi) iln.eetropoliehing de·ric • 

For producin pointed ends 01'! x-od;;; •. 

vii) Lowering eqw.pment . 

For eryata growth • 

... 50 ... 



viii) s 

ix) 

x) S 

xi) s 

xii) s 

:dii) 

nhillipo lf)10 X-rs:y r~nerator. 

Wor orientation detarminstions. 

Coniometer for orienT;ot1.on correct::.t.);·1. 

Sarvomet '·'park-cutter, prad"Jcint:. t:;<PJ.U'f& ler gtl JS on 

ep oimen; al5o cuttif'l..g diaes for cloct:::..,. .. m microsco y. 

Ca.Jtl1:\b dry-in'; oven for producing c~~ J:50l.1es, en, etc. 

Ebarb oh el ctro-analysor u..'lit for the: 10olishing of 

gauge length. 

Alignment jig. 

For specimen alignment before f~tit~o. Desiznod by 

D. F. lr.1att. 
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xiv) Adapter for !n.stro. , tor :tatiguoi!l.f"'"· 

~esigned by D. F. Watt. 

xv) . 

xvi) B 

xvii) J 

xvi:i.i) 

xix) S 

Instron TTCL ~cision Teeter tor fatlt,Iei.0 • 

Iiaake-Thermost ·t Uni~.herrn. 

For heat trel;ltm:ent tlurinr· fatigue rw:.~t poriod. 

Bridge runplifi r !!tater t fol" train .:::~:.1.5'" chcc .• 

Supplie through th kin.dn 13;:.> of .... r. r: .. Ro in..,on 

and • r . T. Voogt. 

"Thin filmu Polisher 

Using Gat0s n. c. power eupply and ;;.1 • I' . \::. holdor id a. 

Sic ens ~lm.ia cop ! . l~lectron ~ie! . .)cope. 1 ,0 KV . 



{See detc~led description ot problems connoctod with cr.yatal 

production in Appendix A.) 
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From a high pt~ity Al-4. 1 wt .% Cu alloy, hy a combinction of 

groov rolling and cold drmdng, l/8 inch diametor t'i)@ w 1 .. e prod ced. 

U ing a ntOdi:fied strain ann a1 methodt the ~ ~ \1Q!"(} convm:'t a to 

Ging:le crystals with the ( 112] preferr~U. orientation . 

h oinglo crystals ~ cut to 40 mm. pi .. eGa Md n gaug length 

cutter. 

mens were water quenched. 

To obtain the various s t ructures desired (J.i''ig. 7}, the follo ~tittg 

heat treatm nta(25,89) wer adopted: 

GP zones w re pTOducf.td uaing l.J0°C for 16 hours nan the reported 

~i~e ia ...., 8o~ in diameter and the Cu atoM are :Ul dl.Z 31'k'\. e concentra

tion with ~ 3 - 6~ thickness and. at an a:verage cH~liZUC<ation at 1001t. 

~let double prime, n, precipitates wera o~ta~od after ageing 

tor 5 hours at 160°C and theta prime e • pr o:tpitatea treatitlg the spaci· 

ens at 220°C for 5 hours . 

'fh equilibrium precipitate CuAl2 1'h ta~ , ¥31!l attompted at 

350°~ for 3 hour and t )00°C fo~ 5 hours as indie,t~d later 

The limiting t perature for VtU"iou.s prcci it ... t s its hown in 
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Al o, becaun · ! the .surface finish pr.otlue y apart-cutting, polish-

in s advis bl long the gnu length. After COV-= . .~..11,;1 th ends with 

Micro top., the 1 ctropolishing wars car.ri d out .:n an ..,lectrolyt. ot 

2v pe chloric acid plu. ~ ethyl loohol at room b" "e.r.,ture. 

Tha peei:nens thus war ro dy for te ting nn'l to .r .... vent y 

tructural change , they ',..,re tore in a f~ez r 'hcJ.o_ 0°C. 

b) Arz:cmg!!ffient 

T chniques u ed in connection with chw'do.:u testing ar dealt 

ith or d t U in pp nd.ix 

Aa the Instron t ting instrument s alr ady Ofluipped with 

ada t r for f tigue purpoaeo {Fig . 8) , it s decide( to uso the same 

yet m. 

For this reason, th apeeim n had to b £1t.tQ ~<tith should re 

o around 10 . • outaid iam t r. Al um .ho- . · ,ra er glu d 

by 1 l poxy on both nds 1 a ing th polished ·.JOt on o! the ug 

length tree . 

Th d lgn of th fatigue pter · uch tl- t the ali nt o:t 

the test piece had to b carried out in tb grips b.tore fining it into 

it testing po iti n o th Instron unit. In Fir . I), the j . use for 

thi purpose io eon . li ent had to be carr!. ' out with gr t 

accur cy to "' ur perf ct cyclic loading and avoid b cltling ~ 

After the normal calibration of th t V ng e- b rill in 

tnind that for fatigue , th zero lin had to in t o middle of' the 

chart and thus t nsio and compr sion w r on the right and l ft ... hand 



si · respactiv ly--the test piece ightly held by t 1,.. ;;ri :1 r~as plac¢d 

in the adapter in such a way that the pre- load durin~ this op ration did 

not exceed 10 lbs. in t nsion and 2 lbs. in CQ.'lp c~1io>. lJ which ar well 

belo. the lastic limite observed in th¢se t sta. 

Selecting the particulars sueh M chart apeod, loa scale nd 

strain rat~, th~ tigue test could proc ed. 

llor £ati u ing und.er liquid ir, a minor modi i ation wa .... need d 

to prev nt ice crystal fo tion in th bearing at ,;J...c botto ot th 

d.a ter. A part of the tr . ork and connectin~ l'Oa t.<1 th load cell 

wer submer d with th specimen under liquid airt tlw icing re ulting 

due t th beat conduction, evaporation and eondens t:i.on cr .. t d 

high dagr e of accur ey as imper-c1tive . 

\-Jith 10 cubic r t of itrogen flow " r how :n.d a poro rubber 

dofleotor, tho pressure diff rene att ined \~ t~d nough to prev nt 

any oistur fro getting into the tub containinh t L b aringt;;~. 

To r ach equilibrium temp ratur llt l t\Ot tl.~.tec hours war 

ne d d and gr .at ticultie were xp rienced in :,ai ,,to.ini 1g this qui-

libri ' th l vel o the liquid air had to ~ l.·:::.J)c constant manually. 

For cert in ~P eipit tion oxp :rim nt • u tm ~eratur th was 

noeesaa17, giving th po aibUity for h t tre tmcnt :hile the test 

pice is in world.ng position. Th Haak -Zhel"':Uos.tat 1 itherm used gave 

0 a tamper ture control of 3 0 .1 c. 
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'l.he container filled with "Kyro L" a. terg...1L lifted u so 

that the specimen wa comnletoly ou.bmel"gvd and i'tc:r' .. he tr...,atment , re

peated at :r baths took e r~. o . the d&t l'l'ent cov'!':L':L'lt. the surface • 

·croscm 

(Mor· tail in pp ndix c.) 

Th fatigue tests ere gencralJ.7 carriod ou·~ til fractur oo .. 

• Then, aft r urfac ination under li(!ht u-.icroacope, lectron 

micro copic obaervat · on.s were m de. 

From the fr ctur~d spooimel\ diac 0 . 3 - . :; z.11 .. thick ere cut 

o t to provide thin film$ from the deform d structure . ~he olectropolish

irig · • done by us in the P . T .1. E4 bold· r idea, out tho t clmiqu had to 

b modi:f'ied d cribed in Appendix C. 



OilAl?TE.'R VI 

ExpGrimentnl nesults 

Introduction 

To make the results mo:ra self-explanatory in this section, th y 

are presented mo.atly graphically, whila the exact data. on the tests is 

tabulated in Table 1 to ll•. 

As a genaral rule, the graphs obtained on the Instron chart are 

not very suitable for presentation, consequently mirror images and some 

othez+ methods are used for their evaluation. 

It is reported by several author:/91~• 95) that after a few cycloa 

of reversed strain nt constant amplitude , the streo -otrain curve deve

loped an assymrnotry nnd that the peak co pressive tr·s""' needed was larger 

than the p ~ t nail stress. In this project the ame tendency as ob

served, as is clear from the contents of the tablen. However, to avoid 

confusion. iu the diagr~ only on curve, the ten til curva or tho 

aver e of the two, is given. 

To be able to use the automatic cycling conttQl, th constant 

strain was aet and measured from the zero lo d point fo~ both the tensil 

and compressive cycl$s. All the testa wer carried out tlith constant 

strain cycling. 

-56-
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1.. !he &luschinser Effect 

To express the Bauachinger effect, the follot-!in;; ethod is ueed: 

If <5 F is the stress applie to achieve a certain strain in 

F~rward-tension-motion 

and ~n ie th reverse flow str a {at _which pl stic now · 

detected on the chart) 

i t can be said that 

6 F= 6r• 6 a 

GR= Gt- ~ B 

is th :f'ricti no.l term an ~ B th 

el atic back ~tress associ ted ~tb th force opposing the dislocation 

movement. 

To obtain 6 R f'rorn the chart, a rul r is pltlce par 11 l with 

th elastic lin r~presenting the unloading and a r ading tak nat 

he 'POint (indicat d on ig. Vl/D wher th curve deviat s from the 

.straight lin.e" lthougb the method i s not v ry accur. te . the strain ... 

gauge readings indicat d that the error i mall tor he first few cycle • 

Thus for the valuation of the Bauso · ~er e~iect. the expre sion 

is used, giving the value of t he built- up back strobs . '!'his value is 

then related to ~ F' so that comparison could b made with th different 

structur es examined . 

In some cas , the plastic work done durill{, . ch half ... cycle s 

measured . as t he are under the for rd or reverse str sa- tr in curv • 



-tude, nw" • gives an "' verage flow stress for that h.al:f .. cycle : G F ( f'orward ) 

or I R (reverse). Thliil re-sults of such calculations are included for some 

ot the Eauscltingor tests. 
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2. The Clclic 1~ ~d-nin5 Curves 

'.Ph~ .t)~a.'- ten ... ile str~ws for each cyclo (or tl1c e 'le:r;~gl'..! of the 

teMil.n and co:npren:;:'live. pe.:::.Y..s where th-ac are sign.ifict:Ultly dif'fei·ent) 

lu;,O been plotted versus the number of cycles. . lao includ d on thes 

raphs are t 10 ether curves for so e specimens: . 1) tl ·c v,...lue ._,f G R 

determined aa for the Bauechinger effect, 2) the n1ea."1 i'lo·.;~ str·esa around 

the hystereQis loop , ~ , calculated as the total loop area divided by the 

tota l loop width. These have been plotted ver 11$ th,. :uui"D er of cycles. 

~uch additional curves have only been included vmerc they could be ob

taihed with reason ble ccuracy. 
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B • • nnealinl! Expcrim.£1!! 

In the caoe of one dpccimen containinz ~rr proci?Uutes, cycling 

wns interrupt~d a.ftcr 26 cycles and a.n.'llealca at zero .;treos nt 152°C for 

ognin , third time hen the anneal in time ,f ... redn--e< to 1 1/2 hours. 

Fi.n.t\lly, anne lin , ua 0 repeated a.t 152 C £or 12 h011rs or th~ fourth time . 

'l'he results are shown on the following gra:ph and d...1.1to. ia ·tabulated in 

1.',blc 14. 

Froo lectron icroscopy obse~ation. th~ L.pres~ion is tn~t the 

precipitate beca e coarser and more t'lid ly sp ce· . 
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4. Observations of ~elaxation under Btres~ 

On reversing tho c1•osn-hoad 1 overnent, the In~:rt!'o._ has a finite 

aela;r time at very low str-,;tin r tes . During tlrl t:i.m'=' t.ho Gtroas- train 

c .rv ·ho a an intare ti behaviour and r fle;c. s cc:r-'l;:;.:1.i property or 

oc11 ism hich can be oha:ract ristic of the var·:l.oi. · 1recipitat S& Th 

obsex•vations are as follo ·m: Wh~n opecim ns conta:UJ.:i.:ne GP zon o nr cycled 

in liquid air. on the ver'J first cyel , the load :r-..:J.n:;~er' rith .. bout 5 lba. 

in 6 econds {d lay time with chang - over !ro ten .. .do::::. ·· compre sion whnn 

cro s-h ad s oed is 0 .00211/i . ) howin vult(. .. : ~.t th turnin, points 

or t nsion and comuression cycles. 'hia load drop :~o~o·s~ slightly. 

rl!aching maximum within the first 10 cycles td th€n ·traJu lly deerease 

until it disappear completely at bout 30 cycle;;>. There m.s no ob.,. .rva

tion t such load drop when wo:~. .. king on room temncr::ttur·::~; ., 

..tpecimcna containing ~" precipitates ho\~ed t11c sc:une type of 

effect ~ but relaxation took place even at room tcmpo~utur~s when trainin 

to !1.5%. ln. liquid air, the load drop lasted only on the fir t 10 cycl· ~ 

• and pr cipit tea behnv ~d diff~rently , s at 1~om te@peratu 

11 strain amplitud s tha relaxation started i, t~· third or fifth 

c· ·ole, uildi:n.a up to maJ imum at about 10 and r· dll'tlly ,ying off. At 

liquid air temperatur a, tllc load drop was ob'"' .rved tron th very first 

cycle n.a. ollowod the patt rn described tdth GP •;on·.:lfh tho foll0\11':1 

curv how so of th typical ca es . 



los. 

Tyoical cases of rel;x~tion ~ffects. 
~u~ber~ reprPsentin? ~v~~~ n~~b~r. 

·" 

. 
•f.€ ~ % E 

:ie:. Vl/1,. Fif".Vl/?o. 

T~st N°20. TQst N'' 24. 

iquid Air T. rl.oom T. 

DrE'C. 1 ')rE>c. 

~ 

,iET.V1 

':'r?st N'"'~ 2.7. Test N° 15. 

T • • l A • 1 ~!u 1 .. '1. 1 r .• rto rf' 
... . 

",P L'Jne-; r• Y"j ,, C' 
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Modes o! Fra.oture nnd ~·bservation of £:li'~"~ Lin-as _.-M_________ ~~ 

J\lloys contai:::dng zones te-nded to a e~.tp-n...'lr1-con.c f'r, cturo with 

l'JOm" n~cl:ting l es eeially at high strain tunpli tudoo. Alloy containing 

pr~ ipi tates (en t e. ' ") tended to gi v r ther l'Oi!gh lt5 shear fr. cture ' 

for those specimen hich failed f'w fror:t the grips. 

A fat specimens on t'fhi.ch the surface had. not b ~Com too trained 

microeraphs are prea nted her e (Fig. VI/23 - V!/2?). 
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X 175 

Fig. VI/23. Surface of a specimen containing GP 
zones after fracture at room temperature. 



Fig. VI/24. 

75 

Surface of a specimen containing e" precipitates 
after fracture at room temperature. 
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X 175 
Fig. VI/25. Surface of a specimen containing 9" precipitates 

after fracture at room temperature. 
The area is near the fracture. Slip lines 
indicating cross-slip. 



Fig. VI/26. 
X 175 

Slip-lines and fractured area of a specimen 
containing e' precipitates. 

77 



Fig. VI/27. 
X 140 

Surface of specimen containing 8 precipitates near the fractured areae 

--..J 
00. 
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···o~ alloys containing zones ( •ig. VI/28 - VI/)1), t}"' zonas th nwelvea 

cottld not be resolved, but gave g .. neral bo.ckgro<Jnd .. 1octling aa reported 

by other \'JOrkers <42•89). A hi.,.h d...,nsity of dislocationa was obce:rved 

c;enarally throughout the • cimeno, but o.o obscrv d b:t Cl.D.rk and HcEvily 

the dialocationo were not ar:ran.~ed in cells or pilcd··U.P formm.tion. 

For alloys containing en precipitates (Fig. VI/32 ... VI/;36), the 

precipitate were observed dix•ectly and by tilting t 

caticne could b9 brought into contrast. The me~ourcd dislocation density 

't!e.S 3.0 x 1010 lines/em~, .r.tth an e..,timated thJ.ckne ;;3 of 4000~. 

The dislocations pp ~red no a few i olatod ta~Gl¢s but mostly 

in loops somewhat similar to the nrrangements obsorvea in atigued pure 

nluminium(5 t6•8>. 

For alloys containing ' ;precipitates (Fig. Vl/37 - V'I/38), a 

v ry high density of dielocatione entan led with the . ' plate-s was ob-

s rv .d, similar to th observation ... of Clark and tc:..vuy.. Striation 

mark.ings a.peared on the faces of ' plat e a reported by Koda and Bonar 

on t~nsile deformation. owever, tho plat s no -where appeared to be 

ben.t. 

Alloys contninin precipitates (Fig. VI/39 ... VI/4:0} gave sinti.lar 

'" location tangles, but the interfnce$ could not bo studi d& 

The leetron micrographs ar presented on the follo ling p g s. 



Fig. VI/ 28. 
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X 92000 
Dislocation configuration of a specimen 
containing GP zones after deformation. 
Test number 15. 



Fig. VI/29. 
X 120000 

Mottled background of GP zones with some 
dislocations. Test number 15. 
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Fig. VI/30. 
X 75000 

Arrested lines of dislocations in specimen 
containing GP zones. Test number 15. 
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Fig. VI/ 31. 

X 75000 
Bowed out dislocations in specimen 
containing GP zones. 
Test number 15. 
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X 80000 
Fig. VI/33. Specimen from test number 16 showing 8" 

precipitates with some dislocations. 



X 110000 
Fig. VI/34. Specimen from test number 16 showing 

a higher density of dislocation. 
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Fig. VI/35. 
X 85000 

A high density of dislocations is shown with 
9" precipitates. It appears that the majority 
of dislocations are in loop forms. Test 
number 16. 



Fig. VI/36. 
X 46000 

A possible denuded zone is shown. Test number 
7 contained e" precipitates and was cycled at 

± 1.27%. 

S8 
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Fig. VI/37. 9' precipitates and dislocation arrangement 
as it appears in specimen 8 after deformation. 



Fig. VI/ 3$. 
X 90000 

8' precipitates from test piece used in test 
number 24. 
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Fig. VI/39. 
X 46000 

e precipitates and the voids left by them 
due to thinning are visible from sample of 
number 9 specimen. 
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Fig. VI/ 40. 
X .110000 

Dislocation arrangement in the vicinity 
of a e particle. The particle-matrix 
interface can not be studied with these 
large precipitates. 
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CHAPTER VII 

Disc use ion. 

Qn the ~uschi~er E~fec~ 

Fro the r ults , the tion and disc uion of two distinct 

grou;ps, specim ns containing GP zone and eu precipitates on tht~ one hand 

and 9' and precipitate on the other, ems to 

The first impression is that in the caso of J' zones and " preci-

pitatei'J the uschinger effect is relativ ly all, ws 0.1 GF) 6 B ) 0.0056 F 

and thua--not urprisingly-littl long-range elaat.:..c ck- tr .sa is b11ild-

ing up, strengtheni~ further the belief that hard;ening is associated with 

the cutti mechanism. 

If the amount ot plastic stnain is consider 1., it is clear that 

the absolut value of th ck-streas i i~creasi g .lith th tJ:"ain ampli-

tude in good ~eement with Liu and Sachs ' work on olycry talline material . 

It should be noted that the Bausching r effect ob erved by Liu 

and c) ahs( 94) is larger, but this ctm be readily xplain u to Heyn 

stresses introduced by the t(rain boundari ( ooue/117) )*. he pr s nt 

r ults demonatr t the true ·l.SChinger eff ct in ru1 ll.oy containing 

p.r~cipitat a . The f ct that the ratio r/, rf rl, remains con tant with in

creasin strain amplitude is tnt resting, but an explanation must await 

th develo~nt of bett r theory of work-hardoni,nz. 

* Heyn stresses: intergranular stresses set up in polycrystalline material 
during deformation as a result of different anisotropic deformation of 
neighbouring grains. 

- 93 -
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From the tests do _e at ll.quid air t . p&raturos. it is evident 

that 6 B ha.a higher value in both GP and 911 eases "'hc:n tcld.ng into account 

that they bad only .., 0.1,% plastic strain. his if.; e:'t.l...·ely consistent with 

th view that cross- lip can more ef£ etively r liev b ck- tres e~ at 

high r temp ratures. On the microg:r ph of a ·~ s e-ci, en fr etur d t 

roo tempcratur (Fig. VI/25) • ther i vi(leneo that cro s- lip can occur 

r odily under thes conditions. although• of eourso~ ~~is p ~iroen has 

undergone .nny cycle • 

A at.riking differ nc is :-.hown by tho dia .,•3l'J :i of il? - terial com-

par d with u wh n th G 
0 

values are foe sed u.,pon. ,~. all thr c ses 

ot GP zonas , it is observed that 6 
0

) 6 R• Howe er$ t1L1 thr e OJ.."Perinl n.t. 

o1~ specimens containin, en preciPitates iv 6 
0 

"::' 6 I . This .a,y be ana .. 

lysed u.<> follo·ta . At any strain, the totul for rtlrd nt.rc~- is 

ti F = cz5 _...A + 6 Fw.h. 

here 6 FA = forlllal'd flow atr sa required to overco .. ) th alloy str ngth n-

1ng , 6 = t h initial forward flow str as, and 6 -.. . h = th work ... 0 , ,,,. • 

hat-de.ning due to forward strain . 

The total reverse flo~ tr sa is 

h :re d RA is the r verse flow str m,l of the lloy ctren_ . ten1ng m ehanis 

nd 6 J:h.r.h . the reverse flow stress associ ted with the work ... ha.r ening . 

It is known that for experi:m nts in pure eta.l..~ nnd .~olid solutions with 

comparable strain re olution to that of the present tJOr. , 6 R h !:"" 0 w. • 

nlways. Hence w ha 



d, F = G FA -l· ~ l' . h. = G o + G Fw.h. 

G R ~ G RA 
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'l'h 'When G R = d 
0

, it means that rt RA = 6 FA, M"· ... he:.."'e is no uschinger 

eff · ct associate · th th- lloy treng h ·ning nechc.niS!ilS. Thif.li a pear 

to b thf.t case with " p1 eo:i.pitates. Ho v r, . for Ct:P zoneG, ~ 0> 6 R' 

i.G .. , ~FA> G R (~;.fter rJr - ~train.) , so th'i.t th r~ !..:. a ~ 'Gchingor effect 

to be atJsociat d vith the alloy str ngthcnin mech::u·~!.&.rts • this case. 

It is interesting to con ... ider ho"' tlli.e difference nrl .s in t rms of alloy 

stren ·thaning theory. 

1''1eischer ( 69) and L~ Hughes nnd F:obert on ( 74.·) r , e considered a 

numbor of oechanisms for an alloy containing Gl) zonE"~t;~ viz., 1) chemical 

hard ning, 2) interface dislocations, 3) cob rency c.t:r-u.:i..:rul, and 4) the 

n;odulus ff'ect, .5) impurity gradi nts in solid solt.tt.ion (Fl iacher (64)) .. 

Of tiese, it is apparent t t 3) d 4) and 5) c y t giv a 

f;tect ince the back ... tress involv d xt~nds only ovor a d' tanc 1/2 

the zan spacin • The usch.ing r flow observed cru;.,lut a 1>roduced by 

dialooations moving Jackwal'd such s 11 distance un1 as th dislocation 

denaity is > 10u, which :is impos ibl at s cb small strain amplitude • 

i.fechaniam 2) con g-lve a Eauschinger f:tect , since n ·~· ey dislocation 

moving · · g way ton.~ard through n ber of zonco t-Jill 1 ve behind a 

sot of interlac dislocations which ill attr ct it oock ov r th . same 

path, or one nearby. Also, mechanis 1) ca.n give a auoching r ffeet, 

as has Qe n predict d by Fl iscber(G9). 
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F1 isehor points out thn.t it the distribution of OP zone., is such 

that one of tho thr e seta of {looj plan e have Pl"•:}ponderance of zon s , 

then from th geOI' etry o the .zones-- t 120° to one . other--it follotU 

t t th di loe tiona for on o the thre ori tatitms \dll r Cu- Cu 

bon , for the ecoud it will mal: .. u-Cu bonds, and ·I:J z of the third 

orientation i hear d in its own plane , ither b · ::Lng one nd and 

king one, or breaking two. 'fhe bre king of Cu-Gu b->nds as pointed out 

by K lly and Jt'ine (?Z) must incr ase th n rgy of thQ yat , requiring, 

th re!or , an p li d trea~ to supply that elip. Thus 

if on type ot zone r dominates , th tt th r is a ;nl!lCu.u;!,t:;ur tfect, since 

tle n t cu-cu bond-braking proce a is r v radon rcvorsi ~the strain. 

'l\lrning now to n • we not . that the Fleischa::."' argument for 

chanism ) above wi 1 not apply to th " struc ur<,, aJ..though a uschinger 

ffect could ar ise if d. location retr cod their r~~hs exactly. Since 

no UPehinger ffect of the alloy etr n theni H ~ ownorv or u , it 

ppear that di loc tion do not re r ce their path.o G):aotly (not sur

prising in view of the conjugate slip and eros ol.t.:J ocourr· ) , and that 

the interface dialoc tion ffect is negligible. '!"tuB it ow app ars that 

tho chanism t ) is t xpl.anation for the CiP zone 1' ch r ffect . 

Turning to the other group f tructures, • 1<U' chinger eff ct 

is served with • pr oipit.at s and per s even. lu.l"'(;-er dth the equi-

librium precipitates. By imply at ti that ' or precip:lt· tea ia not 

defining the "stat of tlla.ttern nd this i r fleeted "~..rcry well indeed on 

th values. of 6 B. 
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Test n b r 8 giv s a valu~ of J 11~ ?.23 !"I'!'' .. · 
2 6 = 8.8 Kg/mm. 

0 

compared with t at number 17 uhen th eor:r spondittt; fit~ ~· flre 6 u > 4.4 

·:md G 
0 

= l+sO Kg/tnm~ Th strain am:plitud~ o.ifferenc ·~ d.ooa no explain 

thia nd as t A cil:.ton w re di::tfl~ entl.y tr a.teu, i~_· °C for 2 1/2 hours 

:roJ: num er 8 and 220°C ·or 5 hours for umb r 17, it: set; 10 tru t th particle 

siz. d s~ cini~ i::o ftecting ot only the str ngth of the terial, but 

ht:.l u direct influenco on the uschinger effect. ~1is is demonstrated 

<.W:ln more cle rly when eJCamining the d tails of testa n'llJber 9t 13 and 21. 

erc4 specimen number- 9 \1!1S tre ted nt 350°C for 3 hours and the two 

oth .rs at ?fj0°C for ~5 hours. 

The Bauochinger e feet ie greateat for a give otrain litude 

v/aen tested in liquid air as show. by the d tailn of' te""'t nur:1be.r 20. 

Comparing t sts 17 and 20. there i2 a gr n.t diff~fi:.n.c~ in <i,
0

, too, as 

the values r 4.0 d 7·35 K~} ~ respectiv ~ th ·h th r is dif-

fieulty in ea uring these valuea nd the diff~renc~ c~ be ~aller, th 

back-stresaea abo imilar difference a G B for the roo temperature 

rork is > 4. 4 Kg/m~ for "" 0 . 40% plastic strain, whil" 6 .S > 5.7 Kg/ ~ 

in. liquid .air when the plastic str in ia out 0 .2'(, • 'l'ho cross-slip 

cbanis:: · ust be 'Iter active right from t e be . ni .g of the cycli • 

These results also can be interpreted as ver~ docisiv in t 

quention of the validity of Orowan•~ critorion and ~~~ell and Lenel •r-

· lastic flow criterion. An~ell and Lenel proposed that the. bo ·rJ.ng out 

:f dislocation loops betw en. particl a \till not laad to ·ufficient pl stic 

low to account for the ob erved train d that t e ... rticle"' must 

fr ctured before detect ble plastic flo occurs . 
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Considering the tensile hal! of the cycle alon it can be argued 

that the yi-ld stroe coincides ~·ith the ehem:·ing o ·~ _;a ·ticJ.ao, a.nd uaing 

tho e.."'tlU"OSsio derived by these authors, reasona 1>.:? <'..'n"~cment c n be ob

t..."U..led. SuR ninJ~. ther fore, that pile-t:ps foro B.!"-1'Jnd th precipitates , 

o G increase , the umber of piled-up loop inm:c s ~"' up to th cri

tical valu ,.,.he1 th p rticle ,,.hears. 

At this t ge, t\1.'0 possibilities arise: 1 ) 13. the ... iLd-up dis

locations run into thb sin.l.t and th ile-up<J diao.p,.y~.r~ C'...onsequently, 

up and as th stress .a acting on the inner ri!l(; reach . 1e critical value 

6 Cl<, one of the ri 1gB di app ar • the source reinf'orcos tho pile-u.._ and 

pla.;tic flow is ineroo i tt continually. ~Jh n unlo.a.d:!.v..g, ther for , no 

pla tic norA is exp ct d until ... Gcn i.s r 11ehed, a cc•J dim" to this criterion. 

•'urely with the relaxation of the ring --'tJbich mov·-r.'~<::n t m~t b limit~d--

no pla tic otr~in should be d tocted. juot as when !:h-. i1 ·•up are found , 

no plastic flow was eteoted. 

Uowever ; the xperiment supply convincing o-.ridanoe that plastic 

flow ia occurring even during unlo ding . Further, 6 values ar generally 

reo or than ~ 0 , which ugg ot that pU · up dvri::l.J the t nsile cycle 

continu.ed aft r the yield stre s, tvhich is in a eord::m"' . with th fa t 

worlt-hardooing taking pl c in thea 

During electron microscopy examination, th<:ro was no evidence of 

ah arcd EP or particles. This argument doe not prove that those par

ticles are not sh~ red, only th t Crown ' s crit rio. c~ exolain th ohar·c

toristi s of tha obtain d hy t rea · loops bile 1coll d nel'a theory 

is not consistent with the present result • 



Th~ :1i<t,hor atrain-amplitude-c;ycll)d 0 ') and ~· ~ v:.\tn=)les ohow a much 

ste~p r \·,'Ork-hard .ni.."lg rate th:u1 the - t of the ;;;a.~')l~.;-a and it ohould be 

ointod out that the <:~.son iJ3 partly ue to the Ufi erence in st in 

rate end ~plitu c at zhich they wer cycled a d "'·trtly to th difference 

:tn orientation f the C!"'Jnte.l..;. The r t o:' tho l'~·t:•·ult!j ar thus mor 

comparablE~ as their orient~ttion is uniformly [ 112 ] . 

It is aeeu that aa is on ... rally obs-rved wit:1 pt..u-~ motals a.'ld aoli<l 

solutions , the peak str . s ri s scadually durii '~ eyc:Li.rJ.g until it reache 

$ ... tur~ tion at about 100 cycles or o, n then r !k"li: .:.Z onsta.."l.t until near 

f~cture . '.11le ratt"s o :twrdeninc a d th total roucP1nt of hardc;ming up to 

saturati<m, uro a little hisher for (}P cry-tala then :fo.,. f.p•. It should be 

noted that whil t e total train. nmpl:i.t ~ ~ is thoa s:::uvJC j.Or both eto of 

tests. the plastiC? strain amplitude 1D a.ctuall;y som .. nmo·t <"1.' t r for th 

GT' crystals , since tbeso h:::.vo a lo\> r flot~ tre~s. w:: ~aturation harden

ing, a.'":td hardenin.: rata, are greatel' !or lar er placrti c .,·train amplitude. 

':fhie is generally ooo rved i'or l>ttre metals and aolid D~:>lutio a. and i.e 

lso demonstrated by the present results at highe-r am.litud.s. Hence the 

dif ercnc · between GP and " crystals is readily >;plaiv d u.u duo to the 

difference in wo. 1M-hardening p.r'odueed by the ef:f~ct.t-Jo 1
• f'foronce in ampli ... 

tude. JUoo, at liquid ai::c tompe:ruture, th rnto of '. tru• ening i slow r, 

while tho total har en1n~ to S!tturation is r.1uch th~ ',; ~ t:1-~ . This is also 

consi$tent with ~sultt, on pure etal.s,(e.~. Feltner, ~~c11fn tel." ·1niversity , 

l~otallurf~Y Seminar • Ma1 .. ch 1965) • Hence the cyclic !L-;u·d .flillg app ars to 

be chiefiy due to the s· me work-har ening mechanisr1o that per te in pure 
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m<.OJtaJ.s or solid solutiov..s, ju-..t as the atrain-hari.le!lin[) in tension of the 

i;illoy can. apparently be nearly accounter1 for in this ·ry_y (:'rice artd Kolly<68>). 
J\ i'urthor chock on this explanation can be made by coopari.ng the present 

results with those of Snowden(B). He cycled cryst:U$ of pure aluminium of 

orientation [112] at ±.74% total shear strain. Converting this to tensile 

stra.in, and noting a di£ference between Snowden's ciefi•t.~_tion or reversed 

strain and tho one used h~ra, it is seen that this io equivalent to t0.6% 

tensile stra.in amplitude, and hence comparable t,rith the present conditions . 

SnO\'Idtm observed saturation in about 100 or 200 cyclt~t;, and the total 

hardening obtained was about Boo gm/rml·, increase it; .;:-;e.;l.l! shear stress, or 

about 2 Kg/mm2 increase in peak tensile stress e.llouing tor the fact that 

~ttr amplitude is a little larger than Snowden's. !t is seen that the agree-

ment t~ith our results i.a ver"J good, considering tho "lm.t>iability to be ex-

poeted for this type of experi:uent, e~:;>peeially with this orientation. 

II nee it appears that the cyclic hardening results for GP cmd 11 crystala 

con b attributed to normal worlc-hardening processes, r.;.o that any pre ... 

c~pitation (overageing) or re- olution of precipitate$ during cycling 

does not have a lru:·ge effE~et on the observed mechanical behaviour. ;lhia 

interJ,retation is supported by the observation tl'l.11t lot1 temperature 

sntura.tion hardening i similar to that at room t~pernture~ and by the 

two further observations. First, the intennediata m1ncaling ex er!ment, 

illuatre.ted in Fig. V!/18--a e•t crystal was given 2::,; cycles, and then 
. 0 

annealed at 152 C for 12 hours . On recycling, it w •. o 1ound t1tr~t the peak. 

strt;tss had increased 'by about 0 .. 25 Kg/mri. This str~ngtheni:ng was tern ... 

porary, however, and faded away after about 25 furtl ... or cycLa. A second 



~ I 2 a.meal produced another transient inor a, o.f 0.5 y A third 

JOl 

shorter anneal produced lase strengthening which £' · ·.1 ' .'f more quickly. 

rhus it is cen that interm diat ann la pro~uce orJly ~ small trengthen

ing r ; eot. (!O uch an effect is consistent with tllG hJpoth si 

et c.l discussed in Chapt r III. Thu it is re on·- ' l c ·-o say tl t when 

cycling commences, th re is a general d formation, ~ ut t h per is'ent lip 

4 ds Cfu~racteri~tic of fatigue eoon d velop, and th 4'e ther iB frag-

t . tion and re-solution of precipitates. Since t he ands still give 

con iderabl resistance to flow, it appear that in -udition to work

hardening, oome re-precipitation of solute alao occtu~s; e'ther by nucl~ation 

Ol" on xisting fragmont , until the "' ,ecimen rae c lt:d u t dy stat in 

which mall precipitst s are continually created r;.."l:d destr'1yed. or the 

ize of the .fr goonta remains constant. This is tl e ~•itu~,ti >n hen at -

ration is reached. This balanc t.lay b disturbeu .... ~ f avour of larger 

precipitatoo by meals, but the speci. en returr ·· o i t · te dy st te 

:..:;ain. in a few cycleeo. It should b noted also t •-.tat di locations may 

rc l.>range signific ntly during th anne J., o that tho ft'ect of thi.a is 

included in the annoaling result. t0\-1 ver, tho c l'f ... c t ohould be small in 

!:;his alloy , and will bo wip&d out in th ir t ub- "' uent cycl • In fact, 

t1e nneal may cause a peraiste1t b nd to top oper· -cing, d 1 d to the 

\luvelop~ent f a ne\1 one elaewh re . In addition t o :..lJi..<;.,, liWhich would in

ere· oe the life of the sp&cimen by roughly the munbcr of cycles it haG 1-

rea.dy end~ed., the alloy aa a whole tlla.Y be strensth-.1'(~d by th f'urthe1:~ 

n ·ein.g. '!'here is s m evidence for this :fr tru '·hin il oba rv tJ.on ,. 

an this ••'Ould explain the 300% incr~as iu fati u... life ob"'erved by 
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" "1 t 1(86) ••c . 1. y o a • 1 w it is evident that the :e~kefl.LVJ. of the alloy 

peak stres vould not rise to a saturation w~lu<:. ..::t- -;ork-harde ing 

Supports this V ·.6~/ it> that the b~~C-~-. ..1treas ObtHH"VCt;. ~J:; ( ~ ~· - 6 n)/2, 

Jo • uo"t incr(Ja~;a approci bly during eyclitl.:' · •:·h~:r-~ in u g~eral ncreaa 

in tho t:rict-~on. .. 'll otre ... s, to be ~soci~ted with th~ "'IJ~~l debris of loop 

i~Ol'11le durine cyclinc (z .e electron .ticros;r ph) • :;l_tc:. ind:tcntG!~· tl'~<>.t the 

losu i.1 ft'iction dt o to lloy l'lealt~nit,-:; is more t' .. c ~· t1 ; :1.sn.ted for by 

th incro<iise iu frict_on due t 1 the >1ebris. 'I.11e ~ cal''l!~"·s indicate 3. 

e· l" s .turation, altho1.tgh the measure en.ts becono rtd.<.ttivcly inac·~tlr te 

i:l t tLis point. 

Tl.(.rning to the cyclic ha.rdel':.in.g; of e• and 8 cr.:~rrta.lc, \ie .find a 

t<'IUC 1 igher r t~ of cyclic lulrdcning, and a much ;.,.r(· ,.;r:::r total rdG"~ing . 

T.n· · :i.a entil' }ly consistent '-'i.th th view thtl.t the ~Ji:"'.rt:i.cle$ are irnpene ... 

trubl ani cause v ry rapid multiplication of disloC;::ti.;:t.oM . This is se u. 

n th electron micrograph. Again hardem .. ng is nl .. :mer · n li uid air, 

p~· swrJably becaWle oross ... olip is in ibited , so tlurt the d~bris f'or:nation 

l. slot~d do ..;n , as in the pure;; metal caae (Feltno-r, : .(H .. cit ~ ) ~ 

-
It appear.., f r om the reea.""urement.:.. o:f 6 .R J'l.d ~ t t the ba.c :-

stress remains const ant throughout th ae tests , •.Jllic:1 i . ..; to be ~Jxpec ·ed 

i the princi aource of int ~mal stress 1.$ the cla., tic .. articles r-e-

stvainin..~ flow in t he plastic matr ix* This appear::-; to o true right up 
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to fracture, which suggests that the particles neva;r bre~ or tear away 

from the matrix during fatigue, but that the crack fOf'i7!.$ and grows between 

particles in this allo7. 

!!,:u,'fnce Opservati,ona 

'll}le observation of slip linea on speeimcmn containing Gl? zones 

and t' precipitates was not difficult at all (Figs. <Jl/23•VI/25} and they 

ap:p~ared at an early part or fati,gae life ( _. ;lfJO cycltt~s or less). '!'he 

reports on en are %"ather contradictory (Thomas and Nutting(?S) observe 

few slip lines. Silcock{ll6) many), but the diftex>once;.:> rt1ay b du~ to the 

•arious states of the precipitates used in their ~xperiment~h It may be 

noted that the fracture stu•taoes for eu are parallel to slip lines, as 

. ( . (14 
has been reported by other wol"kers Broom et al 

The slip lines ot defo;t"rl'..ed specimens containing · ' in the present 

experiment indicate that the priln..'U"Y slip planes are: very active, as in en; 

these ' precipitates were in an early stage of' growth and thus in a way 

Mpe.eimens containing e precipitates ahowed ellp linea only near the 

f'ractl.U"ed area and thus interpretation would be. v~ey difficult. 

' §lp9tl"f>n Microseo,t~:!c Observations 
~ -

The electron mio:roacopie observations gen~ly do not offeJO an.y

tbi.ng nett except, erha.pe , in the cue of en preeipitnt th The lack of 

published micro aphs of 9" precipitates with the hig;ll d(.tn$i.ty of 
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disloe tions after cyclic defo tion justifies the statement that th 

ob arvod and presented. dislocation configur tion (Fig. VI/35) ppears to 

b new. Very littl known about t dislocation arrangement betwe n 

the particles in th ~ ta-ix and study , in the ~ st~ co c ntrated on 

tho configuration in th slip bands. The work-hard ning demonstrated , 

howov r, ust be du to th s general incre e of dinlocation d ity 

an the many obs•rved loops sugg st the possibility thut a limited amount 

of contribution to deformation during th later stage of cycling can b 

due to Feltner-ty flip•flop motion .* 

Rel.a.x tion 

The circumstances preoented an une· ectad phenomenon during the 

course of' the expf!l"itnent and it ia felt that aome v ry characteristic 

mechanism i.e IIWlif sting itself by the e r . la tion eurv Q; 1hich could 

add to th knowledge of r sponse ·Of the various prooi:~itat · s during cyclic 

loading. However, t.he available data does not pormi ... d .tail d interpre• 

t tion and further investigation was beyond t he cope of this project. 

* Feltner(G) proposed that the saturation stress in FCC metals is deter
mined mainly by a flip-flop motion of elongated dislocation loops. The 
basic motion of the edge dislocation loop is a flip-flop motion from one 
stable equilibrium position to another. Therefore, the saturation condi
tion is attained when the flow stress of the cyclically strain-hardened 
crystal is high enough to flip a sufficient number of dislocation loops 
to accommodate the enforced strain limits. 



CHJ\Prt:R VI II 

Conclusions 

1} Th BauGc inger et'ect of single cry tala o f Al~4% Cu contninin OP 

z na and n procipi t o.tea io relati v 1 smn:u . The elautio ba.ck

stresaen building up . moWl.t only to bout 5 ... 10 er cent of the 

pplied stresses in t he fol"'lt\l"d motion. 

2) ith ~recipitateu contP~nin e• d Q precipitate , the back-stresses 

building up nre ore than 50% of tbe lied stress in the forwe.rd 

direction, and the Bauschin .r effect very lar~e . 

3 ) With constant :strdn amplitude cyclin , specimen<:> containing CJP 

zones , G" reo! itateo nnd e • prooi itates (aged at 220°C for 5 hours) 

reach tHt.tu.ration within the firtlt 200 cycles and mai:r.tain conet&rrt 

peak rardne s throughout 80 ~ 90% of their ~atigue life . 

4 ) • pecimens oont.ninin g particle reach axi111um ntren h f or a 

very short perio during eyclin and the peak hardness tends to rall 

until fimllly fracture occurs . 

5} Cycling in liquid air causes lover vork-hard~nil'lg r tes . but about 

the e vork ... ha.ttienin& incre .nt t1. cycling at roorn t per tur • 

6) Beat treat tent pplted at zero load ~trith tbe interruption of o.ti ue 

after 20 .. 30 eyolco cnua s n st rcnf•thenin$ wi tll ~~~ rectpi tates , but 

this is onl t mp r ry, aa further eye lin tends tow rd a. lightly 

lower, conot 1t no ' stress . 

... 105 -
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7) A la.rgt" d.ena:ity of dislocation loo w::w observed in cyclict\lly 

atrained ru~.terial c:ontfci.nin ) ett :prettipitates . 



8Uf':f~(H3tion 

Tb. dii'riculty n co .par:tnc rP- ul .,a a rises artly becaus th 

variouB pre i it tes Cfln b • in many different stat o. uture r ment 

shoul be e ried out vtth full.· h clen d rrpeci ~ns . '!' t iec n eed 

nt cert~in '1:\em er. tu:res voUld gi · e hn.rdnemJ verous (~ei.ng · :te pl te 

and the xpe1·irnet ts could b~~> e n.:rried out wi.tb s ec , en obtained ll'ith 

the help f tb se curven . 

l) With a fully bardene 6 11 containing p ci en then an annen.ling tr at• 

ment would ~ive im rtant and or<;! reliable info ·~ tion . After the 

fifth or so cycle :.rhere th reci:pit tes should be only d ·"aged 

partly ± 6. 6 on nnnealin '" 1ould indicate vbether th disloc :tion r -

ny n prec1 ble effect . Kncwinp: :th ·, mor ccur tely , 

t:r ~rtment resultinP. 1n cb {?f:l along the \)enk stres curve could be 

interpreted with more cert 1 ty . Also vith thi e ri ent if' lect:ro

pol!ahin were c rri d. out after tb. appear ee of lip line , it 

vould be po sible to corr ·.1 te the new lill line inr. after 

tr at ~ _nt with th str n .thening in t h d nud d zo es . 

2) The question as to w u~th r re-s:>lution • s tnld.ng plac or only fr -

mentation could be e l ucid t db Xperi .ent on .olution-tre ted 

s ci ens . A• th Mti ve al p lines vith e't op eir.1enn a e. the weakest 

p rts in th s . ci en , th .ir stre h r presents the pe tr s on 
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the cy el1nv chart. Ir t herefore 6 vnluea of solution-t:re ted e.lloy 

characteristic of solution-trc ted alloys too, then re-solution is 

.more likely thnn fragxucnt ntion. 

3) 'Extending the atudy or t he effects n temperature to hir.;het' temrcratures 

woul be interesting. aceine te ... perature vhich results in o. loti 

·par llel enl: har ness curve should be us· d. to produce 9" preci i-

t.atcs an· eing aut off ~s aoon as t1e ak hardness i~ renched . 

TLen fatigue could cor. ence ~lith trnin amplitudes such t at fr cture 

take .• pl c. on t c '•o., .. un " run '.J thin the ti e corre ondinc to the 

fnll in the age in , curve . 

4) It h felt that the mccht!l'lis re z>ondble for the crack initir.i.tion 

ot' overa.t;ed precipitate -co11t inirP aterial could be bent studied 

with the use of electron micro.: copy when the . ' peak atre"' versus 

n bcr of C' clca curves change over fro:r the type dcnonstra.ted y e ' 

to the one observ0d vith B. Th t ia wh~n there 1 a dafinit · peak 

in thi" cune and a relatively extended 1 fe on th <lown r rd olo e -
o the curv • ObneNation of the mo.trix-po.rtiele interfcee • ~ 

det e1"tnin. :tion and ~ R me mu· r.1 ntc could be all applied . 

5 ) To invePti nt the 1·el tion • t Je co binntion of ver.t low strain 

eratures , could b used ~oro ening new a · prouoh to dhloc~tion 

mechanism. 

6) A further SU.f}gcstion 1 m de in Apl;)ene'lix A. 



APPENDIX A 

A/1 el ection of Hethod 

In this consi der ation, the dictating factor vrea that our material 

;i.$ · :n alloy of Al + 4.1% Cu and thus any melt method ~:Ja overruled, for 

fear of segregation problema . 

Solid state m thode generally off r the follmd.ng advantages ~ 

according to Honeyeombe(96>; 1) ~egregation for all practical purposes 

eliminated, 2) contamination and 3) alloy loaaea du01 to vol tilization 

minimized, so chemical composition is controlled, 4· ) los';t defect is 

p:.roduc d in the form of subgra.in, and .5) accurately ""h.apod specimens 

can be prepared prior to the gro t h. 

~~he oth r problem rising mth single ery~;ri; l ·testing (Cha.lraers(9?)) 

is du to the design. of the tes ting machines , which <%o not allow the 

spec:Lmcn to defor m freely by uniform glide on e er:y ~J.ip plane , causing 

rotations near tho center of the snug length, ao tlm · t slip planes 

tend to align thetJWelv .w parall 1 with the acting force<J . This leads to 

buckling under cyclic loading and to prevent thic;,• it tJ':t decided that 

the insle crys tal should be grown wit h ( il2] o i·nt ntion. 

Thu the choice was severely limited and th "'train ... ann a.ling 

method had to be applied . 
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':"hG fS£'0 rth of single cryat • .J.s by the struin .. rum ml method depends: 

1) on the gro;..;th of a rcCl"':fStallized nucleus i n t>. uli,;.ltly deformed matrix, 

w..d. 2) on the principle that the rcr.r'Jsto.lli.zed r;r:r:~"l cize increases with 

decroa.sir.,.. c.mount o:f :p:;.":tor deformation . The .;o-c,.,·· lo~:.~ " critical strain" 

i needed to allow a fe •, or even one, nucleus to gr0 \1 in. the deformed 

matrix. The driving force for this growth is the st-ain energy of tho 

tlcfo.rmed epecicen ·which is released on rocryat lli:::.at ·on. However, if 

the original crystal£; t:lrc randonlly orientecl, then th~ r sulting sin.,.le 

c::.-yotn.l \'lill hnve random orienttttion. 

The t cbniquc. th.,ret'ot>e, had to be modified to •nin control 

over the orient tion . Th pre-strained rod is lot:crc, i11to a oalt pot 

and th cryn~nl growth is tempor rily interrupted unJ its orientation 

determined. correcting bendin is carried out on t:w 1•od above th 

crystal and grot.:ing is resumed, through the end, so 1;1. t it assumes the 

desi~ed orient-tion. 

A/2 Review of Previous WoTk 

In this s ction, both the crystal growing itaclf and the orienta-

tion, too, is followed up very briefly. 

Th strain~nnea~ m thod for growing met·lsingl crystal s 

first used by Carpenter and Eltlm ( 98) in 1921. 

Specimens of fully annealed metal wer a train d a small amount • 

just sufficient to initiate recry tallization o su.bsequent annealing. 

In ~om cases, slow heating of the strained spec ou t o a predetermined 

maximum temperature is adequate to ive a good yield of single crystals. 
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I.1 more recent .>'e~rs, th~:~ travelling gradient furnace improved this method 

t>r':lC:ier.t Emsures the ilUCleation onopoly. 

K~lly ruH': Chiou(99) roducecJ s ingl.:' eryztal2! of /J. -t 4;6 Cu with 

th-- str:ain-a.we l method, u..e;ing a salt pot furn~.ce i"l.t.c. \lhich the speci-

(1.5" x 0.1" x o.o?tt ) into singl~ crystals of any or:t antatiorl t the }>rocess 

was more like a conversion into coarse graina ~~th restrictions that the 

.rain boundary must be on the :c:;houlders of the spGcimen. 

'the ttleacure of suc::ess reported on iron by Andrade (lOO >, on alumi

nium by Fujiwara (lOl), wgg and Y..arlsson (l02 ) and Tiedema (l03) and finally 

on. silicon f'~rrite by Dunn{l04 ) , 'f/as mu.ch gre .. ter . 

Tiedema describes a metho for the preparation of Al single crystals 

with a definite orientation. ?.is uork was don on h:-:r·d dra\-m wire of' 2 

di~aeter, whe~ the texture in the ~re axis had ~ mo~c Ol' less pronounced 

[1.11) orientation . After annealing and straining , tltc r;rowin.~ single 

crystal always poGse:ssed a (210) direction, parallel r:rlthin a few degrees 

to the wire axis . 

To prepare a aingle c:cy""tnl with tl diffe:ce,lt orientation. the 

r·ecrystallization was interrupted when the crystal had t¥ .. own to a certain 

l::mgth. After mounting into a bending ap:paratun and lade transrnis.,ion 

photograph an~lysic, a corrGcting rotation and h&ndir~~ was carried out 

on the polycrystalline part in such a way that the t~re axis became 

parallel to the deair d cry tallographio direction m1d so the growth was 

resumed. (An xoeption they found w correcting to ( 111) direction. 
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• rowing crystnl cannot consum grains which porm~·.as e._.most the sa e 

orie!mta.tion as the crystal. ) 

They ala did this xperiment on roll ,d aluminium ohc ·•t of 1 mm. 

thickness. Th maximum bending permissible wa., t.o0
• 

nagg(l02 ) r port n l mm. co d-rollcd sh<:et , a ,rudmum per-

missible bend of 15° . 

{l.orj) 
'l'h ~ question of' purity >las raised by talbot ~ and s recently 

sh that v. ry pure l.ron . 99. 9<1'.6 + o s not yield oi~ rl'le crystal b cause 

ot i ts ark tend cy to polygoni~e and o lowe~ th· ... train en rgy. 

Introduction ot 0 . 035J:.l • ~lim:inat th ifficulty .. 

single e stals in v ry pure 

aluminium than :i.n 1 sa pure material , beeauoe the def'ormo m tal poly ... 

nizes 

found t h t in high purity .fU ... "'u loy ingl 

Cl"'Y tala "'l'O :~ 1 sa r dily than in t rial mad fron co 

dicating that impurit es pr sent fin sec nd-t:>hn.se 1 per i on are 

mor e effective than c&rtain ou.nts of Ctl n ol.:.d soltrt.ion . This may 

be due to locking of the grin boundari s to prevent ~trtil-induc d 

migration found in Al and now recognized ru form of r covery . 

(10?) rstone t al produce u to 22" long AJ. ingle crystal , 

so that fter cutt th quar rod (1/ " x l/811
) tc l:.' pi o , they 

h d 5 test pi oee with identical orient tion. 

Experiment on ..... 1 and 1 alloy: 
(108) 

de by Wi~liamson a. d Smallman 

permtp th ful. They d crib a :tux :~nc · in which strip 

l/2tt x o.Olt" and up to 2 feet in 1 h can b conv · rt .. d to singl crystals 

using p eds o£ growth up to 10 cm. /min . 
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They :produced l • thick high purity (9~.992 ) , commercial purity 

(99-7.6) Al single crystals and alloys of Al containirl(; less than 2;lj of 

either copper, zinc or silver. 

Bonar(4.2) ~ :t.n h·r,. Ph.D. thesis, deacr:tb, .,.. the me:thod ~her h 

produced ;' + 1 .• 6 ut% Cu alloy ingl crystals in shoot form with o.:z mm. 

thicku S$. During th a~ nealin , a fairly uniforTil gTain. s · zc of bout 

£:2...!EJ.!1...:. was produced! an.d the success described by M ... tJas rath .r erratic. 

Bingle rystala as long a • 45 em. were o taine sev ;:.t'a-1 tim s . L er 

en t hs era obtain d frequently . 

A.l though th amount of wo~ directly invol vod \lith strain•anneal 

technique i. v ry little indeed some of the principle:.. a:t.•e tackled by 

various authors . 

1ith the train-induced grain boundary mtern·ion; ck and Sp rry(l09) 

dualt int sivel:y, xpe:rimentin n hi h purity alu1n:inium .• 

Th recr,1stallization of cold-work d met~ proc·e by m n of 

ounde..!'Y tnigr tion . The m. vi.ng bound rie se rat· stra:t.n- - den d g:rai 

tro anneal gr ins and th direction of th is such that the 

ol of t e ar..ne 1 d m terial increases with tio ·· .1t the ens of th 

cold-worked. material . Th familiar concept of rec~Jetallieation involv 

the !ormatio of nuclei of n w str n•fr e idst of the 

etrain-hardened material. Dux·i.nr; th<l rowth of thes·~ :nat<~ gr ina, th ir 

convex oundarics ove in direction opposit to th ir centres or curv -

ture . 



The tot l fre.. energy is still decreasing and equilibr:turn i5 

,;;.pproached as the e'ltrain-h..,"\rdened grains o! high :f.r('!~ onerzy content are 

T:l:lis i contrary to the mterntion of grail'l_ boUJ:1t1n:riea resulting 

It .rUl.S also found that certain atrained gra:i..n , servo as nuclei 

of nei ghbouring strained grains . ~!ost of the stz.•~:d 1-:i'!'~G grai:u.s fo:rmad 

during tho annealing of high purity 111li1iniU!l.l cola ... :r-oll(!>d to ~tw.; are pro

duced by this mechanism o£ atro.in ... induced boundar>"".{ mit;rntion l>dthout the 

fo~ation of new nuclei . 

Thus, strain-induced boundary migration ~~y be consi~red ae re-

crystallization without the formation of new n~loi 

In a further investigat:i n, llecl et al <J.lu) ct•.mc to a conclusion 

about the orientat:i.Oll d~pendeneo Of thl!) :rate Of gr~.;h bOUll<lacy r.tig;J."Ation. 

The7 found that in slightly deformed h:f.gh purity nl\lMi:n.ium c:eyatals, the 

l."' t~ of growth of roc:ryata.llized grains of variouo Ol-'ient;;:tion vari.C'G 

ver wide limits. 

Those gro1cti.ng with highr.:st rate hav~ rolat5..ve orientation with 

respect to tho matrix corresponding ap-proximately te 8. l1·'J
0 rotation around 

a. cor:.!:OOn ( lll] axis. The recryota.J.lizntion texture r..:at1 b$ accounted for 

by the orientation dep ~ndenc of the rate of gr.:dn bcnm · ry migration. 

illiarnscm and Smallman (lOa) have undertel:en thorouzh theoretical 

and experimental study of the gt'Ol-l·th of crystals by t.he travelling-gr adient 

··train-anneal method .. 
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from a Sil'lglc nucleus nnd the inveotit;ation undort :~ to (~xaraina th . .factor 

~Jhich r:~ay nffi3ct, dir ctly or indirectly, the fornr.1t ·~"n of' other activ· 

nuclei. 

Conaid. ·'X' t c.welling furnttc ro ves with ;r = d1/ dt and lms a tem-

h te peratur of the int ri'ace \iher · tho cry:;t.-tl Ct''Nth . o takin pla e , 

~ 1 ia related to tho st dy stnte gro•1th, hich " . ., .J.J .. :J .. , an if growth g 

i.e · activ ted procesc wi'·h activat·on er. rgy ~ ~ ·l;.P.n. 

and 

(2) -= '~g'k ln(B/v) • 

. i ........ limiting gro th velocity factor . 

IJe th. robabUit y of forming n cleus in ·r,r1t volu at a 

temper tm."'e T durin incrc nt of t dt a p('N _t . l!''h n , s...,1.uning 

!o:r airnplici ty- that S is a eon.stant from T = 0 to r2 = :;,· t g 

of volu . A 1, l"~l i h t tim t - 0 is at the low · t )·. 5, t of th tempera ... 

t ~r gr •. di nt , will ba.v prob bility of ntlcl tio:. _;i.ren by: 

The tot 1 pro ability of nucle tion in th ntiro S:.U\L"'le will be: 

L rr;::~ 
P = f A dl f . . p c ts~ > dt 

(.; 0 v 

wltG;r V i the volumo of th sp cimen. 



If nuc_eatior:. ia alc.;o an activ., ted proce, · -, onlzr tho<;e r£•:;ions 

hnv:i.ng the lo\:.:ent activa\:ian energy , n · .d b~" con."' .tde.r:~tl , nd if the 
n 

:p~"obability o .. fi .dir.g such r<.gionr; n unit volu!!IC in Gt then 

(5) p(T) = C :JtP(.- 'I.') 

:u1 quat ion ( 4) is rea on.'lble, ev n if S is con~~t . .JYr'; only • t temp r turea 

ju.ot low T • as in moat experimental arrangemtmt~. 

F...qUD.tiou (4) has an asymptotic lution if' /1::..:. in large ( n g 

it ust he if the :robability o nuclentiox is to c . GYJ.ll) ~ Thus, 

. (111) according to \Yhittaker and v.latoon : 

T 2 exp(- . /kT ) CVk 
( 6) 1? :; •• 3 s ' .. .i!,. __ = ---

~ ·n 

For the growth ?f ingle cry t ls , conditions uat b·4 .l;;1intain d so that 

th v:al ue o ' is v !shingly s . l ~ 

Some of th fectors can be d alt th mul th .. import~nce of t 

p ~ature gr ient is dir tly shcn~ . T high r it :o ~ th ea r th 

cnan.ce of producing ingl cry-tal • Th import , --<~ f V, th vol e of 

tho sp cim n, au.t .av ben diacov red long b fore thi~ oq ·~ion w 

d riv d, a. oat of the ex erim nts w r carri d out on :e:r thin ah eta 

of ~pec:i.m~n • An i.ntero.stin fe ture di..,clos d bj' this ation is the 

str·o. influ · nc which the a.c<f-ivatio erg'J rat~o 

importanc ot the voloci ty v. If' this ratio 

/ e·~ert n th 
g 

.. eater tb 

unity, then a furn.ace with eith r too all t ,, poratm.~e ·r dient or 

too eat e. v locity y fail to roduc eingle c.t.•ys.._ .. s, but this defect 
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practicable reduction in the velocity . Hmrever" :t f 

~/'\·e; is equal to or 1 sa thnn unity, no cha.l.'lge in ve1ocity will :reE>ult 

in an a Jreaia.ble reduction in the probability of uucleation a.nd <1.tten-

tion muat b'..l directeu towards improve ent of the pre ~<.lr ~tion of ped.mens 

so that 0~/ • is raised. .. g 

Tho limitine Hrowtb velocity :g it! very nensitiV;:; to the cryst.t.i.l 

orientation as shown by 13!-}ck (l09 , llO) . \-/here due to the oriE.mtation re-

great increaue in the pemi sible velocity v . Equa.t i on (6 ) sho;.ts that 

v/B is absolut~ly criti-c 1 ar, from [ln(B/v)] - 2 it i evident that no ingle 

crystal e.an he grown if v app oach n B., ao tbe term approaches infinity. 

l:f it i~ a.'l>nw ed that B depenos on the degree of' disorder at the 

c:r:rstal boundary • 1.1.t .30 - bo0 :rota.t.ton , each atom in the houndtu-y tr.tY 

b thought l'lEHl,r tu an irregu.larity anttlogous to o. va.cent site , so that 

atomic r.tigrat on in the boundn;:r·y layer h rapid . '!'he e'ffeotlve density 

of vac~~t nites in thi -1 layer is about 10 • It is unlikely that a low 

angle boundary contnins ~Y nuch disordered h;yer, slucQ it r-ay be con-

Sidor d ns a ;;all. of disloe~:ttions . 'l"hu~ it. is not • urprio:!.ng that it 

has been reported th t cry tal1s cannot be grown into nl01v angle 11 orienta .... 

tions . This i8 n g ·eat disnd.v~tage of the sece;mda:ry rec:r.{stallizo,timl 

method. 

Hber~ n c:rystnl is •rotm into a. mnter5.al •·d,th little p referred 

ori nta.tion. the value of B var ... es fl."' the il1ter r ce move .fro1:1 rain to 

.grain . 
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!!ucleution Md t~1e effec·t of' specimc.rn f'ihape is exf.>lnined n~xt . 

In , fl"lycr.r ,tal, every g rain is constra:ined to a corta.tn e ·tent to de-

orm enuall:v vith itn nal ~ ~ boun; • t his conrtraint -·eing ~xerte-d t hrou _,h 

the bounda.:ry 'i>·hl'.n'e H ,join. tb•~ae neic:hbours . At plo.ces n the ,grain 

which are r.er:1ote from thi boundtLry , the def'o tion · s unco r;tr·lin d 

until the stru.in ,,r 1.di nt , •..rhich is · ·t up ne r the -. r"lin bounda:."y 

re.uehet:: back to theltl . Gra. ns totully n.clo~ed in the sped.uen have boun-

darieo ov r a nolid a.n, le !~ t it those o.t t e surface are ··nclosed ver 2'1r , 

and th<>se a the fre edg over 'ft . Hence ost heterorrenity ncl t ms 

nucl e!\tion , is no t roba.bl at hfl ed ef1 and least prob.a.blll in ide the 

:oecimen . 

The f ctors 'n nnd C a:r b<>th s n iti ve to he pre . :ra.tion of the 

nee of a. grnin- r fining ole_. ont • . i co:rJ::J.er~ioJ.ly 

pure •. ,J.u:.rninium, rai o c, d atrc s ooncentratlons at def.actr. produced 

durin~ rollin~ or c st :i.n,~ lead to lov v lu s of 0 • Perhaps the most n 

critleal p&rt of' the .._ re arr.1tion f.!roce s is th• anne ling treatment r1or 

to otrainin~ . An~ recovered but unrecr talli~ed r~gion rem ining in 

certainly rve nn . ctive nuclei 

durin , the su11 equent atte nt to ;row single arJstal . On~ way of achiav-

ing eonploto recrystallization i to retard tho dislooati n movem nt 

neees~;ary for largo-acale r coveey 'by in roducint; 0. 1'\': or more im urity . 

ln th"n sense, C ~~d a c sensitive to nurity . hir.h C/ Vtluer. t nding n • · n 

to bG obtained with high purity mat~rial • 

The control of orientatio d sc i.bed (lOB) is de l.inP,: with strips 

and ben $ of up to 20° and t iato o 30° a:re oo aidered f ible . 
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A/4 !:;!neriment l. l)rocE-!dU~ 

a) f'r~p.a.rL~ion of Hateri,n_l 

The t.'interial rec~ived vas a h:i.~h purity Al-Cu c.llo • with the 

Cu h. l% 

Fe 0.002%. 

B 0. 001% 

'ff; o. oo1;; 

An homogeniza. ton o.t 500°C for four hourp vas c .rri d. out b fore 

extruding to 3/0" rod t l~ 0°C fron a 5" dianet r chill in,,ot . By 

com'binntion of groove roll ng nnd cold dr vinr; , the d a.et r vas r duced 

to 1/8" . Oue annealing treatment · n.n or.rried out vh~n a.t 0 . 24" dit""et er 

ut 520°C for 'tw h<ilU:t'l'h Thua t. e r d ct!on in area dut.~ to cold ":ork 

f r om here was 73% . /or cold, dra11in , , the T niu Olsen ten aile l"'k chine 

was w d . 

1, } Salt Pot 1• rno.ce Construction tmd Anneal:i.:..l!8. 

To be able to )reduce lon ain Jle c:r.yetals np to ~24" 1 n th 1 n 

new ·1 n.lt - pot f. rn ce had to be GHH:~P1 '1 d . '1:he fratnewor~ of dex.ion on 

move ble four- wheel ba containell. fir brick eneloaed vithin anel>J of 

galvani~"-d l;iheet . Tbe "'nlt cont.ni r Wtt a mild steel a.terial 

2 . 9" inside nd 3. 5" out~idc dit•~tet r vit 24" depth . 

ving 

Tvo Kantlw.l l1e tin· cl rnentD (REH 7-30 tyt).) '\fith ceramic embed-

cUnt~ cement on th<~ outsi e S\ rfnce nnd 8" o"" heo.ting ltmgth v~re a.p li d 

in suc.1 w. way t Hl.t th" long st equilibr um temperature rte. ulted. 
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The com osition of t11e a.lt used tras l15% h.t!;o2 + 55~ K~!03 , which 

ha.a a 111elting point of 290°F and 1tt:~ recommendec heating' range is b tvreen 

325 - l200°F . The te·mperature control of about ±5°F was achieved b a 

syster. of mercury relay and Honeywell :F r-0-Vnne . 

Various tmncalin · tines {5 seconds to 5 .inutes) nn<l te. per tures 

(515°C to 560 C) were use to find the optim 0 conditions of 515 C and 

30 mccon s • n treatment which reoulted in a. fully recrystallized ntrueture 

vi th an average grain size of n.b ut 0 . 05 mm. . After annealing. he *'Peci ... 

ens vere air ... cooled (see A/5(c} }. 

c} 'Moclifico.tion of' Houn field Tensornet r and the Critical Stra:inin ~ - . . . 

fJ. s the t~o ... foot- lonP.: ::roda were b yond the ca acity of the standard 

Houn"lfield Tcnsom.eter cm.d n. high degree of accuracy in strainint:~ had to be 

achieved, r. odifica.ti.on s .erocd to be necessary . A framework >raa built, 

.i.r1to •rhich the :parts of tht1 abov~-oention d. eq:uipm:ant could be plaoed., 

ouch as th rrip:pir , ja"~>rs and driving rod, and thue the s.tra.ining we.s c · r -

~1 out itJ tho same way and u.nd.er ver• similar conditions aa ill the ori-

g nal a r1angement . The tried ntrain values a re 't;!etween 1 a.."ld 3%, and 

1.75% \TilS the ''lost ·uccessful, -.rith about !0 . 25;.; uevi rtion , l ;:..din to 

f'n.ilur~~ to .roduce s1nP;le cryntals. 

d) Eleotroche. icnl Pol1sh.~n.e nnd ~tchine; the Specimen 

!n order to inerea .. e the robl bi.Uty or yield of uingle crystal 

production, the tvo ... foot- lon -; rod of 0 . 125" iruaeter waa pointed at on 

end to a ne dle-lik. n."ld , olish d finish . ,ir t, the a.rMi, end v'hich 

r,ra.s du o the 'l'ensometer .rlp \H!!i cut off by a jevelLr ' a sav; then the 

polishin oper tion was carried out with the help of a devic in vhich 

the specim.n was rotat d at l r . p .m. in 
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electrcchcmic~:,l r rr.ovul took i,)lace until t he contact broke a t tne in er-

Het:ting plane bettreen electrolyte o.nd specitaen . The electrolyt.e was made 

u:o from a l:iaOH + 85;~ u
2
o solution. Althou~;h t he rods prepared thi!3 ~-~uy 

gave c ood resu1tn 11 fo r cen.·tain reasons ( explaine(1• later) the f ollowing 

modification vas introduced before the single crystal :production ended . 

Once the point v1as fonned, tr e level of t he electrolyte vas in

creased so that t he greatest inten:;;i t y of metal removal was. sornet.;herc on 

t he conic a l part abo' e the point and les.d to a form. o f body which is 

obtained when a spet~r-like shape i5 rota:ted around. Hs longitudinal axis. 

'.i.'hus, i t' on the tip of the rod , t vo or more crys t als started to grow , 

the narroY "neck" furtl'er up the specimen helped to f orce a compet it ion 

frOI::t which , tsonerally 1 one crystal only c ame out . By this time; the 

electrolyto wa~; changed. r.1.lao to 20% perchloric acid + 80% ethyl nlcohol. 

using about 20 volts at room tempera.ture . 

Before lowering the rod into the salt bath , each specimen vTas 

etchod very lightl;l in !"lick's ctc'1 (10 r.1l. UF, 15 ml . HCl • 90 ml . H20 ), 

dipped in concentrated nitric acid 1 rins ed in vater and. dried to remove 

the Hurf'a.ce oxide layer that might have provided pr •f'erred nucl at ion sites 

due i;o dislocation pile- ups at the oxide layer. 

e ) ~,stablishin;;:; the. ,5inp;le Grx;at~l 

The pointed s ecimens were lowered with various speeds by a sr:1all 

variac controlled electric motor, driven tbro1..1.gh reduction ear . The 

tet.perntureG tested were 560°C to 590°C end lowering rates 'nere betveen 

0 . 4 ~nd 3 . 0 cm. /hr. Best results were obtained and consequently adopted 

for production with 585°C a.nd 0 . 6 cm. /hr. lo1.reri ng rate , but during t he 

preliminary test$ , the O. h and 0 . 9 cm. /hr . speeds g ave single crystals too. 
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This in tinl r:rowth took '~"1l· c for nbout three or four hours Yhon the 

npecitien was lifted o• t from tbr~ bH.th nnd air cooled. 

of the flinv,le Crystal 

After diAaolvinn: the salt :f'ron the svrfa.ce of tht. 1ecimen by 

i·rn.ter • Tucker's ~tch w s used (HC:l cone 1~5 nl . mm
3 

cone 15 ml. H.F(48%) 

15 ml . n
2

o 25 ml. ) to r v~nl the :nr.;.c:ro .. tructure by g1·a:tn contru.st . In 

the case o'f' dngle c:r;rsta.l, on th. cylindrlca.l part o:r the ro '· cut rr g 

ue by jet-r ller'r; . n.w o.nd th su:rfa.o~ l:ightl:,' polished. Tbe rod was then 

mounted in an X-ro.v ;o :tometer u (l photogr phe i v:ith tt . bnck reflection 

L~nc technique at a distnnce of 3 em . The rod ig in \)OSitiOn GO tlv:.t 

its crmw- ;;;ccticn is THtrullel. vith the filr.t and the X-ray be r.J <Otrikes 

:tt per:ptmdicu1nr to the am:fnce tha.t is un allel ~ rith it" axit~ . Tne 

tar Cu tmd ex,osur. laoted for 30 minutes . After deveJ.onin . 

in the normal rnunn~r. th pole po ,itionP ver ;letermined. Supcrtm osin. 

the film on a Greni.nge:r chart the clid'raoti<m s ot3 are r;iven dir etly 

in anp;uLJ.:t:' co- ordinates y a:nd f of the no ;m.l to tbe plan ct:msin. the 

y )lon normo.l , the pole of the pl ane 

ce.n be plotted on a stereogruphic pro,1 ection using the 'Wulff net . Croat 

d. c1es are dra.wc t rough nol~a thnt obv:tou.<;ly repre nt Jlanes c.(.' zone. 

'rhc inter.section of these r ent circl(.:.G are 'POles :represl'mtinr; ittportrmt 

pllut-r- , since they l le on or. th n one zone . T1t~~ angles betr,reen thet:HJ 

• roportant flltmes can be moanurod tlnd. ident t'~ed b referenc(~ to a. table 

of interpl lW.ar a.nglea ~ '!.'he method is essentiull..y on of trial a. d error- . 

Once (111), (110 ) and (100 ) polen ar identified, it i r lativ·ely eas · 
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to find (112) on the unit stereo ·r 1 hie triangle, as this pole must be 

locat d 35° frolll (100) on the greet circle pa oing th:r. t ,h ( 100) and ( 111). 

$iov the co .... o:rdinntes of (ll.2 ) pol have t o be determined f rom the 

center or t he projectio • which corresponds to the eros - secti.on no al 

tUid the correction mu.cft be u.~h that when the c.ryGt l. grows past the bend 

the pole of (112 ) should coincide vith the cent .r of t he )rojectlon. 

The g niometer built f or thi n puX1Xlae g ve co:n:plete freedom cui 

the specimen wa r tated that the pole o (112 } l ying elther in tbo 

northe:m or south rn herais here w n transforn.~e~1 into t he e a.a t - vtest horizon . 

Tbe next otQ~i) to be t k.en w~s the bendinr , wh n mov'ing 8-long E-W to t l1e 

right or left t he ~-~ is re ehed t h t i th transformation is com lete 

end th growing can be :reoumed. The oen ing unt be carried out wit h 

the ~reatest care on t he l,lol)1'C:t>yate.l s ection and the radiull ·Of eurvatu:re 

used va .o c • Thu~ the losses de endin on t he ount of bendinp. can 

be considerabl.~& . 

The majority of' corrections were around 10° bending going dovn. 

Q 0 
to 4 and up to 38 • ~mii.ntts over 25 gave d1f:fic~ty nnd p;enerally 

failed to produee sin~le cryetals . 

The crysta;l l(a,s lowered b ok into the salt pot and the normal 

speed lrt'l.s npJ>liod t'tom just below the dn l . cryGtal. - pol y eeysta l nterfe.ce . 

As soon as the cry t u1 grev round the b~nd , a f urther chec · -.ra.s 

neces a.ry to ee i .f any new nucle t · on took l~~ce as t1> consequence of 

lar ,. r ben din s-•CO"Uld. e ato . ed 'by removin them wi t ll electropol h h i n 

and thun t he corrected cryst al grew alone t hrough the length of the rod: . 

At the end• a fUrther cha k \1M .nee aa:ry with X- rey end the cr,rstalo 

gen r ally had (ll2 } orientations within t he accuracy of 2°. 
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(For r,oosib.l.e a,;siatance in future vork . ) 

a) rrhe reductions in cross- section from 3/8' to 1/8" ao.:rried out 

under relatively rimi.tive condi'tions were not >.inly uneconomical r •garding 

time • but did not reault in sur f ce finis~ auoh a.e cou.ld be expected from 

nortial >fi re d.rnving eondi tiona " :prmt.otin surface nuclea.ti n . 

b ) The anneal in .,. furr:Htce did. uot give uni for · temp rature ~long 

ore th 18" of its lensth ood consequent l y the lon •est .:.ingl crystal 

produo d was 17" ( t r o, which ~• due to ointin1~ and bend.in losses . onl' 

of t he pot ~.r ~ very much oolder nd any manipulatior wit 1 placin the 

h.e~ting coils t.tt va r ious positions coul d not remedy this problem. '!'here-

f oro , ati r rin echa.nis should be tried • but o l y for 'the :fil:'st anneal-

ing , vhere 'Ulli:form t empe r atur e ie imnerative alon th vhol e len. th Qn 

t ur bul en ce at the su1·face in not h :rmful. 

o) Afte r tbe fir t G.fln_s.l from t he fear o 1r ci itatioo and its 

q_uenehin Yo. a ll ied. No Bin,gle c r y te.l vna produced t his va:y and fro 

'l'bt;l ariti a ~l strain , produd.np; ai.nglo cry tala ft'om flir- coolttd 

mat e rial , lias 1 . 'l5% , and t he eorre on. dip load >r odueing this vas 70 -

So K~ . 'J?he diE®eter bcintJ 0 . 125" gives 
2 e r os - sect ion ot 7 . 9 n .. and 

thua t he c ritical s t rain is ?O - BO er 9 ... 10 Kg . / 'f.ll17t~ 
1. 9 

lf , howeve r , ~fter annealin uenching foll owa t th n a hi "h uper-
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t~e form ot loo).?a . Al$<J , there is a r1apid el~terin of the eu itlt() ~ones 

(»eScrbo et al (ll3 ), Tu,rnbull et al (ll4 ) &ad 'etya.s (ll5)}, eo tl,at a form 

of precipitllt.ion cannot be oupp:rtHUHlid by quenching. · As a reu\llt, it was 

to'l.md tl.uJ.t a sti'eGs ot 19 ... 20 F.g ./m~ vM rcq_uired to produce the strain 

or 1 . T5% in q_uenclled taa.terial.. Thermal quer1ebing atretUJ~G l.l'll;fQ' ttlso can• 

tribute to tH:ds eb.MiO in the belHtV'iour ot the material .. Altm 1 because 

ot thh quen.cbed $tFUctture • the stratn of 1 . 75% V·M no lor1~r e\d.tnl>lE~~ 

q~ncbed ~$te!i4l. 

eO Poin:tin~ the end of: tbtt ,sped~n be:f"on gTovth is not beca.u.a.e 

2 3 



~he growth nib .rteti :at the tip vbel) . ~ '2' position «md oven. it' 

by th~ tiM ·of '3' 1t vas well•emtablbhed, dlle to the ;m~~tnhou:t of the 

liquid , new oryeta.ls had a good chanc _ t& start to. grow fro~ the dd.es 

ahead <>f tlie lJt21'o'W'in~ intert'&ce. 

3 4 

helped to dimmioh this pn>'bl• • as tbrougb tl:d.s neek l$<Ulernlly only one 

crystul. il:'tOO~ed to t&N'<~' .. 

Ao t'll'om the formula 4e:r1ved earlittr, the .effect · ct vol~ on 

n·uclea.tian prolutbili:t:y is obvio'IUh It 1G propo~e<i tho:t fGr di$meters ot 

th$.~ slz~ trnd largerj a 1,"4BnipuJ.e.t1on '#ith the star-ting end ot tne crystal 

sti'U't O·f ttte process . 

The·refcl't!t, the probr.:b1Uty gf grovi~ sinele Qeyst&ls ~"'Y 'be ex• 

prcuused u : :P • P iW x Ptb ' where t; refer& t() ~e!Ometricu.,, th tC) themo

d¥A•1cal conditions, :.md th• yield it oJle bund.:rea per cent wb&n both 

com:pon.ente aro eq,ual to one. Hcr.1eve-r , ~v® if Ptls. ie on«'~, but P
11 

is lees 

tbao <met• the ebanQfUJ are dow , ~l.so vben vioe-vorsa. 

e) Durin~ 'bendiDft t de,p®dinl oa tbe amount of eornction , an 

extr.o. stresa is supttrtmpoaed on the one cau1ng the cr!tioal str-'lll.ih in f.i. 



continuously Ohallging f'aah!on in tl'rree dimension 'between X- X Qtid y.,..y,. 

If, th:erefo • 1. 75~ nt:r:a.in h not the optim.um value f r li$l"Ovth condition$ • 

it is ulmost certain that soJOOvh t,e in t.his section • strain v lue ne$l"er 

to the opt bl'Um vill be set up . 

fJ'o understand t.he govel'ning :raatoro better ,. tt 1{M eonaid red 

e.d:viaable to study the fon1 or advancing interface 

Sinqte cryst 

It ~eenl:s re&sonabl to split tbh interfaee into three oectiooe: 

in aection l , thtl sup r1 posed .strain ia net:~l1gihle and the difference it 

create· in ;rO'Iol'th condition is h.a.rdly enough to comJ>ete with the vell· 

established advancing section (m ... le·.t:ton h lea.ot probable in the inside 

Qf a npecivlen having bound.ru-ie$ <"rV'e'T a olid. angle 41t 11 anybo'Q') . 

Beet ion 2 rec::ei 'Ve3 • perb.a s , the optimw:n amo'Ul'lt of strain~ however , 

it h not only :ln&i~ the specimen , but b tween at'l.d behind tvo advancing 

boundaries. Tbh handicap iu enough to oft"$e1> any d.Mf. ·er .from this tQne• 

Tb.e third &eetiotl ei ve the ·ost t ·ouble • i"ortunatel: , as this ~e~n to 

be tbc only ono vltere interventions a e- T)O ible . 



8trnin doviat.ion here ia the ltU'"e;est, so the occuTt' 1.1~e of • uelea• 

nrrnn~ement is as follaws J 

cho8 n orientation. 

~'hen a out w s npl)lied: 'by ,,ewel.ltil" • c I!Ultt to step Ute iijrowth of 

unwanted erystnl~ tl ~eoryetalli~e.tion tollo•ted on o lenp,th ef. 6 - 7 !m!L. 

iuttt!ngp would reveal so• val.uabl infoJ"mat1 &bout the propagation ot 



AP1?ENDIX D 

a) J\fiaptel: for t-'ati~a ·e 

The vertl.cal 11otion ot t ill adapter re.o made llOssible vith the 

Th.omsm1 die .. set lla.ll Bushings . These betl.r:i . .r gs were houeed in the :tnovin · 

part of the devi ce o.ttached to the cross-o r ar•d gave pr ctioa11y friction ... 

lez, motion on th~ eurf coo! the ~tatic rod which wo.s connected to t1e 

load cell . 

b ) Oluin_, 

ftef' oonaidcrin • 'ltl.Gthod.s such ts !loldering and tr-.rin vnrious 

glues, the Hysol Bpcxi- Patch Kit was found to be the most suit ble . On 

tensile teata ade with. this 5lU1!! t no ftlilure OCCll.n' d. utlder 350 lbs • 

on th.e c l ue l-in poly-eryotalline G ecimen tmd during :fatigue th load 

btU'dly exceeded 200 lbs . Regu.rding the fatigue properti es, no :i.r.tformation 

vw; avnilabl.e . but M a.ll th~ :fractures h ppeee(! in tbtJ speeim.:m~ i t s 

reliability \lnd.er conditit)!.ll3 ur. ed has been ;proYEm. 

In the tU.uminium 6hould<!tra, four gt"ooves were cut ~dth n Jeweller ' s 

!H1W t parallel to th~ axis to h~e l>ett er wettin < possibiHties for tbe 

surf'a.ces and to overcome the nurf'a.ce are·a. . Both arts ,, th test pieoea 

ood the s toulders, were tnorou.ghl degreucd. in methMol be for t 'le glue 

wM applied to the f!Urfa.cet.J . 

- 129 -
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c) Load and f:itrain Hea.din"" - _. r ; ~ - · i · · ·- _ , . - ! - · · :K'aii 

amou t o:f at1·nii1' ng . the ext l'l.don to b~J n1~plied in inchos wH.s calcula:!.:ed 

stra.in rata, o. 002" /l'n.tu . , to he e;bl!.'! to obta.in ttecurate recorM.r:t:! en tbe 
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r.ro knqJ CCiusts t J i 1ui . lf~val nfl!P.t lly over !\ tontin~ n n:-ie>d of ays is 

very diffi cult in P.r:;d , and n ot q-uite saMs.fncto:ey . 

e ) Bt rai,n ,Gauge Check 

An sn-4 typ~ atro.in p;nu e on t.ho go. lge le .,.th. connected 'b 2 strain 

gauge ·:t'1itG tu lJli.H-l type oelr-.~.wntainod bri." e ~plifier .rmd meter unit 

1ndict.ttod that the str as-strain curve obtained on the ch<>rt faithfully 

follow the :plastic beh viour of the cryst&l, 1n.1t with a l.ar .,e SUJ>~rinrpoaed 

eltlaticity in the cyst m ue t rob hly, to the deflexion of tr.lue t ,ri s. 

etc . 



APPENDIX C 

2 •. 5 m.m. diameter-; the only possible 

eolution 1ras to p:r·od.uce thin films from U.i~cs of' the same d.iumetf!:t' . 

For eutti.ng discc , wtth tnini.nnoo ar.tount of dttlllfl.t((lt to b€! illil101H~d , the ~I>O.rlt 

autttir wan .nvailable . Therre is no infm-m~tion on the ~letltrical ooncluo

tivit r of the glue, but as so1t1e apccimena WfYte not reeeiving sp41.rk

diaal:uu·ge acroas the won ff,B.f,t it proved tna.t there is lit eontt.nucus layer 

of" glue betveen the teEt piece and its shoulder. Attar bree.kin .. 'JP pn.:rtly ~ 

this insula.tion1nulcilinery did. not giYe difficulties Md discs ot 300 ..,. 

5001J width well'e eut in ab~)Ut fi.ve ntinutes . 

b ) EAe .. o .. troro ... ~is!\ir,}\, 

Several. attempts were m de to pl:"'duoe thin iil:ms with the r .T . F· .:t:: .. 

holder., but p rha,pg because of slight dil!letu~ional differerH'!Otl ~ e\leceaa w~a 

very seldm.tl attt\ined. lk~weYcr, the idea ;;;ee.r.m to be J)erte~·b , nnd with 

modification it was used., The discs were 5trodwiahed betveen two thin ple:.d .... 

l'tlnss sla-bs (teflon would be bettor) uno beltl th~:Jr~ by the :flexiblti! force 

of rubber 'band , while the ed11e~ were ~ee.l· a off by M'iccro.stop. Thus thT.i! 

electr£3polbh1n took place c~ tho t\>to fa<H~fll of t.h~ dhe being in contact 

with the electrolyte through two conically formed holes .. 

... 132 .. 



and 

'i'tw Holut:t:nw t-r<!re tt·i •d: 

20}; rcrchJ c•r:I c t .. oio 

~~ o;,; ethanol 

lfO% f.tCE!tle M:id 

30:; itric c:!d 

20% phosplK)ric o.t)id 

10~ Hr>ter; 

hoth at 0°C rtnd with r.n llPfJlied volta.re of 20 V . Eot~: of these 1:10. utionFJ 

t;t'~ u tl.in t"noueh f:tlJ"'.s for trP..nsn$,.:;sion 1eetron microscopy observathms . 

Howev 1·, the "ip<;c:J. :14H,& were )::•ando!:lly clen~ or d:i rty 01 t11eh· su:rfnc:·e ''H'ld 

th~ va.riout< clcLming opl!rations tried did. not solve this problem. A!l 

standard JJrfl.ct ic · , thf! rul~facea wore wn?hed virtorousl :r with 

mctht:nol after r,ue:rfor~tion , \.rhen w0rk on tht! N'oject ended. 

jet o . 
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Scgematic illustration of the interaction of a dislocation with Burgers v~ctor a/2 ~ 
[ llO]with GP ZQnes in an Al-Cu crystal. Zones A with traces in the glide plane ~ 
parallel to {llO) are shea red parallel to their diameter; zones B with tr~ces 
parallel to (Oll] or[IOl] are sheared obliquely. (Kelly and Nicholson 25 J 
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Fig. 8. "Instron" and the adapter for fatigueing • • 
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Fig. 9. Alignment jig used for specimen alignment 
before fatigue. 
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