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· ORIGm AA"m MUI.IriPLICATION 01 DIBitJCATIONS 

A,Rev1ew presented at the 
AIME Western l-1ctals Congress, 
March 1963, Loa Angeles 

by G. Thama.o + 

1. INTRODUCTION 

Although the concept of the dislocation was 1ntroduced.1n 1934 by 

Taylor(l) Orowan( 2 ) and Polo.nyi1 (
3) it was not until the ear~ part of 

the 1950's that mare detailed considerations of the theory were well de· 
( 4-6) . 

veloped. At this time the ax.perimenta.lists were still far behind the 

theoretician$ but over the past ten years the gap between theory and exper

iment ha.s been almost completeiy reduced, mo.in.l¥ es a ?eault of ca.retul 

e·tch pit studies (e.g., see references T- 10) 8.11'd direct observations of 

dislocations by .electron and x-rlcy' metallography. (9, u, l2) M'1ilst it 

ls now well known that dislocations really exist in crystals; there is 

still considerable debate as to how they came to be present in the first 

place. The debate centers around whether dislocations are nucleated homo-

... geneous~ or heterogeneous~. 

lrom elasticity theory, the self energy of a dislocation line is 

~ 5 eV per interatomic distance, i.e., about five times larger than the 
'j 

/·. 

form'.l.tion energy of a row of vacancies. This means that dislocations are 

not created ee.si~ in a perfect lattice. Por example, a stress AI G/30"' 

would be required to nucleate a dislocation homoseneous~ (G is the shear 

modulus). Consequently, heterogeneous nucleation is the most likely process 

+ DO:P<":trtment of Mineral Technology and Inorgo.nic Materials Reoearch Division, 
I.a:m.·ence R::tdia.tion laboratory 1 Uni verai ty o:f' California, Bcr!tcley 1 Calif. 



-2-

for formation of dislocations. A number of possibilities have been sug

gested, viz., (1) dislocatiOn loops formed from condensation of vu.cm1cies 

during cr,ystal growth (ii) dislocation nucleation and multiplication from 

impurities, grain boundaries surfaces, and multiplication of dislocations 

already present by thermal and mechanical stresses, and (i:U) dislocations 

produced as a result of impurity segregation during solidification. 
'0 

Since the density of dislocations is observed~·to increase by several 
( 

orders of magnitude during defor.00ation1 it b~came clear that multiplication 

must occur continuous!¥ as ·slip proceeds. l'lith the introduction of the 

concept of the Fra.nk•Rea.d source in 1950 1 t wn.s thought that the problem 

of nrultiplica.tion was solved. However, although Dash (7) observed cla.ssical · 

Frank-Read sources sometimes ln silicon, 11 ttle ar no evidence for their 

importance has been obtained from experiments on ionic and metallic crys

ta.ls. Recent work using the ele~tron ·microscope ha.a demonstrated th~ 
\ ~ 

importance of ~i ties an!i ~in boundaries.·· o.s sources and in ·this paper 

~tative consideration§ are given to tne various possible mechanisms 
. I , . 

Which Illlcy'. account' for the origin anct' multiplication of dislocations. Exam-

ples illustrating the various possibilities have been obtained by trans-

··mission electron microscopy. 
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DISLOC.l\.'r!O..~ SOU11~S 

The cquilibriura concentration, c, of vacancies in a crys i>ul incrcasea 

w1 th tez;zperature as o = A exp ( ·Er/kT), where A is an entrO?Y fac·tor 

(1-10 for metals) Ef. the fcrr.ma.tion energy of a vacancy (e.~e 1 for Al1 

Ef' a 0.76 eV), k is Doltzma.nn*s cona·ta.nt ~d T the absolute temperature. 

At the melting point c is ... lo·• for :reo metals. It cooling tram the melting 

point occurs te.st enough to retain all these vacancies in the crystal so 

that they do not esco.pe to sinks (surfaces, boundaries, dislocations) super

saturations of the order ot 109 are possible.· T,ypical quenching speeds to 

achieve this SUQlersaturation are 104-10600/min., Vhich is considerably 

faster than the cooling rates occurring during nor.mal solidification. How-

. ever, the local concentration at the solid-liquid interface is such that 

there will alwt:cy"S be an excess of vacancies behind. this interface. If there 

are enough vacancies present, they will tend to cluster together and pre• 

cipitate, forming disl~cation loops When the temperature bas fallen such 

that the local supersaturation is high enough tor a critical number . ot 

vacancies to nucleate a loop (e.g., see reference 13). 'the critical temper

ature corresponding to this condition is quite low(l5) ( ... 150°0 for Al1 

38o°C tor Ou). Elba.um(l4) and Jacltaon(l5) have shown conclusively that, 

except for very sma.ll crystals, there is insufficient supersaturation ot 

vacancies -during crystal growth to nucleate dislocation loops. These 

supersatura.tions ere only attained by special quenching experiments or by 

irradiation of materials by 0.-pa.rticleo, ;wutrcns 1 or electrons. Figure~ 1 

is an c;.:ample of dislocation loops formed in a quenched· Al alloy. 11\u-tlwr

more, in the presence of impurities nucleation of loops is more rlifficu.lt 
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beca1.we inrl?Urities trap vacancies, thereby effectively reducing the 

supersaturat~on.(l3 ) 
Chalmers(l6) suggested that vacancies would be trapl)ed at the solid-

Uquid interface. A1J the interface advo.nces during freezing, more vaca.n-
. . . 

cies will be trapped until eventu.a.lly tl].ey. collapse to form a disloca;i#ion 
} 

half loop with the ends of the pg.rt-disloca.tion loop terminatine at the 

interface. As the iuter:f'a.ce advances, the dislocations increase in length. 

If the local stresses are· high enough, multiplicatiqn may occur. Jacksan(l5) 

pointed out thfl,t such dislocation loops could only be formed if the growth .--
·., ... 

. rate is· t~ter than a. few nrro./sec, wich .is again larger than the. freezing 

rates attained in practice. 

It now seems to be genere.lly agreed, that formation of dislocations -
. . • . - r·' . 

from collapsed vacancy aggregates does not occur during solidi:fic~t1an1 
\ 

so tha.t dislocations muat be nucleated by other mechanisms. Howevel:.", 1f 
. . 
dislocati'ons a:i.rea.a.y exist in the crystal, the total length of' dislocation 

line can be increa.sed by climb or glide .during cooling. ror ~I.e, as a 

result of' climb, edges became jogged and, screws transform into helices. (13) 

2.2 Dislocation lfetwcrks. Formed During Solidification 

There are thre.e main kinds of substructure (Which can be observed 
I 

with the light microscope) formed in crystals grown tram the melt, viz., 

dendritic, cell~ and line~re structures. (l4, l7,. lB) Since s. nucleus 

ot solid is formed hamogeneQ\lS~ only .when the liquid is supercooled au:r .. : 

':f'ic1ently1 a nucleus once formed is surrO\Uld.ed bi,su;percooled liquid and· 

will grow dendritioaJ.4r provided a reverse temperature _gradient or su:per

, cooling persists. The tip ot the de~d.rite ~be bent by mechanical 

,. 

~r. ~. 

.·.·-:., ... ._.,, 
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diaturba.uces, gas evolution, convection currents, or as a result oi" strains 

due to aet;:rega.tion of solute atoms to the liquid -w-hich solidifies .la..gt. 

ConGequently, this dendrite can acquire slight misorientations with respect 

to its neighbors. 

These m1sorientations can be matched when the dendrites meet each 

other by the formation of edge dislocation tilt boundaries, screw dislocation 

twist bound.o.ries, or subboundaries containing mixed dislocations. Such 

net¥rorks give x-ise to the so-called lineage or mosaic structure in solidi;.. 

tied crysta.ls. Exa.nq>les ot mixed and tWist boundaries are shown 1n 

Figs. 2 and 3. 

It appears that dislocations can thus be formed as soon e.s the first 

solid is nucleated and a perfect crystal results on4' if' these can be elim

inated and the formation of subsequent dislocations prevented. 
J, 

If segregation of impurities occurs, the last traces of liqUid to 

solidity will have a different composition from the initially solidified 

dendrite. This usually means that the lattice parameters of both 'Will also 

be different. As a result ot the g:ra.dua.l change in lattice pa.rtunGter across 

the freezing solid, a system of' edge dislocations trJJq be set u;p as sketched. 

in Fig. 4. Simil.a:r substructures can be formed around partioles when pre

oipita.tion occurs in the solid state. However1 experimentally there is 

not a. significant change in dislocation density between crystals grown with 

and. without the cellular impurity substructure and a large difference in 

density \vould be expected if' this were e.n important mechanism. (l4., l5) 

In any case of a solid growing on a solid alrea.d.y containing d.islo-

cations 1 then at the growing face dislocations existing in the substrate 
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I mn::r propagate in·~o the ncvr crys·cal since a disloca;tion must tGrrm.natc u;c 

e. free surface or in other dislocationa of different directions ( e:t nO<les). 

In principle, it is possible to grow dislocation-free crystals i:f' the for .. 

:mation of new disloco.t:tons during and after growth is prevented~ So ff:'.X 1 

. (20) 
only the covalent c~tals Si and Ge have been grmm :perfec·tly and no 

success has yet been reported for metallic a.nd ionic crya ta.ls. 

If the surface of a seed crystal or substrate is steppedl the dis.con• 

tinUity may be accommodated upon subsequent growth by the generation of 

dislocations or stacldng faults~ .This is particularly true if tinpurity 

atoms a.re adsorbed on the surface •. Recent eJcperiments on vapor deposition 

of ailicon(Z2) have shovrn that oxygen is n1ainl.Y responsible :f'ol" the grovrth 

:faults co:rillUonly observed in epi ta.xia.l deposits. Figlll"e 5a shows a.n · exomple 

of these faults and Fig. 5b the suggested e:f':f'ect of oxygen as nucleation 

sites foJ;> the nucleation of the faults. 

If two widely misoriented dendrites meet, a large angle grain boun(lary 

'Will be formed. Such a 'bouncla.r;v'.ca.n contain a large number of d1alood.tiona 1 

~ticula.rly at steps in the boundary. (l9) Figure 6a. is an example ot such 

e. steiJ.P$d boundary. If the local stress is high enough, these disloca.t:i.O:na 
•.w 

can be eniitted from the boundary, thereby1 eiim!na.ting the step. Figure 6b 

ia an e)ta.InJ?le of a. boundary source that has emitted five dislocations. 

The stresses necessary for nucleation and multiplication durillB cooling 

probably. originate fioom: ( l) Local stresses due to dislocation arrays 

already formed in the solidJ these stresses ere probably the main ca.UJJ.e tor 

propagation of a small a.ngle.boundnry into newly solidified ~era(2l) 
l . •. . 

(2) Stresr:ea due to segregation and.atomic·miaf1t1 e.g., by differential 

therma.l contraction (3) Thermal stresses due to nonlinear temperature 
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g:cn/licnta -- J:.><'lrticu1c.rl,y if cooling ia d.one r:::.:pic.lly. ~L'hooc stresses are 

likely to co..u:::~ mu.lti:plication of the c:dsting cliolocr::.t:to.n.s. For e:i~tu-uple 1 
I 

if the 'thcl"tnl otrecs t:J.t the interface is deliberately 1ncreaoed1 an inc1·eo.se 

in dioloca.tion denoity is ohccrvcd.(:20) 

It ocelil.O that otroso is often the most important cause of dialoca.tions 

fOl~lCd during growth from the melt and so the critical stress to move a 

dislocation nm.ot be o.n im:portant factor. This ia borne out by the fact that 

. (20) 
crya·tals of silicon and germanium can be produced free ot disloao.tions. 

Bonding 1n these crystals is covalent and very strong so that the Peierls 

o·~l"ess is very high and dislocations in the diam.ond lattice are thus rela

tively immobile. 

2. 3 IIctcroqcneous Nuclco.tion of. Dislocations f;l:"an !zn:rngi ti~s . 

. Gil.m.a.n (23) subjected LU' crystals to ohort stress pulses (1-10 I.L sec 

long) and found that the i'ollovrine; heterogeneities lead to dislocation 

nucleation& (a) cleavage st~:ps (b) dislocation loops (c) glide bands 

(d) inclusions (e) a.s-gro"m, and induced precipitates. Here, we shall 

consider nucleation at inclueione and precipitates. 

A precipitate may act as a small punch inSide th~ crystal in two ways s 

(1) by differential thern1a.l contraction a.a the solid cools (2) as a result . 

of "chemical a tresses" arising from a localized excess (or depletion) of 

point defects c.soocinted 'fri th the removo.l of solute e.t0t11S from thCJ :matriX 

around the po.rticle. The classical example of punching was provided by 

the exp•;riments of Jones e.nd :t-11 tchel11 (
24) where prismatic dislocation 

loo:pa l? .. nd helicoicta.l dislocations J>rere shO\m to er:1a.nate fram glass spheres 

pu.rposc:J.y introduced into ll.f,rCl cryotals. Since this worlt1 JtJtJ;rJ;y examples of 

h:,:.~tc~rog . .::neou ... "> nucleation of dislocations from impurities have been o1Jservcd. 



-8 .. UCRL-10714 

In a metal containing precipitates or inclusions the coefficients 

of' thermal contraction of' inclusions are usually less than those of metals, 

so that the dislocation lOOl>S resulting f'r~ punching should be of' tho inter-· 

sti tia.l ~isma.tic kind. Figure 1 show an ~le of these loops observed·. 

in a Cu .. .Ag alloy quenched f'rom lo65°C~ They diminish in size with dist~oe 

from the sc::turce so that they must be interstitial loops since the· inter

stitia.ls are grad.ua.ll;y .elim1na.ted by combina.tion with the vacancies retained. 

in the alley by' quenching. If' the loops W'el"e ot the vacancy kind., they 

would expand by climb (due to the addition. ot vacancies) W1 th 1nt.ll'ee.s1ng 

distance tram the sou.rce. · Figure 8 show a similS.:r exam;ple ot dislocations 

punched ou.t tram grain boundary precipi te.tes on both sides ot the bound.a.r.r. 

The shapes of prismatic loops formed. by a punch~ mechaniSm depends 

·upon the shape. ot the particle tran which the loops. are nucleated.. (23). 

Spheres or platelets can evolw circul.e.r loa,ps1 whereaa1 rods can make 
' 

circular ar elongated lo~. 

Consider now the co.se ot pa.rtial.ly' coherent precipitates, i.e., pre

cipitates whose interface with the matrix consists ot a grid of' disloaa

tiOna(25) (a.s in Fig. 4). U the local stress is high enOUgh, scwne ot 
• 

. these interfacial dislocations J11B¥ be emitted f:r<:»n the particle. Since the 

stl"esa required. to ma.lte a dislocation glide is invel:'sely proportional to 

its free length, large precipitates are .the most efficient nucleation sites. 

An example of' a large precipitate which bas nucleated ma.ny dislocations is 

shown in ll'ig. 9• A particle containing 1000 atoms in diameter would pro• 

duce heterogeneous nucleation at a stress of"" G/1001 where 0 is the shear 

modulus. If' all the disloeaticns are formed trom particles, there must be 

~ 106-!Q& particles/Clll3 in order to account tor the observed disl~ation 

denai ties. It is possible that in meta.ls these particles are refractory 
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oxides 'Which a.re formed during meltine; prior to solidification. liow"Over1 

such particles are not usual.ly observed 1n pure crystals. 

Ba.rd.een and Herr1ng(26) proposed that an edge dislocation could give 

rise to dislooa.tion loops by cllm.b, as shown in Fig. lOa. If'. there is an 

excess (or depletion) ot vacancies in the region around A131 the line AB 

moves down and out to form a loop which represents a plane of missing a.toma. 

It should. be noted that the climb source shcn-m occurs by expansion or the 

dislocation normal .to the Burgers vector, unlike the J'ra.nlt-Rea.d source 

(Fig. lOb) 'Which operates by expansion· of the line into loops by glide 

parallel to tlie Burgers vector. The source of t.he original dislocation in 

the B!l.rdeen·Herring mechanism ca.n be at a precipitate. Clim.b sources bo.ve 

recently been observed by a n'W!lber of' workers(27·29) and Figs. l.la.1 llb 

· are eX!'lJlij)les • 

A Ba.rdeen-Herring source will operate on a dislocation of length J 

wen(26) 

where c/c
0 

is the vacancy supersaturation. ror typical values of 01 b 
. . ' 

for FCC metals and taking J "' 200 A at 200°C1 a source operates if the super-

saturation is ,.. 102 •. Such vacancy supersaturations eD.n be attained by 

moderate coollng speeds during solidification and could also arise loca.l.l3 

around the particles simply due to the removal of solute atoms tram the 

matrix surrounding the precipitate. 

In conclusion, it appears that impurity particles and grain boundaries 

are th.e most probable sites of dislocation nucleation 1n crystals. The 

stresses to operate such sources arise both f':rom thermal streaees and 
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loc:a.lized non-equilibrium vacancy concentrations during cooling. Mru"lJ' 
. . . . . . -. ,. ' . . 

researchers ho.ve also ahovm that surface d.aron.ge caused by lmnd.l:tng or by 

i.Du;Yurities falling onto the surf'a.ces also 'introduces dislocations into 

Crytl tals • ( 30, 31) 

3.1 Introduction 

PlaStic deformation occurs by the motion of mobile d.i~locationa 

in a crystal~ Not e.U the pre-eXisting dislocations ·are mobile, however, 

beca.uoe- SO!Il$ ~ not lie in glid.e pl.Snea and sa~ ma¥ be pinned by im;puri• 
. . . ' 

ties • .. It the ini tlal number of mobile dislocations is small, yield points 

o.re observed in the s'tl"eae-strain curves. 

The pl..estic strain rate is ua~ expressed by 

. r ... b.Cv 

·where J is the average length of moving diDloca.tion/cm3 e:nd v is the e.~rage 
' 

dialooat1on velocity. Both J, and v <lepcnd on stress, strain, temperature 

and inrpuritiea. The ratio l-/p 1 where p is the dislocation density d.ooa not 

rennin constant during the deformation. Therefore, dislOcation multipli

cation o.nd. nucleati·on of fresh dislocations must occur as ·the mobile d.ialo

cation~iJ pass through the crystal.(~) 

One of the first direct experimental investigatiOns of dislocation 

nru.ltiplica:tions was carried out by l{ilsdort( 33) .on stainless steel s-pecimens 

Whien were defor.med Whilst under observation in·the electron microscope. 

Bes~des obta.init?.S a rare .ey..am:ple ·of e. classical Franl;:.-Rcad. source, Wilsdorf 

observed dislocations nucleating-from grain and twin boundaries, dialocatibn 

networl~:e 1 precipitates,;· and as a result of disloco.tion intera.ctiona during 

glide. 
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3.2 ~i:'he F.tank-Rea.d Hecbn.nism and its Modifications 

As "was mentioned early 1 the FcwJ.k-Rca.d mechanimil as originall)¥: 

conceived in 1950 has not been oboerved frequently en0l.l;Sl1 to a.ccOWlt satis

factorily for the multiplication of dislocations. In the original model 

a length of dislocation line l pinned at its ends can rotate around the 

pinning lX>ints producing an unlimited number of new dislocation loops 

(Fig. lOb). The stress re~ed to operate such a source varies inversely 

as l. J'or the obse;'Ved yield stresses of most crystals, J must be "' l 1-1• 

The climb source depicted in Figs. lOa. and 11 is analoeous to the Frank-

Read source, but is likely to operate only under specia.l. oircu:mota.nces e.s 

described in section 2.3. 

Except for the direct nualea.tion of dislocation loops, aU examples 

ot multiplication are really modifications at the Prank-Read model. 

:Wt us consider any obstacle to the path of a moviE§ dislocation as 

shoun in J'ig. l2. (33) Edge dislocations (Jig. l2a.) become held u,p at the 

obstacle until they start bowing around until an appreciable screw orten• 

tation can be attained (at A). 'l'he screws then cross-slip to B above the 

obstacle, ewntual.ly lea.d.ing to the formation. or a. prismatic loop DE behind 

the particle. This loop can glide on its prismatic surface. vlhen screws 

encounter tlle obstacle (J'ig. l2b) 1 cross-slip tram A to B may eventua.lly 

lead to the operatj,on ot a Fre.nlt .. Rea.d source at co. Typice.l obstacles 

which can give rise to multiplication are precipitates, subboundaries, and 

strongly pinned grown .. in dislocations. Figure 13 shows a possible, example 

ot multiplication near m-ecipitates since the density of dislocations near 

the :precipitates is much greater than elsewhere, 
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When tb.e c:>bstacles are riot rando.ml.y distributed,. parts of the d.ialo- . 

cation ~ event~ meet. If both segments are. on the a~ glide plane~ ' 

tliEiy will annihilate since the· Burgers vectors are opposite in se:noe. If 

the segments are on parallel. planes, those 1n screw orientation Will tend 

to cross-slip toget.her and. annihilate. Hovr<.->Ver 1 if' the segments are of edge 

character, a dipole will be formed: (ll'ig. 14) • The dipole is st..'i.ble when 

the two _slide pla.nes are separated by less than a critical value d
0 

but if' 

c1 .~ . > d01 .the dis.loca.tions _c~ cross over one another (J'ig. 14). The 

critical se:Paration is given by · 

· Gb 4c = B1C(l-v h 
'Where Tis the local resolved shear streas1 \1 is Poisson's ratio; and 01 b 

, have their usual meanings. - The continuation ot croas~over can lead to 

multiplication. (32) Figure ·15 ,is an exa.m:ple of <l;isloca.tien dipole formation : 

and croas-oVe.r. lt is thought that jogs on screw dislocations resulting 
\ . 

. ·.,:··. 
:f'1"om int.ersecti~, c.1r by absorp·tion of point ;defects ore ma~ responsible i 

tor the cross-over mechanism. The .interaction bet-ween gliding d.islooations, :' 

sub-boundaries, or ~bile dislocations is another poasible or1gtn Q:f' 

·cross-over and multiplication. (32 ) The double cross~sllp mechanism is 

.- >' 
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In all the J?W.."e :m.t~t..'1ls so far c.:~-·lincd the st.:~::,cld:tig i't't;;:~t enc:rgics 
I 

and the diolocation ar-J:"a.ngemcnts during deformation are cOill:plicated.. 

Tangline; and for:ma.tion of densely po:pula:ted dislocation cell \.ralls are 

cammon features in the deformation of both roc and FCC crystals (e.g. 1 

Figs. 17a.1 17b). As the strain 1ncreo.sea1 the separation betw"een disloca

tions in the tangles decreases as the dislocation density increases. In 

favorable si tua.tions some segments in the tangle ms:y bovr out and be re

leased or r:tiD.:y act as a. J'ra.nk·Read. source. Pigure 17 ohow examples of 

dislocation sources at cell lm.lls in Nb and Ni. Since the critica.l stress 

tor this mechanism to opora.te depends on the lengths of dislocation seg-

menta in the ta.ngle1 i.e.~ on the cell size, the f'low stress varies inversely 

'With tha cell size. Kuhlma.nn .. W1ladorf( 35) has recently discussed these 

effects in some detail to explain work hardening. 

It baa a.lreo.dy been shOirn that in polycryata.ls grain boundaries 

act as sources of dislocations. It is now felt that the ~ration of grain 

boundary sources is one of the most significant factors controlling the 

effect of gra:l.n size upon strenet,h.(l9) It is also observed that the dislo-

cation d.en..sity :ror the s£lllle plAstic stra.in o.nd. sa.me grain size is inde]?endent 

of' alloy com;position e.nd stacldn.g fault ener(J;f. ( 361 37) S:l.nce the double 

cross .. slip mechanism in unlilrel;y to opc-!ra:to in the low stacking fau~t energy 

nnteria.1.s 1 it r.;.mJCa.rs tho.t multi:plica;tiOll by cross-over ('·rhich does not 

necessarily involve croso-s1ip) is p:rcibabl_y an. imJ)or·tant general. mu.ltipli-

. C32) cation mech.:1n:l.sm. -
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CONCLti'B!OJS . 

DislocatiO!l..s a:t~?ear to be formed eo.si:cy in meta.ls even tillen the moot 

care:f'u.l P'.t'OlX?.rO.tio.u techniques are emplOjt"'Cd• - 1rhe origin of disloC~:l!~:i.Ol'U3 

O.J?l)eC-u:'S to be moa·t Gatisf'actorily explained by heterogeneous n-u.eloo:l:i:!.on s.r>.d. 

n..'Ulti:plico.tion due _to stresoes arisiug d'ltring solidification, pa.rticu.l.arly 

at groJ.n,boundal"ies and. .impuritiesct Multipllca.tion of dislocatiOllS during 

plastic strain readily- occurs by a number of processes essentially similar 

to the Fra.nlt .. Read. raechaniant e.s soon as a dislocation starts to move. In 

polycr;rstals 1 gx"a.in boundaries a)?J?ea.r to be the most camnon sources of 

dislocations. The- differences in behavior between metals of dif':f'erent 

crystal structures,- ionic and covalent crysta.le is not wall forr.m.lated at 

the present timeo More experimental work on the formation e.nd grOwth of' 

Jllip bmd.a1 e~g., b~ eorrela.tio.n of surface slip markings with the direct 

obse:rva.tions of dislocation arrangements 1n the bands.t 1s essenticU oof'()i'e 

a c~lete understand.ing is to be obtained,. 
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Fie;ure Ce.ptl~ 

Fig. l Dislocation loops formed in AJ.-5% Mg solid solution o.fte~ 

quenching from 550°C. 

Fig. 2 A mi~ced dislocation oub-bound...qry With a strong tilt c01uponent 

· due to a ~ge number 'of parallel edge ·d:lslo~ationa in Al-5% Mg 1 

solid solutiono 

Fig. 5a. Growth f.o.ulto in epita."tia.lly deposited silicon in (111] orj.entation. 

(Courtesy J. Appl. Physics) 

5b (110) oection through a scale morlel illustrating the effect of 

~cy-gen a.t the substrata surface in ca.UGing intrinsic (I) and 

extrinsic (II) faults in the deposited. layer. (Courtesy J .. Appl. 

Physics) -

Fig. 6a A stepped high angle boundary in Nb containing many dislocations. 

6b Shovling the operation qf' a. dislocat•ion source a.t a. high angle 

grain boundary in Iilb. 

Fig. 7 Showing prismatic dislocation loops punched from an impurity at A. 

Notice the loops diminish in oize with distance from the source. 

The loops are th'U.El of' the 1nterst1 tial kind. _ Cu-~-% Ag quenched 

f'l•om 1065°C. 

Fig. 8a1 b Shm1ing dislocations punched out' on opposite aides of a. grain 

boundary from precipitates (probably Iwig::;l\.12 ) in Al-5% Mg quenched 

from 550°Co The specimen has been tilted e. fevr degrees from (r:~.) 

to (b) 1n order to bring each side of the bo-wJ.dary into contr~.:wt. 

Fig. 9 A particle in .stainless steel operating a . .s e. com:;?lex Frank-Head 

soUl .. ce. 
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-o~-d 1~ 1 (~:6 ) ~· cen-.1err ng source: Showing the creaticrfl of a dislocation 

ring from an edge dioloca.tion p!mwd at A, B. The slip plru1e is · 

·normal to the page. 'l1!1ere is an extl~a. plane of atams belmr AC 1 B 

which gro1rs by creatine; vacancies in neighboring pla..l1es by suc

cessive steps AC3.B1 AC2 B, etc. The loops ra.cet at C5 and C5 en

abling the line AC5 B to create another ring. (Courtesy J. \.filey 

and Sons~ 

lOb Franlt-rtead source. The slip plane ia l)(.l.:t•allel to the page. 

Fig. lla Climb sources in quenched .JU-5% Mg alloy. 'The sources eu .. e inter

f'acio.l dislocations a.t the purticle-m.atrix intel .. fa.cea. Successive 

loops lie on a prismatic surface (they are not copla.nar). :Parts 

of the loops intersec·t the free surfaces at A. 

llb Stmilar to lla but the source configuration is more complicated 

due to dislocation interactions. 

Fig. 12 Dislocations moving ru.•ound an obertacle b;y crosa-o11p( 3l~) 
(a) Edges approaching obst~~cle ('b) Screws o.pproa.chine; obstacle. 

The a.rrmrs indicate the direction of the Burgers v·c~ctor. (Courtesy 

J. Inst.. Metals) 

Fig. 13 Creation of loops and dislocation multiplicat:i.on at precipitates 

in Nb plastically deform.ed 17G in ·tenaion. 

Fig. 14 Shmri:ng mot;ion of a dislocation throU£:;h a crystal containing 

unifor·mly dispersed obstacles • (a1 b1 c) possible au.ccensive 

confiG'1.Wations (d) annihilation (e) pair formation (f) cross-
- (~?)' 

over. (Courtesy of J. HarJhburn .) .. _ ) 

Fig. 15 E."w.nzples of profuse dislocation interactions in Nb &i'tcr lfY/o tensile 

strain. The cross-overs produce local tilts in the crystal lea.dlng 

to changes in contrast. 

sign. 

Max1y of the disloca·tions e .. r<~ of o:p-posi te 
' 

Fig. 16 'ry-pica.l copln.na.r arrangements of dislocations in :materie..la of low 

stacking fault energye Specimen is Cu-33~ Zn defo:craed 5'/o in ten .. 

sian (r ~ 2.5 ergs/cm2 ). 

Fig. 17a Cell atructw."e of dislocations in Ni deformed 20'1~ in tension. 

Notice bowing of loops from cell lm.lls e 

l'Tb Simil.a.r to 17a but in this case the specimen is I'fu. 
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Fig. 2. 
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Fig. 3. 
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Fig. Sb 
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Fig. 6 
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Fig. 7 
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Fig. 8 
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Fig. 9 
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Fig. 11 
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Fig. 12 
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Fig. 15 
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