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“ORIGIN AND MULTIPLICATION OF DISLOCATIONS

. A Review presented at the
ATME Western Metals Congress,
‘March 1963, Los Angeles

by G. Thama5+

) 1. INTRODUCTION
Although the concept of the dislocation was introduced in 1934 by

Tuylor(l) Orowan(a)

and Polanyt,(3) 1t was not wntil the carly pert of
the 1950's that more detailed considerations of the theory were well de-
v@loped.(u‘6) At‘this time the experimentalists were still far behind the
theoreticians but over the past ten years the gap between theory @nd exper-
iment ﬁasrbeen &1moétvcampleteiy reduced, mainly es a result of careful
etch pit stﬁdiés_(e.g., see.refe;ences T~ 10) arid direct obgervations of
dislocations by‘eieciron and X~-roy metallography.(g’ 1, 1?) Whilst it
18 now well known that dislocations really exist in crystals, there is
gt111 considerable debate as to how they came to be present in the first
places The débate centers around whether dislocations ere nucleated hemo-
geneously‘or heterogeneoﬁsly. “_

From elasticity theory, the self energy of a dislocation line 1é
~ 5 eV per interatomic distanée, 1.e.; ebout fivg(timed larger than the
formation eneré&‘of a row of vacancies. This means that dislocations are
not created eesily in a perfect lattice. For example, a stress ~ 6/30"
would bé required to nucleate.a dislocaﬁion homogeneously (G is the shear

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

+ Department of Minersl Technolozy and Inorganic Materisls Research Division,
Lavrence Radletion Iaboratory, University of California, Berkeley, Calif.
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for formation of dislocations. A number of possibilities, have teen sug-
geeted, viz., (1) dislocation loops formed from cond.ense.tion of vacencies
during crystal growth (ii) dislocation nucleation end multiplication from
impurities, grain boundaries surfeces, a.nd’muf.l.tiplicaticn of dislocations B
already present by thermal and mechanical stresses, and (1ii) dislocations
produced es & result of mlpuijthy segregation during s‘olidifica.ﬁion.‘

4 Since the density of dlslocations 18 observed to increase by several
ocrzieré of ma.gnitude during d.ef'ome.tion, '1t:bocm\ne- clear that multiplication
must occur continuously Ias 81dp .‘proceeds’.' With the introduction of tho
concept of the Fre.nk~Rea,d source in 1950 1t was thought that the problem
of miltiplication was solved. However, although nash(7) cbserved classical
Frank-Reed sources sometimes in silicon, 1little or no evidence for their
| impoartance has been obtained from experments on ionic a.nd meta.llic crys-» :
tals. Recent work using the electron microscope has d.emonstrated. the
importance of impurities a.nd gre.in boundaries es sources and in this paper
qualitative considerations are given. to the various possible mecha.nisms
'which may_a.ccount for the origin and maltiplication of dislocations. Exame
Ples illos_t:ratiog‘the various possibilities have been obtained by trans-

" migsion elect.rm nicroscopys.
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2+ DISLOCATIO. SOURCLS

2.1 Dislocatlons Formed from Vocancy Ancwoegetes

The equilibrium concentration, ¢; of vacancies in a crysital increases
with temperature as ¢ = A exp (-E /kT), where A 15 an entrOﬂy fector
(1-10 for meta.ls) E, the fom'mation encrgy of a vacaney (e.g,., far Al,
B

b
At the melting point ¢ is ~ 10 for PCC metala. If cooling from the Lelting

= 0.76 ev), k ip Boltzmann s constant end T the abaolute tcmphraturo.

point occurs fast enough to retain 2ll these vacancies in the crystal 80
that they do not escape to einks (surfacee, boundariea, dislocations) super- |
saturations of the order of 10° are possible.  Typical quenching speeds to
achieve this supersaturation are 10%. 105°c/m1n., vhich is considerably
faster than the cooling ratee occurring during normal solidification. How-
:ever, the local concentration at the aolid-liquid interface is such that
there will always be an excese of vacancies behind this 1nterface. It thcre
axre enough vacancies present, they will tend to cluster together and pre~
cipitate, forming dielocation loops when the temperature has fallen such
that the local supersaturation is high enough for a critical number of
vacancies to nucleate & loop (e.gs, see reference 13)s The critical temper-
ature corresponding to this condition is quite low(ls) (~ 150°¢C for Al,

360°¢ for Cu)s  Edboun(t*)

and Jaokson(l5) have showh conclusively that,
except for very small crystals, there 1s insufficient su@ersaturation of
vacancies during crystal growth ﬁo nueclecte dislocation loops. ‘These
éupersaturationa ere only attained by sﬁecial quenching experiments or by
irradiation of materials by d—paiticies;"nomt£0ns, or electrons. Figure 1
15 an cxample of dislocation loops formed in & quenched Al alloy. Furthcr-

more, in the presence of impurities nucleation of loops is more difficult

~
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because impurities trap vacancies, ‘chex'eby effectively reducing the

supcrsaturation.( 13)
‘ Chalmers(v 6) suggested that vacancles would be trapped et the solid-

liquid interface. As the interfece advances dwuring freezing, more vacan-

cles will be tra.pped until eventua.lly they.collepse to form g dislocation

b

half‘ loop with the end.s of the part-dislocation loo;p t.ex'minating at the

interface. As the 1n’cerface advances 2 the dislocations increase in length.

| If the 1oca.l etressea are: high enm:.gh, nmltiplica.tion may ocowY'. Jaclsson(lS)

| point.ed out that such d.islcca.tion Lloops could only be formed if the growth o

ra,te 1s faster tha.n 8 few m/sec, which s again la.re:er than the freezing

 rates atta.ined in pra,ctice. O | o |
It now seems to be generally a.greed t.hat forma.tion of dislocations

| froam collaysed vacancy uggregates does not occur during aolidifice.tion,

80 ths.t disloca.tiona st be nucleated by other mechanisms. Howe\rer, 1f -
‘ dislocations already exist 1n the erystal, the tota.l length of disloca.tion
11nc can be 1ncrea.eed by climb or glide during cooling. rcm emmple, as &
:result of climb, _edges become Jogged and. screws tra.nsfom 1nto helices.(_n)

2. 2 Dislocation Networks Formcd During Solidification

There are three main kincls of eubstructure (w’nich can be observed

with ’dhe light microscope) formed in crystals grown from the melt, viz.,

(lh 17’ 18) Since a nucleus -

,dendritic ’ cellv.le.r a.nd. lineage structures.
of sol:ld is formed homoceneozmly only when the liquid is supercooled sufe
.'ficient]y, a nucleus once formed is aurroundad by supercooled liquid e.nd
will grow dendritically provided 8 reverse tmnperatu.re gra,dient or super-

cooling peraists. The tip of the der;d_rite nay be bent ‘by nechanical
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disturbances, gas evolution; convection currents, or as & resuli of stralns
due to segregation of solute atoms to the liquid which solidifies last.
Consequently, this dendrite can acquire slight misorientaticus with respect
to its neighbors.

| These miscrientations can be matched when the dendrites meet each

other by the formation of edge dislocation t11t boundaries, screw dislocstion
twist boundaries, or eubboundéries containing mixed dislocations. Such
netwvorks give rise to the so-called linesge or mosaic structure in solidie
fied crystals. Examples of mixed and twist boundaries ere shown in

Pigs. 2 and 3.

It appears that dislocations can thus be fbrmed as soon &s the flrst
solid is nucleated end & perfect crystal results only if these can be elim-
inated and the formation of subsequent dislécations prevented,

If segregation of impurities occurs, the lasf traces of liquid to
8011d1fy will have e different camposition fram the initially solidified
dendrite. This usually means that the lattice parameters of both will also
be different. As_a result of the gradual change in.lattice parameter 2cross
the freezing solid, a system of edge dislocations may be set up as sketched
in Tig. 4. Similar pubstructures can be formed around particles vhen pre-
eipitation occurs in the solid state., However, experimentally there is
not a significant chenge in dislocation density between crystals grown with
and without the celluloxr impurity substructure and & large difference in

density would be expected if this were an dmportant mechanism.(lh’ 15)

In any case of a p0lid growing on a solid alxeady conteining dislo-

cetlons, then at the growing face dislocations existing.in the substrate
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nay propa@ate-into the new Erystal since a dislocation must'términate at

a free swrface or‘1n othervd1slocat10nB of different‘directiéns (a£ nodes ).
In'pﬁinciple, 1t is possidble ﬁo grov disloeation-free erystals if the for—».
nation of new dislocaiions during‘and affér growth ié prevented. o far,
only the covalent crystalé 81 and Ge(ao) havé been grown perfectly and no
success has yet been reported for metallic gnd fonic¢ crystals.

If the surface of & seed crystal or substrate is stepped, the discon-
tinuity nay be accommodated upon subseqnent growth by the generation of
. dislocations or stacking faults, Thie is particularly true 1fvimpuritJ
atomns are adsorbed_on the surface.  Recent experiments on vapor - depositiom
of silicon(ea) have shown_thatvoxygen is mainly responsidble for thefgroﬁth |
faults commonly observed in epltaxial deposits. Figure 5a showslah'éxqmple'
~ of these foults and Fig. 5b thé.suggested effect of oxygen as nucleation
sites for tﬁe nucléatidﬁ of the faults. |

I two widely misoriented dendrites meet, a 1arge angle grain boundary
will be formed. Such ‘a boundary can contain a large number of dislocdtions,
particularly at steps in the'boundary.(lg) Figure Ga 18 an example of such
& stepped boundary. If the local strees 1s high enough, these aslecations
can be eﬂiﬁﬁea frau the boundary, thereby, eliminating the step. Flgure 6b -
is an example of & boundary gource that has emitted five dislocations.

The stresses necessary for nucleation and multiplication during cooling
'probably originate from (1) Local stresses due o dislocation arTOys |
alrcady formed in the solid; these stresses are probably the main cause for
| propagation of a emall angle’ boundary 1nto newly solidified luyers(al)
(2) Stresses dug to segregation andfatomicfmdsfit,‘e.g.,'by-differential
thermal contraction (3)_Therﬁml.stresses-due to nonlinear temperature

3
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graddents -- particulorly i1f cooling is done rapidly. These siresses ave
1ikely to coune nultiplication of the exdsting ddslocztions. For example,

if the therunl stress b the interface is deliberately incregsed, an increose
in dislocation demity is obr,crvcd (20)

It ceems that stress 1s often the most importent caouse of dislocationa
formed duriné, growth frcm the melt and so the criticel stress to move a
dialocation mist be on fmportant factor. ’I‘his is borne out by the fect tha.t
crystalé of siliéonAand.germaniuﬁ can be produced free of dislocations.( 20)
Bonding in these crystals is covalent and very strong soAthat the Peierla
ereas is very high and diﬂlocations in the diamond lattice are thus rela-

tively 1mmobile.

2.3 Hctcro.:,encou" Nuclcation of . Dislocations fran Impurities

Gihnmn(23) aubjected_mr crystals to chort stress pulses (1-10 p see
long) and found that the following heterogeneities lead to dislocation
nucleations (a) cleavage cteps (b) dielocation loops (c) glide vands
(d) inclusions (e) ms-grown, and induced precipitates. Here, we shall
consider nuqlee.tion at 1nélusions and precipitates.

A precipitate may act as & emall punch inside the erystal 4n two ways:
(1) by differential thermal contrection as the 50114 cools (2) as a result
of "chr*mical stresses” arising from a localized excess (or depletion) of
point defects associated with the removal of solute atass from the matrix
 around the particle.  The classical example of punching was provided by
‘the _exﬁerimants of Jones and Mltchell, (2h) vhere prismatic dislocation
loof.:; &nd helicoidel dislocations were showm to emanate fram glass spheres
purposcly introduced into ApCl crysta.ls. Since this work, many exsuples of

he %,01'0’ *nnow; nucleavion of dislocations from dmpurities have been observed.

A

!
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 In a metal coutaining precipitates or inclusions the coefficlents
of thermal contraction of inclusions are usually less than those of metals,
50 ‘that the dislocation loops resulting from punching should be of the inter-
 stitial prisuatic kind. Figure 7 shows an example of these loopa observed -
in a Cu-~-Ag alloy q,uenched from 1065"(!.’ They diminish in size with distance
from t.he scurce 8o that they must be interstitial loops since the inter-
Btitla.ls are gradually eliminated by cambination with the vacancies. retained )
in the alloy by quenching. If the loops wers of the vacancy kind, they .
‘would expand by climb (due to the addition of vacancies) with inressing
distence from the source.  Figure 8 ehovs a simtlar exemple of dislocaticns
punched cut from grain boundary precipitates cn both sides of the boundary.

| ~ The sﬂapes of prisniati_c loops formed by a punching mechanism depends
’upon‘th_e sha_pe'o‘f the particle froa;: which the loops.b.rg 'nucleated.(QB),
Spheres or platelets can evolve circula.r loopa, wherees, rods can ma.ke
circular ar elongated loops. = o , v - o

COnsider nov the case of pertially coherent precipitatee ) 1.e., pre-

cipitates vwhose interface with the matrix consists of a grid qf disloca,-
»tidns(-as)_ (as in Fig, 4). 1If the local stress is high enough, some of '
these interfacial dislocations may be emitted_.‘ from the particle. Bince the
stz;ess reqﬁired to make a dislocation glide 1s 1nvérée]y mmtt@l to
‘4t8 free iength, large precipitates ere the most effiéignt nuclvevatmn éitea. ’
'An.emmple of a Jm"gev precipitate which ha.s nuclea.ted.man.y dislocations is
shown in Mg. 9. V A particle containing 1000 atoms in diamete;- would pro-
duce heterogeneous nucleation at a stress of ~ ,q/loo, vhere G is the shear
modulus. If all the d.iaiocat_icns ere formed from pa.rﬁicles » there must be
~ 10%.10° particles/em® in arder to account for the observed dislocation

denmsities, It i possible that in metals these particles are refractory
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oxides which are formed during melting prior to solidification. However,
guch particles are not usually observed in pure crystals.

(26) proposed that en edge dislocation could give

Bardeen and Herring
rise to dislocation loops by climb, as shown in Fig. 10a. If there is an
excess (or depletion) of vacancies in the region eround AB, the line AB
moves down and out t0 form a loop which represents a plane of missing atoms.
It shcum be noted that the climb source shown occurs by expansion of the
dislocation normal to the Burgers vector, unlike the Frank-Read source
(Fig. 10b) which operates by expansion of the line into loops by glide
parallel to the Burgers vector. The source of the original dislocation in
the Bardeen-Herring mechenism can be at a precipitates Climb sources bave

recently been observed by a number of mrkers(27'29) end Figs. 1la, 11b

" are examples.
A Bardeen-Herring source will operate on a dislocation of length £
w‘hen(%) pé
in s > G
co iy

vhere c/c 18 the vacancy supersaturation. For typica.l values of G, b
for FCC metals and ta.king £~ 2004 at 200°C, & source operates if the super-
paturation 1s ~ 102, Such vacancy supcrsaturations can be ettained by
moderate cooling speeds during solidification and could also arise locally
around the particles simply dus to the‘ removal of solute atams from the |
matrix surrounding the precipitat;..

In conclusion, 1t appears that impurity particles and grain boundaries
are ihe most probable sites of disloéat:lon nuclention in crystals. The

stresses to operate such sources arise both from thermal stresses and
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1ocalized non~eqpilibr1um vacancy conccntrations during cooling. Many
reseaxchers have also shown that surface damage caused by hanaling or by
'1mpuritiea falling cnto the surfhcee also 1ntroduces dislocationa into
erystals, (30, 31) |

'3, DISLOCATION MULITPLICATION

3.1 Introduetion

Plastic deformatiom occurs by the motion of mobile dislocations
in & orystal: Not ell the pre-cxisting dislocations ere mobile, however,

' hecauﬂe”eoma‘may not lie in glide pidhea and same may be pinﬁéd by Lmpurde
ties. If the initlal mmber of mobile dislocatians 18 amall, yleld points
are cbserved in the atrese-atrain curves. )

The plastio strain rate is wsually exﬁredsed.by_'

_ “r = blv | _ o
 where £ 18 the average length of noving aielocaﬂ_on/eiﬁ’ and v 18 tﬂe average
dislocation velocity. "Both £ and v depend on stress, strain, temperature
and impurities; The ratio B/p, vhere p is the dislocation density does not
‘remain constant during the defarmation, Therefore, dislocation multipli-
cation and nucleation of fresh dislocations must occur es the mobile dlslo-’
cations pass through the crystal. (32) |

One of the first direct experimcntal investigations of dialoc&tion
| multiplications ves carried out by Wilsdarr'33) on stainless steel specimens
which were deformed whilst under observation in the electron microscope.

B@siqes obtaining a rare-example'of e clasaical Frankunead Bource, Wilsdorf

observed dislocationé nﬁcleating=fram grain and twin boundaries, dislocatibd
netwvorks, precipitatcs, and a8 a- reuult of dislocation 1nteractiona during
glide.
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3.2 'The Prank-Read Mechanism and its Modificatious

As was mentioned early, the Frank-Rcad mechaniom as originally

concelved in 1950 hes not been observed frequently enouzh to account satis-

factorily for the multiplication of dislocations. In the original model
& length of dislocation line £ pinned at its ends can rotate around the
pinning points producing en unlimited number of new dislocation loops
(Fig. 10b). The stress required to operate ‘such a source varies inversely
as £, Por the observed .hyield stresses of most crystals, £ mat be ~ 1 p.
The c¢limb source depicted in Figs. 10a and 11 18 a,nalogous to the Frank-
Reed gource ’ but 18 likely to operate only under speciael circumstances es
described in section 2.3.

Except for the direct nucleation of dislocation loops, all examples
of multiplication are really modificaticns of the Frank-Read model. _

Let us consider eny obstacle to the path of a moving dislocation as
shown in Fig. 12..(33) BEdge aislocations (Fig. 12a) become beld up at the
obstacle until they start bowing eround until en apprecisble screw orienw.
tation can be attained (et A). The screws then cross-slip to B above the
obstacle, eventually leading to the formation. of & prismatic loop DE behind
the particle. This loop con glide on its prismatic surface. Vhen screws
encounter the obstacle (Fig. 12b), cross-slip from A to B may eventually
lead to the operation of a Prank-Read source at CC. Typieal obstacles
which can give rise to multiplication are precipitates, subboundaries, and
strongly pimned grown-in dislocations. Figure 13 shows a possible example
of multiplication near precipitates gince the density of dislocations neer

the precipitates is much greé.ter than elsevhere,
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B Whéh>£hefbﬁsfacles”are-not randanly éiétriﬁﬁtéd, pafts of the &1alo;f"
cation ‘nay eventwa.l]y meet. - If both sec,m.ents are on the saxm, gliuzz p:lzme,
they will a.rmihilate since the Burgers vectorro d.re opposite in senne., If
the seg;ments a,re on pera,:llel plmxes ’ those 1n screw orientation will tend
+0 crosa-slip togehhcr a.nd annihilate. However, 11? ‘the se@nenta are of edge,
cha.re.cter, 8 dipole will be formd (Fig. k). The dipole 1is atable vhen
the two glide planes are separated by less than a critical velue 4, but 12
vd 15 >d_, o! the disloce.tions cen cross over one ‘another (Fig. lh)
critical sepa.ra.tion is given by
'Gﬁ -

. ™
e~ Bx(i-v)t

vhere t 1is ‘the local rééolﬁd shear stréss, v 1s Poissdh's.-ratio;ﬁnd G, v -
:ha.ve thetr usual meanings. - The continuation of cross-aver can leed to
: multiplication.(:’f') Figure 15 18 an exa.m;ple of dislocation dipole foma.tion 3
“and croas~over. Tt is thnght the.t Jogs on screw d.tsloca.tions resul'cing :
‘. fram intersecticns . by absorpbion of point defects are’ mainly res:ponsible
vjfor the cross-over nechaniem. The 1nterachion vetween gliding dislocations,?
- sub-hounda.riea, or hmobile dislocmions is a.nother possible origin of .
"cross-crver end multiplication.(?’g) The double cross~slip mechmzism 13
. 4mportant only if the stacking fault cnergy of the matertal is not 0o 1aw.7f
V¥hen the stacking fault energy ig low, each disl,ocatﬁ_.on is dissociated 1n_to.v
. two partials sepa.rating a sta.cl:ine; fault. Cross-s1ip or ‘bbwing ofa. ﬁiélbé’f
_cation ‘out. of: 11;5 origina.l p.'la.ne can only occur ﬁ‘ th<. “two pe.rtials com
; together by constriction a,nd this requires more energy the nore wideJy
,separate& axe ‘the partials (1.e-., the lower the ‘stacking fault energy) .
_,Oonseq_uent]y, disloca,tiona in these materials (c.g. , copper &lloys and ‘some
stainless Bteels) rarexy leave their criginal slip plancs (Fiﬁo 16).
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In all the pure metals so far cranined the s\,c.lu.n:g fault encrgles
are not low (e.g., Al ~ 200 ergs/cma,. Wi ~ 80 erge/cn®, fu ~ 40 ergs/en®)
a.né. the dislocation arfaugeme:uts during deformation are carplicated.
Tanzling end formation of densely populated dislocation cell walls are
caumon features in the deformation of both BCC and FCC crystals (e.g.,
Figs. 1Ta, 17b). As the strain inc_:reases, ’ché separation between disloca-
tions in the tangles decreases as ﬁhe dislocation density increases. In
favoxable Biiuatimg smﬁe sée;ments in the tangle may bow out and be re-
leaged or moy act as a Fra.nk-Rea.d source. Flgwe 1T shows examples of
, dislocation sources at cell wells in Nb and Ni. Since the critical stress
for this mecha.nism to operé.te depends on the lengths of dislocation ceg-
ments in the tangle, 1.e., on the.cell eize, the f‘lw sfreas varies inversely
with the cell size. Kuhlma.nn-mlsdorf(ss ) has recently.discussed these
effegts in same detail to explé.in wofk hardening. | -

Iﬁ llzasv already been si:own that in polyerystals grain boundaries
act a8 sources of diglocations. It is how felt that the operation of grain
boundary sources is one of the most significant factors controlling the
effect of graln size upon strene;‘ch.(lg) It is elso observed that the dislo-
cation density for the same plastic strain ond same grain size is independent
of slloy composition end stacking fault energy.(36’ 37) Since the double\
cross-slip mechanism 1s wnlikely to operate in the low stacking favlt encrgy
materials, it appears that multiplication by cross-over (vhich does not
necessarily involve cross-slip) is probably an lmporbtant general. mltipli-

: D
cation mechanism, (32)
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COISCLUSIG;?S : |

Dislocations appear to be formed ee..siht in metals even when the most
c"a.rei‘ul prreparatiau techniques are cuployed. CiThe origin of dislecatiozw
appears to be most satisfactorily eyplained by heterogencous nuclw tilon and
. maltiplication due to stresses arising dwing gsolidification, partiem.rly
at grain-boundaries end impurities. Multiplication of dislocations during
plastic strain readily occ'uxv's'- by & muber of yrocesses esscntielly similar
t0 the Frank-Read wechanien as ‘soon 88 8 dialocaﬁion starts ©o vvmwe- In
polycrystals y grain boundaries a.;ppear to be the mo"t coamnon sourcea of
disloca.tionse - The. differencea in behavior betwaen metala of dif‘ferent
erystal Btmctures, 1anic a.nd ‘covalent crystala is not well form.m*oed at
the present time. WMore ex_perimenta.l work on the farmation a.nd growth of |
\slip bands, eog. » by correlation of aurface Blip merkings with the direct
observations of dislocation arrangemnta in the bands, 1s essentia.l before

a complete muderstanding_ is to be obta.inedo
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Fipure Captions

Dislocation loops formed in Al-5% Mg solid solution after
quenching from 550°C. |

A mixed dialocation sub-boun&_ ry with ) strong tilt couponent

“due to & larc,e number oi‘ parallcl edge dislocetions in Al-5% Mg |

solid solution.

’If'wistv dislocation sub~boundaries consisting of crossed grids of

screv dislocations 1n_'1\!b. Precipitation has occurred on part of

the boundary. ' _

Schematic 11lustrotion showing the formation of‘edge dislocations

at the interface between two crystals of different lattice' parmm*ters.

Crowth feults in epita.xially deposited silicon in [111] orientation.
(Courtesy J. Appl. Physics)

(110) section thrngh o scale model illustrating the effect of

oxygen at the substrate surface in causing intrinsic (I) and

extrinsic (II) fa.ults in the deposited layero (Courtesy J. Appl.
Physics) - ‘

A stepped high engle boundary in Nb containing meny dislocations.
Showing the opemtion of & dialocation source at a high angle
grain boundary in Nb.

Showing_prismatic dislocation loops punched fram an impurity at A.
Notice the loops diminish in oslze with distance from the source.
The loops are thus of the interstitial kind. ,'Cu-—%‘,&’z Ag quenched
fram 1065°C. o | |

Fig. Sa,b Showing dislocations punched out on opposite sides of a grain

boundary fram precipitates (probubly MgsAls) in Al-5% Mg quenched
from 550°C. The specimen has been tilted @ few cegrees from (&)
to (1) in order to bring each side of the boundary into contrast.

A particle in stainless steel operating ss o complexr Frank-Read

SOUrcCe.
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Fig. 14
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(26)

Bardeen-Herring sources Showing ‘the creation of a dislocation

ring fram an edge dislocation pinned at A, B. The slip piane is-

qnormal to the page. There is an extrs plane of atous below AC, B

vhich grows by creating vacancies in neighboring plenes by suc«
cecslve steps ACyB, AC,B, ete, The loops neet at Cx and Cg en=-
abling the line ACsB to create another ring. (Couwrtesy J. Wiley
and Sons) '

Frank-Read source. The slip plane is perallel to the page.

Climb eources in quenched Al-5% Mg alloy, The sources are inter-
faclal dislocations at the particle-matrixz interfaces., Successlve
loups lie on e prismatic surface (they are not coplanar). Parte
of the loops iIntersect the free surfaces at A. ‘

Similar to lla but the source configuration is more complicated
due to dislocation intersctions.

Dilecations moving eround an obstacle by crosswslip(3h)

(a) Edges approaching obstucle (b) Screws approaching obstacle.
The arrows indicate the direction of the Burgers vector. (Courtemy
J. Ingt. Metals)

Creation of loops and dislocation multiplication at precipitates
in Wb plastically deformed 1% in tension.

Showing motion of a dislocation through & crystal containing
uniformly dispersed obstacles. (a, b, ¢) possible successive
configurations (d) annihilation (e) pair formation (f) cross-
over. (Courtesy of J. Washburn 32 )

Examples of profuse dislocztion Interactions in Wb after 10% tensile
strain. The cross-overs produce local tilts in the cyystal leading
to changes in contraét. Many of the dlslocations exe of opposite
slgn, ) | ‘

Typical coplanar arrangements of dislocations in materisls of low
stacking fault energy. Specimen is Cu-33% 7n deformed 5% in ten~
sion (v = 2.5 erge/cu®).

Cell structure of dislocations in Wi deformed 20% in tension.

Notice bowing of loops frum cell walls.
Similar to 1T7a but in this case the specimen is Nb.
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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