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LECTURE 3: NONEQUILIBRIUM DEFECTS IN METALS
G. Thomas

Inorganic Materials Research Division, Lawrence Radiation Laboratory
Department of Materials Science and Engineering, College of Englneerlng
Un1vers1ty of Callfornla, Berkeley, Callfornla

1. Introductlon

Most of the properties of metals are.strcngly dependent on the

type, concentration and distfibution of defects which are present.

_kaamples of these prcperties'include»mechanical behavior; diffusion;
’mechenisms and kinetice of phase,transformetions, and electrical.
pfoperties including supefconductivity :
The detalled behav1or of crystal defects is very compllcated but
they can be studled directly using hlgh resolution technlques as Wlll
be demonstrated in later lectures. The subject is extensive (see e.g.
refs; l—9) and here it is p0551b1e only to give a brief outline., Not
" only are individual defects of fundamental 1mportance but also thelr
_interactions and essociations. For example, accumulated vacancies can
.cluster together and nucleate dislocation loops and these cau subsequently
Be nucleation sites for precipitetes, and so on. |
It is impossible to produce metals which are free from defects
rbecause.of sclidificaticnvconstraints, growth accidents, non—equilibrium
cooling.tates, andAdefects intreduced by processing treatments.‘ As a
?esult, poiut, line, surface and.volume physical impeffections can be
created.in addition to chemical imturitiesisuch as foreign atoms, inclu-Al
‘sions, concentration gradients, etc. These are listed in the summarxy.
The minor electronic defects which are vefy important for elemental
semiccnductors are not important for metals S0 these will not be
.considered here. Exemples of the main types of ‘defects and sdme
properties assoclated with them are given in the following.

2. Description of Defects

A. Point defects. A point defect is associated with a short range‘
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| ihtéracﬁion; i.;.‘withinna féwﬂat6micvdiaﬁe£ers'oﬁtéidé.ité position
in:thé 1at£ice;' Thé-ﬁpgt,impqrtant afé vaéant iattice sites (fig.‘lb)-
If ﬁheSé:éiist.in'éXCess of théﬂeqﬁilibriuﬁ thermal éoncént;atidn théy
can loﬁér théif enérgy'by ﬁigréting aﬁd interécting with eéch étherAto

-f&rm smailivoids or'planai.défécts; e;g: idopé; dr by ﬁoving té sinké;'

_e.g; dileCations, fréé surfacés;_grain Bounddriés, etc;' Clustersvof

1di,and tri“vacanéiés.may'bé moré energétically.stéble thén mono—Qacancies
gt‘lcﬁ tempe:aturés.. Thé motién of vacénciés accounfs for diffusibnal

.ﬁfocéésés, such.as recofery;.dislocation climb, creep and aging

réaétions inballoys;' Thé concéntfatioﬁvc of thérmal’vacanciesvis '

| ~Qf /KT | |

proportional to Aexp where the entropy factor A is 1-10, the

formation enthalpy Qf ~ leV for fecc metals, k is Bolzman's constant and
T the absolute temperature. Thﬁs, for aluminum at the melting point ¢

x lO"h'and_at 20°C, ¢ * 10713

. Rapid'cociing -10%/min is sufficient
to retain most of the vacancies sO thaf véry largé supérsaturétidns 93n
exiéf.i-Thesévhigh conéentratiéns accéuntvfor theivery‘rapid ratéé of
.élustering and zone formation as-iﬂ'Al—Cﬁ and Othernalloys after solution
,heat'treatments.. | |

Vacancies can also be created during irradiation and plastic defor-
matibn,'partigularly fatigue.

In.a bure metal, there is:no necessity for the humberbqf vacéncies
- to eéual fhe nﬁmbef of intersfitials,* fig; le. In close packed metals

.fhé formation energy forvinterstitials isbﬁ-T timés that of vacéncies,

so that the fractions of vacancies to interstitials is two to four

¥ Unlike ionic solids, where charge neutrality must be maintained.
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concentrations under ndfmal'éonditioné. .They éan be genérated by
kﬁbck—on evénté when'hiéh‘enéfgy particles are qubardedbinto crystals
sﬁch és dufing neﬁtfon radiation but even then association into clusters
and.éollapsé inﬁo disloéation defects occufs, since the single interstitiél
is a higﬁ enépgy‘déféct Whiéh prédﬁqés'éﬁérmoﬁs locai strains'(fig.vlc).

It is difficult to stﬁdy vacanéiés directiy aithough tﬁey canbbé
résélvéd by field ion microséop&. Eléctronfmicrbécope studies have
béen’made of dislocation loop shfinkagé and growth; i;e. dislocation
climb, from which estimatés can be made of the‘vacahcy'migrational
‘ énéfgiés:and 6thér parameteré8—ll. Indirect methodé'ofvstudy include
measurements of ﬁhysicdl propert& changeslo sﬁch as elecffiéal'
fesistivity, dehsity and latficé parameter512 from which estimates
of formation and migration énergies can 5e made. |

Although singlé poinf defects canno£ bé resblved by electron
‘microscopy (seé chapfer 4) clustered inntkdefeéts and effects arisihg
fréﬁ point defect inféfacfioné can, and examples of sbme defects result-
ing ffom Vaéancies are shown in fig. 2 (see refs.VG, 9, 10 for reviews).
The'stacking fault tetrahedra (fig. 2b) ﬁere not prédicted by theory
gnd were first observed in the électron microécope by Silcox and Hirsch.
[Phil. Mag. 4, 72 (1959)]’ Vacancies are also produced when inter-
metallic comﬁounds déviate from stoichiometry (é.g. NiAl,‘FéAl, etc.).
Chemical point defécts are.impﬁrity atbms which can belsﬁbstitutional
or interstitial and which themselves‘alter the meghanical and physical -
_propértiés.. Théseialferafions aré hof necéssafily undesirable, 5ut it
is esséntial to control them thfqugh control ofvcomposition'and'micro—
étructuré. Cértainlkinds.gﬁd distributionsvof impurities can be very

detrimental, e.g; inclusions and surface films along boundaries.
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S B?fﬁiﬁélAéféeﬁé; Ir a.piaﬁe bf atoms exteﬁds on1y part vay inside.a
crystal thé.edge of this piahe forms a line defecf; viz. a disldcation.
Dislééatioﬁs aré the moét important défécts iﬁ'controllihg mechanical
pfopertiés; Théy,érévalso impéftéﬁt in détermihingjthé precipitatién o .
morphologyvih agé-hardeniﬁg élldys; Wﬁilst vacénciés can exist as
'théfmodynamiéall& Sﬁablé defects in.certain (high) tém@eraturé ranges ,
diglocations; aué fo ﬁhéir hiéh straiﬁ énéréiés; cannot exist as a

' tﬁefmodyﬁamically stable defect: The self énérgy of a disloéation

liné_is ~ SeV/afom distahcé; Thﬁstfressésloqufder'G/3O ;re nécessary
.fd.nﬁéleafé dislocétions.homogénéously (¢ is the shear modulus). Néver-
théless; théy dé éxist; The concépf of.diélocafions was introduced

Lo years'ago.by drowaﬁ, Polanyi and Taqur in order to explaih the
,softneés'of metélé, ng; pure’metaléfcan déform pléstically‘at streSses

? times the shear modulus (- 50 gm/mm?). Dislocations were

less than 10~
not actually observed diréctly until thin foil transmissiqn elecfron
microscoby techniqﬁésvweré‘develéped in the late 1950's. .Eiamples‘
ére;givén ih lecture h. 'Aithéugh ffofessér Parker ﬁillvreviéw-tﬁe'
-théory of dislocations and thé liférature is éxténsive (e.g. the books

. of refs. 2 to 5) some bésic features will be described heré. ' |

| A dislocation is. a line that‘fofms the boundary between a.éhearéd
(slippéd) and ﬁnshéa:ed parts of.a crystalf The usual shear planes

‘are the,close packed planes such as {111} fcc;'{ild}'bcc and {0001} hep.
: A disiocation must form a closed loop or’terminate at a surface or . - W
yanothér'dislocation and the displacement across thé'dislocation line
is con$tant;- This lattér'property characteriées the dislocation in

terms of the magnitude and direction of shear movement associated with
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it and is called the'Burgers.vectof g.. This 1s normally equal to a

'lattiqe translation vector % such assa/2<110>.in fee, a/2<111> in

bee, ete. Figure 3 shows the'fariation in orientation of a dislocation

with_g; When ® and théfliné aré pardlléi fﬂé dislocation is defined
as puré.ééréw; whén:g‘dnd thériiné ére mutuéllyjberpendicuigf the dis—
location is'defined‘éé fﬁré_edgé, énd at other ofientations, mixéd.v.
 Dis1ocations can intéract tovforﬁ netﬁorks aﬁd.the iinks.in the
network may be sessile such as Lomér-Cottfell locks. Theré is also

a tendency for dislocations in close packed_metals'to’dissbciate‘intb

partials, e.g. a5 illustrated in fig. 4 for fcc metals. The partials

form a ribbon bounding é faﬁited region, e.g. in fcc metals the first .
partial changes the stacking sequence from the normal ABCABC to ABCACABC
sequénceAahd the second pértial restbres the ¢orrect sequence. The

separation of these so-called Shockley partials depends on the energy

" of the fault between them - the stacking fault energy, which is quite an

important property. In the example of fig. 4 the stacking fault has the

,héxégonal close packed structure. In addition to the importénce’of

Athese dissociationsbin‘plastic flow they afe also importaﬁt.in effecting

 phase transformations, e.g. the fcc ?.hcp cobalt transformation can be

accomplished by dissociation of whole dislocations into Shockley or -
Frank partials.

‘The stacking fault energies in cryétals'cah‘be measured‘in several

ways, e.g. by electron microscopy measurements of radii of dissociated'

nodes in dislocation networks (fig. 5), or the separation of pértials 

13,1k

if resolvable, and indirectly from x—fay diffraction spectra, twin

boundary energies or the stress at which thermally activated cross slip
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OCéufs (séé réfs.'1h; iS for feviéws). Eor ﬁetals‘stacking fault énergies_
raﬁéé frbm'abogt QOﬂ%rg/cm? QAé)ft§.aboutléooigrg/cme (A1). 1In alloys
‘thé stackiné faﬁlt énéréy‘éénerally decreasééséith éolute cOnténf, elg.
stainless steélrand d;brassés (fig; 6); In non-metals and layéréd
structﬁrés'thé stécking fault énérgiés cén bé Qery low;re.g. gréphité
~ O;OS_érg/cmg.fv

Thé highér the‘étacking fault'énefgy.the'narfower aré the>ribb6ns
fana more éésily forééd togethér by sfrésses. This.meahs that croés
 éiip is easier and fhé dislocation configuratioﬁ changes (fig. 7).
Thus the vélueé of ¥y aré impoftant in undersfanding plastic flow —
.particularly wérk hafdéning. | |

ther important partial dislocations include the stair-rod ais-
iocaﬂion Whiéhlcannof glide.nor climb. The stair-rod is a ﬁconnectiﬁé"
' dislbcation across two interSecting slip planés, but the Burgérs vectof
lies_in neithér, e.g. in fce metals:
Shockley in (1I1) Jélane + Shockley in (T11) plane - stair-rod in (111) or (11T)
Ce/6[1211 o+ a/6lz1n] > a/6[1T0]

The Frank partial dislocation also bounds a stacking fault and in
this case thevBurgers vector'is normal to the plane of the disloéation -
_”liﬁe (fig. 4c). Such dislocations are called prismatic diSlocétions.
A summary of the dislocations that can exist in the fcc structure is
shown in fig. 8. Similar bossibilities exist for other metallic structures.
Dislocation ioops (fig. Za; hé) can be formed by the_aggrégation and
 coliapse of'poinf déféct clustérs; e.g. vacéncy loops.or interstitial
loops. 1In quenchedvmetals.many vacancy loops can be genératéd and

both vacancy and interstitial loops are formed after extensive radiation

'damhge particulafly.by neutrons. Loops can also form when a



moving'dislocation line contains a jog (a segment which lies'out of
the slip plane so that it cannot glide e3511y), or after 1nteract10ns

of moving dislocations and obstacles, e.g. prec1p1tates Prismatic

lloops can also be generated to relieve strains due to preclpltation

and 1oops can be punched out as a result of dlfferential thermal
expansion‘of partieles and the surrounding matrix., Figure 94;ShOWS'
an example where loop punching wes observed directly in the electron
microscope. | |

When an alloy becomes long rangevordered, the dislocations which

were whole dislocations (i:g; b = %)'in the disordered state now become'

'partiai dislocations. These tend to move in nairs called superdislo~

cations so that order is not destroyed. The portions of crystal between

- the superdislocation are antiphase domains.

ABesides interactions with each other, dislocations interact with all
other kinds of defects, e.g. with solute atoms which can slowvdislocations

down during plastic flow and can lead to heterogeneous precipitation.

‘Both of these interactions can cause yield point phenomena. The inter-

actions can arise from elastic, chemical, or electrical origins.

‘Dislocations also interact with surface defects such as stacking faults,

grain boundaries, etc.; and with volume’ defects such as voids, precipi—

tates, inclusions. These interactions all tend to restrict dlslocatlon -

" motion: and can lead to strengthening but also embrittlement (1ecture 6).

Dislocation climb involves dislocation motion normal to the Burgers

vector (whereas glide occurs in the direction of 5). This process

involves removal of atoms, e.g. by vacanéies or addition of atoms, e.g.

by interstitials at the half plane.v,Scréw'dislocations are converted »
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.1nto hellces by climb (flg. 2&) and the climb process is a mechanism for
dlslocatlons to move to lOWer energy eonflguratlons upon anneallng
_(recovery); The climb process can be observed dlrectly by hot stage
electron mlcroscopy technlq_ues.l7 | |

C. Origin of Dilec&tiOns;

lSince the self energy of dislocatiens is very large (~ SeV/afomv

' distance) dislocations_must be heterogeneously nueieated,‘e.g. by
dcondehsation of point defects forming loops. Observatione.have shewn
.that'during.plastic deformation the dislocation density inereases by
severel orders of‘magnitude. Thisbmeaes ﬁhat multipiication prbcesses
such as ffom Frank-Read sources must occur continuocusly as'slip |
proceeds. The following sections outline sburees of the possible
disloeetion origins end ﬁﬁltiblication’mechanisms. |

D. Dislocations formed during Solidification.

It now seems to be generally agfeed that formation of dislocatiens
from collapsed vacancy aggregates does not occur durlng solidification
so that dlslocatlons must be nucleated by other mechanlsms. Howe&er,
if d;slocatlons already exist in the crystal, the total length of
‘dislocetion line can be increased by climb or glide during cooling.
.For example, as a result of climb, edges become Jogged and screws -
ltrapsforﬁ into helices. |

Since a nucleue of solid is formed homogeneously only when the
viiquid is supercooled sufficiently, a nucleus once formed is surrounded o
'byvsupercooled liquid.and w;llVgrdw dendfitically provided a revérse

temperature gradient or supercooling persists. The tip of the,deﬁdrite



may be: bent by mechanical disturbances, gas evolution, convection
currents, or as a result of« strains due to segregatlon of solute

atoms to the 11qu1d Which solidifies 1ast. Consequently, this dendrite

‘can acqulre slight misorientations w1th respect to. 1ts neighbors.

When the dendrites meet each other these misorientations can be
matched by the formation of edge dislocation tilt boundaries,_SCrew

dislocation twist_boundaries, or subboundaries containing mixed

dislocations. Such networks give rise to the so-called‘lineage or

mosaic structure in solidified crystals. An example”of a twist
boundary is shown in Fig 10, | B
-Thus, dlsloca&ions cen.. be: formed as.- soon as the-
first solid is nucleated, and a perfect crystal results only if these
dislocations can be eliminated and the fornation of subsequent
dislocations preyented." | | |
If segregation of impurities'occurs,‘the last.traces_of‘liduid

tovsolidify will have a different composition from the.initially

.solidified dendrite. This.asually means that thevlattice oaraneters of
both will also be different. As a result of the gradual change in
.lattice parameter across the freezing solid,»a system of edge dlslocations
,may be set up at the interfaces. Similar substructures can be formed
.around particles,when precipitation occurs:in the solid state, or as a

- result of diffusion_induced stresses.

In any case of a solid growing on a solid already containing dislo-

bcations, then at the growing face,dislocations existing in the.substrate

may propagate into' the new crystal, since a dislocation must terminate

at a free surface or in other dislocations of different directions
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.(éf nodes); In principle,iit.ié bossible to grow dislocétibn—free'
crystéls, if the f¢rmation of new dislocétions dufing and aftef growth
is preQeﬁted. So.far, bnl&‘the‘¢6valént crystals éf silicon and‘
gerﬁanium haVé béeﬁ:grown‘perféétly, and n§ succéss has yet been
reported for métallic_and ionié cryétals;

Ir thé surfacé of a séed crystal 6r substraté_is steppéd; thé dis-
continuity may be.aécommodatéd upbn subséquent growth by the generatiQn
of dislocations or étacking fauifs.' This is particularly true if impurity
" atoms are adsorbed:on thé surface. Récent high yolfage electron micros-
éoby éiperimeﬁts on vapor déposition of siiicoﬁ havevshownrthé impurity
partiéles which aré mainly réépansible fér the growth faults éommonly
obsérVedvin epitaxial deﬁosits.ao |

If two widely“ﬁisorientéd dendrites méet, a large-angle grain
béunaary will be formed. Such a béundary can contain a largé number
of aislocations, par£icularly af steps in the boundary. If the local
stress is high enough, these disiocétions can be emitted from the
‘boundary,vthéreby eliminafing the steﬁ.‘ | |

The stresses nécessary for nucleation>énd multiplication durihg
. cooling probably 6riginate from (1) Local stressés due to dislécation
arrays already formed in thé.solid; these stresses are probably the.main
cause for propagatioﬁ of 'a small angle boundary into newly solidified
layefs; (2) StresséS'due to segregation'and atomic misfit; é.g. by
differeﬁtial thermal contraction; and (3) Thermal stressés'due to non-
1ineér temperature gradiénts -= barticularly if cooling is done rapidly.
These latter stressés are likely to cause multiplication of the egistiﬁg
dislocations. For éiample; if the thermal stress at the interface is

deliberately increased, an increase in dislocation density is observed.
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.It seems that stress is oftenbthe most 1mportant cause of disloca-
tions formed durlng growth from the melt, so, the critical’stress to move
a dislocatlon must be an important factor. This is borne out by the
fact that crystals of silicon and germanium can be produced free of
dislocations. ‘Bonding_in these crystals is covalent and very strong;
so,’the Peierls-stress_is'yerythigh;,and_dileCations;in the diamond:

lattice are,lthus, relatiyely immobile.

E. Heterogeneous Nucleation of Dislocations from Impurities.
; A precibitate may'act as a small punch inside the crystal in two .
ways. (l) By d1fferent1a1 thermal contraction as the SOlld cools,

(2) As a result of chemical stresses arlsing from a 1ocallzed excess

.(or depletlon) of point defects associated w1th the removal of solute
atoms from the matrix around the particle. The classical example of
‘punching was provided by the experiments of.Jones and Mitchell, where
prismatic dlslocatlon 1oops and helic01dal d1slocations were shown to
.emanate from glass spheres purposely introduced into AgCl crystals.‘
_Since this work many examples of heterogeneous nucleatlon of d1slo—'
cations from impurities have been_obseryed.

In a metal containing precipitates or inclusions,.e'g 'Fig d9,-
.the coeff1c1ents of thermal contraction of 1nc1usions are usually
less than those of . the metal, ‘80, the dislocation loops resulting
':from punching-should be of the’ 1nterst1t1al prlsmatic klnd.
- Consider now the‘case’ofhpartially‘coherent_precioitates,1i;e.
.precipitates:mhose interfacehmith the matrik consists of adgrid
of dislocations. ' If the local stress is h1gh enough,-some.of these

finterfac1al dislocatlons may be emitted from the particle. 'Since the
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dlslocations become held up at the obstacle unt11 they start bow1né
.around it and until an appreciable screw orlentation can be attalned;v
vThe screwsjthen-cross-slip_to above the obstacle, eventually leading to
the formation .of a pr:ilsmatic.'loop. behind the ;Q;rticlé.- | This loop can’
glide on its prisﬁatic surface;‘ When'screws:encounter the oBStacle,
cross-slip may eventually lead to the operation of a Frank—Read source.
Typlcal obstacles that are observed to glve rise to multlpllcatlon are
precipitates, Subboundaries, and strongly‘pinned, grownfin dislocations.
When'the obstacles are not randomly distributed, parts of the
dislocation may.eventoally meet.e If both segments are on the same glide
,plane, thethilljannihiiate each other,.since the Burgers vectors are
. opposite in'sense._ if the segments.are on parallel planes, those in
screw orientation will tend to cross;slip together ahd be annihilated
However, if the segments are of edge character, a dlpole will be formed.
The dlpole is- stable when the two g11de planes are separated by less
than a‘critical valqevdc, but if d > dc? the dislocations can cross over

one another. The critical separation is given by

, 4 = Gb :
N c  8m(1 -1

" where 1 is the local resolvedvshear stress,-v is Poissoh'S-ration,_and
VG and b”have their usual meahings.VA

'The'coﬁtinuatioh of crosseover'can lead to multiplication;”_lt.is
thouéht that”jogs.on screw dislocations resulting from intersectiohs_or
by absorption of point defects are mainly responsible for.the'cvoss—over
Nﬁechanisﬁ. The interaction between-gliding dislocatiohs,‘sobboundaries;

or immobile dislocations is another possible origin of cross-over and

S
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dislocation densities in_the martensite grains are very high (> 10

~15-
multiplicétion. The double Crosséslip mechanism is important only
if the stacking-fault energy of thé_méterial is ﬁotrtoovlow. When
the stacking-fault energy.is low, each dislocation is dissociated into
twb partia1s separating a stacking fault. Cross-slip or bowing of a

dislocation out of its original plane can occur only if the two partials

' comevtogether by constriction, and the mOfe widely the partials are

séparated (i.e. thé lower the stacking-fault enérgy) the.moré enérgy
this requires: Conseéﬁéﬁfly,.dislocations in these materials (e}gf
copper élloys and some stainless étéels) rarely 1eavé théif original
slip planés (Fig; TGQé); . |

In most pure metals, the:stacking~fault energles are not low and

‘the dislocation arrangementé during deformation are complicated.

Tanglingvand formation of densely populated dislocation céll wélls’
(Fig. 7a) are common features in the deformaﬁion of both bece and fce
crystals; As the S£réin ihcreasés, fhe separation betweeﬁ disloéations
in fﬁe t&ngles decféases as the diéloéation deﬁsify incfeases. In
favérable sitﬁatibns some ségménts in the tangle ﬁay bdw out .and bev
released or may act as a Frank-Read séurcé;‘ | |
Dislocation.géneratibn can also occuf.duriﬁg phase trénsifioﬁs

particularly in martensite. In low carbon and low alloy steels the

10

: 2
per cm ).

G. Surface Defects. Of these, the greatest‘numbér are’the,ihternal

surfaces such as grain boundaries, twin boundaries,'subgrain boundaries,

stacking faults, antiphase domain boundaries in ordered alloys (Fig. 13)
and interphase interfaces. The external "free" surfaces are particulafly

important in terms of chemical activity (oxidation, corrosion), diffusion,
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fatigue. The internal surfaces control thé_initial.kind of interéctibn.

with dislocations. This cén:be iiiﬁstrated‘by considering the state of
cohéiénﬁy across fhe'iﬁtérfaéés bétvéén phases AS'iilustratéd two;v
diméﬁSionally in Figr 1k, As cah 5é'$ééﬁ, if the strength of the
material isbfhé'samé on'éithéf side of tHe;bouhdary thé piasticity'

depends only on the nature of the inteffacé, viz. whether dislocaﬁions

can cross the interface or not.

Actually the érystals‘on eithér side of the interfacevcan differ_'
in orientﬁtion, structure énd coﬁéosifibn and when" ail thfee differ,
cohéfenéyiis ﬁof 1ikély. In a system where only misériéntations o¢cur;
e.g. grai#/twin boundaries, the boundary can be considered to éontain
érstepﬁed orvledgé struéturé br plaﬁar interfaciél dislocation netWorks'
depending on the misdrieﬁtatioﬁ involved.

There is éohsidérabie éurrént iﬁterést.in the dislocaﬁioﬁ strﬁcture
of érain boundariéé énd théir éfféc£ on boundéry'migration and sliding.18
Qbéervations'by fieid idﬁ micrbsCOpy and transmission electron microscopy
indicate that the width of gréin bdundary is only a.féw atomic spaciﬁgs.
The:coincident.sité lattice theorylg'déééribés a génerél bo@ndéry in |

terms of superposition of a dislocation small angle boundary on the

- appropriate coincidence site boundary. This theory requires that the

. grain boundary follows a plané in the_coinéidence boundary containing

a high density of coincident_sités. Deviations from this plane are

accommodated by steps. Actually, the ledge structure is just a s?ecial

case of the random dislocation interfacial structure. These boundaries

- allow diffusion to occur more rapidly than in the matrix and are thus

sites.qf easy precipitate mnucleation. AlsS, boundaries are sinks for

vacancies and special morphological ﬁrobléms'such as'precipitate free
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zbneé'may develop as a résult df‘theée'diffusions (see Fig. T lecture 6).

H. Volume Defects. 'These‘aré three dimensional micrOSCopiC'vdefects

coﬁpared to th¢ atoﬁié diménsions_of the preﬁioﬁs éétégbiiés. They
 includé sééoné phééé pafficiesvsuchvas néhfﬁéfallic.inéiusiéns‘(e.g.
oxides/sulphides in steel), voids, cracks, undesirable second phase
particléé'(e.g. Bi in‘Cﬁ); nCéntrol bf théyﬁartiélés_in this:élass
depehds@gﬁlcompositiOn aﬁd;prdcéssing; ' |

Voids aﬁd cracks can déveloP by_diffﬁsion‘(e;é. Kirkendall effect)
by the aséociatioﬁvéf vaéanéiés, aﬁd duriﬁg deféfmation,'espécially
»ih fétigﬁé.énd'gfeep; Cfacks étart-off by the‘sebarationbof éﬁrfacés,'
e.g8. at intermetallic pattiélé/ﬁatfix interfaces. Their propaéétioﬁ
 ':can Bé sléw or céﬁastrophic dépénding.on‘streés.disfributioﬁ;’magnitude,
vandlproﬁerties of thérmaterial{ A1l of these defects piay a majbr'role
in sefviée pefformance.of metals pérticulariy s£r¢ﬁgth,“au§£ilityv
énd toﬁghness.ﬁ | | | | ”
3. Suinmary of La:tt_:“.'cj:é'lﬁefec?t(s
Point_Defécts

8. Vacant Latticg-Sites :

b. Substitutional Solute A_;c’oms

.c. ,Iﬁferstitig@ SolutetAtoms‘_ | | 7 |

d.- foint'Defe¢t Aggrégaﬁes/dlﬁsters of any of a1ivof_the above.
- Line Defeéts‘ | ’ | o
e, Wmole d.i’sl'ocva‘.ci‘o_ns (’B{n}gefs vector b = Lattice Vector )
b. Partial'aiélocations (Bu:gers.vector-<_T)1

e, Superdislocations (Burgers,vector.='supeflattice'Qé¢tqf)
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FIGURE cA?'rmNs -
Fig. 1 (a).Lattice Sites'all.occupied - perfect crystal
(o) Atom #1 nas been'temoved leaving mono—pacancy,‘and local collapse
E occurs; A vacancy pair (divacanCy) is created if any of the nearest
neighborlng atoms 2, 3‘ 4, or 5 is also removed | cher complexes~
are possible. (c)ﬁ Intefstitialcy created by an aton being forced
between atoms on nornal lattice sites. a
8 >b > c can occnr by irradiation damage: atom 1 is ejected .
leaving a vaCancy and creating an interstitialey. |
Sinilar distortions can occnr ftom solute impurities, e.g.
(B) represents slightly smaller atom than‘solvent (é)l interstitial
“atom such as c, N, O, H, B; |
Fig. 2.Defects resulting from vacancies a) perfect dislocation loops and
helices in Al-5% Mg quenched from 500°C, b) stacking fault tetrahedra

in quenched gold. Transmission electron micrographs (lOOkV)

' Fig. 3 (a) Sllp plane containing a dislocation loop. The screw_(S),

edge (E), and mixed (M) components are marked.
(b) view notmal to the edge_dislocation line; there is an extra
"half plane associated with it. Slip causes the line to nove by
successive local bond changes across 1—2 3 4-5. |

Fig. 4.(a) The close packed plane in fcc (and - th) metals The normal
lattice translation T =% =‘§E'= a/2<110> and this:can also
occur by pattial translations a/6 [121] followedlby a/6t2ll]
which enclose'a staCking'fault (b); (c) shows a Ftank.dislocation
loop.surrounding a fanlt - note that in (b) the BurgerS'vectors

lie in the fault plane whereas in (c) it lies normal to it.
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Fig.

Fig.

Fig.

6 Stacking fault energies of o-brasses determined from nodes.
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5 Cu-33 1/2% Zn deformed 5/ in tension the dlslocatlon network

contains extended nodes which are used to determlne stacklng

_fault energies (e.g;uat'A); : Electron micrograph.'

The types of dislocatioh configufation after 10% tensile strain.
are indicated“(see_fig. 7).

7 Changes in dislocation substructure in a-brasses deformed

107 in tension at 273°K a) 4% Zn, b) 8% Zn, &) 16% Zn, d) 24% Zn,

Fig.

Fig.

Fig.

Fig.

B Fig.

"l

Fig.

e) 33;5% Zh;. Noticehchange from-cells to planar groups.asV% an.b
increases and SFE decreases (fig. 6) 'EleCtron micrographs.

8 Show1ng the p0551ble dlslocatlons in the (lll) fee plane._ Three
other eqqivalent {111} planes have similar pOSSlbllitleS. _

9 Direct observations-of_dislocatioh loop hdcleation'in Al—S%'Mg.

' The.precipitates at S and T cause interstitial-nrismatic 1oops

_to be‘punched out. Electron mlcrograph from Eikum and Thomas

Acta Met 12, 537 (1964)
10 Intersecting screw dlslocatiOns in niobium forming a twist
boundafy in a plahernearly parallel to_the page. Electron micrograph.
li A Bardeen-Herring_(climb) soufce_showing-the creation of’dis— -
1ocation loops from an edge dislocation pinhed‘at AB. The slip
plane is normal to the page.:

i

12 Example of a climb source in Al SA Mg after quenchlng More .

and more prismatlc loops are generated durlng aging. S e

A

13 Antiphase domain boundarles on {100} planes in ordered Cu3 Au.

Electron micrograph



Ag'Fig.fi4 (a),Cohefehtfiﬁte?f?¢él;ftherélmay,befséme e1aétic straiﬁSf_ :_

. 'at the interface, e.g. G.P. zones, spinodals, antiphase boundaries.
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Comm1ss1on 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 informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or .

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, 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 Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any .information pursuant to his employment or contract
with the: Commission, or his employment with such contractor.
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