Imperfectionsin Solids
ISSUESTOADDRESS...

» Whattypesofdefects arisein solids?

» Can the number and type of defects be varied
and controlled?

* How do defects affectmaterials’properties?

* Aredefectsundesirable?

DefectsbyDimension

» Zerodimensional(pointdefects):vacancies,in
terstitialatoms,substitutionalatoms.

» Onedimensional(lineardefects):Mistakesinst
ackingplanesofatoms.Aplaneofatomsendsin
aline.Dislocations.

« Twodimensional(planarorareadefects)su
rfacesandgrainboundaries.

» Threedimensional:Secondphases.




Whydowecareaboutdefects?

Manypropertiesmaybealteredbydefects/impurities.
e.g.
1) Mechanicalproperties:Metalalloys forimprovingstrength.
2) Electricalproperties:
¢ Defectsandimpuritiescanreducemetalconductivity.

* Dopinginsemiconductorstocontrolofconductivity.

3) Qpticalproperties: !
¢ Wavelengthsoflight Mn-dopedzZnSe 34
beingabsorbedand/or quantum dots.
emittedbymaterialscan u
bealteredwith 7
imperfections.

andmanymoreexamples....

PointDefects

1.Vacancies:missingatomsfromlatticesites.

~~~~~~ Vacancy
distortion

ofplanes

FromCallister6eresource CD.

Vacancieswillalsocausemissingbonds(costsenergytocreatevacancies).
Whyshouldvacanciesform?

Considertheenergyrequiredtocreateavacancy.
Q,=Activation energytocreatevacancy

WheredoestheenergytoovercomeQ,comefrom? ThermalEnergy!
a QD k=Boltzmannconstant
N, =Nexp-
e N 0 KT N,dependsontemperature!

No. of vacancies ] . ) N, .4
TotalNo. of lattice sites ~ Typically: _*~10 4
N




PointDefects

2.Self-interstitial:an extra atom(ofthesame typeasthe lattice
atoms)placed inbetweenlattice sites.

distortion
ofplanes

Forequilibriumnumberofself-interestials:treatsimilarlyasvacancies.

0 QO
N,=Nexpd-
1w
Self-interstitialsareusuallynotashighlyprobableasvacancies. WHY?

Typically,interstitialsitesaremuchsmallerthanlatticeatoms.
Self-interstitialswouldlikely introducesignificantlylargerdistortions!
ie.Q>>Q, 5

Pointdefects.exampleproblem

Calculatethe equilibriumnumberof vacanciesfora cubic
centimeterofcopperat 1000°C.

Q,= 0.9eV/atom

A=63.5 g/mol

d= 8.4 g/cm?3

k= 1.38x 10-23J/K=8.62x10"eV/K




Observingequilibriumvacancyconcentration

* Lowenergyelectron
microscopeviewof
a(110)surfaceofNiAl.

 IncreasingTcauses
surfaceislandof
atomstogrow.

« Why?Theequil. vacancy
conc.increasesvia atom
motionfromthecrystal
tothesurface,where

theyjointheisland.island
grows/shrinkstomaintainequil.va

Impuritiesinsolids

1. Inthelimit of smallnumberof impurities:consideraspointdefects.

2. Whenthereisalargeamount:considerassolution.
Manyfamiliarmaterialsarehighlyimpure(e.g.metalalloys).

Solidsoluti
Homogeneousdistributionofimpurities(similartoliquidsolutions)with
thecrystalstructureofthehostmaterialmaintained.
Solvent:elementorcompoundthatis mostabundant(hostatoms).

Solute:elementorcompoundpresentinminorconcentration(impurity).




Pointdefectsinalloys

Two outcomes if impurity(B) addedto host (A):
» SolidsolutionofBinA(i.e.,randomdist.ofpointdefects)

(e.g.,CuinNi)

« SolidsolutionofBinAplusparticlesofanewphas
e(usuallyforalargeramountofB)

Secondphaseparticle
R e ——d|fferer_1tcomp03|t|on
e e --oftendifferentstructure.

Solubilityfor solidsolutions

A. Solubilityofsubstitutionalsolutionwilldependon:

1. Atomicsizefactor:typically,atomicradiidifference<15%.
Toolargeortoosmallimpurityatomswill causetoomuch
latticedistortions!

2. Crystalstructure:Forappreciablesolubility,hostand
impurityatomsshouldhavethesamecrystalstructure.

3. Electronedgativity:.Toolargeelectronegativitydifferencewill
leadtointermetalliccompoundsratherthansolutions.

4. Valence:Samevalenceispreferredforhighsolubility.
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Example
Issolid-solutionfavorable,or not?

+ Si-GeAlloys

Rulel:r=0.117nmandrg.=0.122nm.

AR%=4% favorable
Rule2:Si andGehavethediamondcrystalstructure.favorablev

Rule3:Eg=1.90andEs.=2.01.Thus,AE%=5.8%favorable
Rule4:Valencyof Si andGeareboth4. favorable
ExpectSi andGetoformS.S. overwidecompositionrange.

Infact,solidsolutionformsoverentirecompositionathigh
temperature.
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Example
Issolid-solutionfavorable,or not?

+ Cu-AgAlloys

Rulel:re,=0.128nmandrag=0.144nm.

AR%=9.4% favorable
Rule2:AgandCuhavetheFCCcrystalstructure. favorableV
Rule3:Ec,=1.90andEy=1.80.Thus,AE%=-5.2% favorable
Rule4:ValencyofCuis+2andAgis+1. NOTfavorable

ExpectAgand Cu tohave |imitedsolubility.

Infact,theCu-Agphasediagram(Tvs.c)showsthatasolubilityofonly
18%AgcanbeachievedathighTintheCu-richalloys.
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Alloyingasurface

Low energy electron
microscopeviewof
a (111) surface of Cu.
Sn islandsmove along
the surface and "alloy"
the Cu with Snatoms,
to make "bronze".
The islandscontinuall
moveinto "unaIonedY'
regionsand leavetiny
bronzeparticlesin their
wake.
Eventually,theislands
disappear.
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Solubilityfor solidsolutions

B.Interstitialsolutions:
Largedifferenceinatomicradiiisusuallyrequired.
Mostmetalshaveclosepackingwithrelativelylarge APF.
(e.9.APFrcc=APF,=0.74.thatmeans74%ofthespaceis filled!)

Onlysmallatomswill fit into

thesesmall interstitialsites

withoutrequiringhighenergies.

e.g.CinFe:

Rc=0.071nm

Re.=0.124nm
Evenwiththislargedifferencemax.
conc.isonly~2%CinFe

14




Effectsof Composition in Solid Solutions

Mechanical:Strengthening
- o (amajor purposeofmaking

232
I M alloys)
L s
/

L T(cc)andmanymore_effe._:cts...

Electrical:

Resistivity,p
(10-80hm-m)

© B N W A~ O O

Compositioncanchange
Phases/Structurewhichin turn
determineprop

CompositionSpecification
Definition:Amountofimpurity (B) and host (A) in
thesystem.
Twodescriptions:
* Weight% * Atom%
massofB # atomsof By 100
Cp=———Mm8Mm x100 C'B:
B~ {otalmass total # atoms

e Conversionbetweenwt%andat%inanA-Balloy:
Ccg= CBAB x100 Cy= CB/AB

CAAA+C'BAB CA/AA+CB/IAB
+ Basisforconversion: atomicweightofB
mass ofB=molesofB X AB _-atomicweightofA

mass ofA=molesofA XAA 16




Exampleproblem:conversion

Determinethe composition inat% of an
alloywith 80wt% Al and 20wt%Cu

A,=26.98g/mol
Ac,= 63.55g/mol
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Averagealloydensity

_ total_mass _m,+m,
total_volume v, +v,

avg

m
W|th A\/ =_A and VB= B_
Y Y
_ mA +mB A B
Pan T T0n M, Tpg
Intermsofwt%andat%o:
p _ 1a@ ;p pavg CA J-CA
9 S FCAIp
Clp CAlp




Imperfectionsin ionicsolids

Recall pointdefects in solids....

a.—Vacancy
distortion
ofplanes

W _—self-

distortion interstitial

ofplanes

Fievm 4.2 Two-dimensional
schematic representations of
substitutional and interstitial
impurity atoms. {Adapted from
W. G. Moffatt, G, W. Pearsall,
and 1. Wullf, The Struciere and
Properties af Matertals, Val. 1.
Structure, p. 77. Copyright ©

York. Reprinted by permission
of John Wiley & Sons. Inc.}

Interstitial
mpurity atom

1964 by John Wiley & Sons, New

Imperfectionsin ionicsolids

Pointdefectsalsopossibleinionicsolids.But...?

0'0°0°0°0°0'
Q.0.0. cation interstitial
000'0'0' W

Chargeneutralityneedstobemet!

Ficone 12,20
Schematic
representations of
cation and anion
vacancies and a cation
interstitial, (From W. G.
Moffatt, G. W. Pearsall,
and J. Wulff, The
Structure and Properties
of Materials, Vol. 1,
Structure, p. 78.
Copyright © 1964 by
John Wiley & Sons,

20
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Imperfectionsin ionicsolids

Scﬂen:;L}Ll;;ia;;ﬁ-n: ¥ ] o 9 0 J 0 9 O o 0'0. o
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New York. Reprinted ol Y Q ol i ) 0 9 o (=3 o

by permission of John o Frenkel defect :
Wiley & Sons, Inc.) 0 ) g o c ."a‘ 0 d 0 (* 0 (%]

Can we have a Frenkeldefect ofanions?

21

Exampleproblem

1. WhenaCa?*is substituted fora Na*ion in a
NaClcrystal, whatpoint defects are possible
and how many of these defectsexistforevery
Ca?*ion?

2. Whatpoint defects are possibleforMgO as
impurityinAl,Ozandhow many MgZ*ionmust
added to form each of these defects?

22
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LinearDefects:edgedislocation

Dislocations:Lineardefectsaroundwhichatomsaremisaligned

1. Edge dislocation:l ineardefectthatcentersaroundaline thatis
definedalongtheendofanextraplaneofatoms

Burgers vector Ficvmwe 4.3 The atom positions around an

b edge dislocation; extra half-plane of atoms
shown in perspective. (Adapted from A. G.
Guy, Essentials of Materials Science,
McGraw-Hill Book Company, New York,
1976, p. 153.)

Edge
dislocation
line

Denotedby _L or T

_____ ,

PO Pointsto theextraplane ofatoms
23

Shear Shear
(" stress

( stress [
. < v | A B C D

v
\. Unit step
of slip

Slip plane —=

Edge
dislocation
ling

fe)

Frovme 7.1 Atomic rearrangements thal accompany the motion of an edge
dislocation as it moves in response to an applied shear stress. (a) The extra
half-plane of atoms is labeled A. (b) The dislocation moves one atomic distance
to the right as A links up to the lower portion of plane 8: in the process, the

Mooy 0 o™ oo™ oo

i} oi5ihiss @SR @ giens
fifsise  fibisfie Bigfffe fRfigie

v 7038 Representation of the analogy between caterpillar and dislocation molion‘24
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Edgedislocation

o000 OO0OOOOS

o0 00O0OOOOSS

::::::::::: Atomicview of edge

00000000000 d@m@mm%mMm
77777 X lefttorightasacrystal

X XY EXXXX) issheared.

A2 XA A RN NN N (CourtesyP.M.Anderson)

o000 000OOR®S

o000 OOQOGOOGOS

I N Y Y Y EEEX )

Notethattheedgedislocationscauseslipbetweencrystalplaneswhen
theymove leadingtoplastic(permanent)deformation.

25

LinearDefects:Screwdislocation
2. Screw dislocation:shiftedbyoneatomicdistance
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Fig.4.4 Callister
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Mixededge/screwdislocation +-

Fuame 4.5
{a) Schematic

representation of a

dislocation that has

edge, screw, and mixed

character. () Top view,

where open circles
denote atom positions P
above the slip plane, \.\H‘x .
Solid circles, atom R“‘“MH‘M TOpV|eW
positions below. At H‘"“‘\.RH‘““
point A, the dislocation [~ ™~
is pure screw, while at ‘““a.:\"‘x\\ ‘x\‘//
point B, it is pure edge. ‘““‘xh\“x i
For regions in between ‘““HHR‘H .;\:"://
where there is P ‘\_R“‘“ //
curvature in the \.,\H“x., ™~ L~
dislocation line, the \:““Rx‘>‘ b ]
character is mixed edge \\‘“\-}:y-\\ o 2>//
and screw. (Figure b oy ] ;/
from W. T, Read, Jr., C‘f(k“&\‘“ TN
Dislocations in Crystals, o
.\:cr(_‘.r;lw-ilill 'n:‘u: N .[‘“*:\ L+ :
Company, New York, N“\__i ///
1953.) ~L_] /; B
s 27
Edge
dislocation
line
Perfectlattice Withanedgedislocation
Backatthesameatom Needtogobackanatomic
spacingtoendatthesame
atom.
Burgersvector:themagnitudeanddirectionofthelatticedistortion
associatedwithdislocations
28
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Example:Burgers vector

» FindtheBurgersvectorforaBCCcrystal.

Note:BurgersvectorsforBCCandFCCcan
beexpressedas

AThkI]
N

K Millerindex
Latticeparameter

Calculatethe magnitudeof Burgersvectorfora-Fe (BCC)given
thatRg.= 0.1241 nm.Compareto the atomicspacingonRES.

Observingdislocations

Friovme 4.0 A transmission electron
micrograph of a titanium alloy in which the
dark lines are dislocations. 51.450%.
(Courtesy of M. R. Plichta, Michigan
Technological University.)

30
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PlanarDefects

Primarydefecttypes:

Surfaces &Interfaces
» Placeswherereactionsoccurandmaterialsmix

GrainBoundaries
 Lattices(andsobonds)donotmatchup

Twins
¢ Planessheartochangematerialshape

StackingFaults
« Errorsinstacking(eg:ABCABCABACBACBABCABC)

31

Externalsurface

» surface atoms are inhigherenergystates than internal
atoms.
Why?

TR Surface atom has
missing bonds

Internal atom is fully
surroundedby neighboring
atoms(i.e.no missingbonds).

32
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GrainBoundaries

- 2Ddefectsthatseparatesmallgrains(crystalshavingdifferent
crystallographicorientationswithinapolycrystallinematerials)

singlecrystal:periodicarrangementofatomsisperfectand
extendstheentirecrystal.

« polycrystalline: composedofmanysmallcrystals(grains).

\ / Perfectalignment.

Samefaces Nograinboundaryis formed.

W

differentfaces

T_ Mismatchleads

tograin
boundary 3
Angle of misalignment Ficune 4.7 Schematic
—rr/ w7 diagram showing small-
{lf' 1) ~\ and high-angle grain
< /\_ A - & boundaries and the
r' : "J::;,/ 1 : adjacent atom positions.
](j& \~\ "I High-angle
bt

: /\_):3: grain boundary

|_— Small-angle Dependingon
ﬁ grain boundany  \yhjchplanesare
<3 XA broughttogether,
L) theangleof
> alignmentwill

4 1 vary.
SN .

=0

Angle of misalignment

34
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| b e Ficone 4.8 Demonstration of how a tilt boundary
having an angle of misorientation # results from an
alignment of edge dislocations.

4 *

Smallanglegrainboundarysuchas
thistiltboundarycanbeconsidered

asanarrayof edgedislocations

N

Arrayofscrew (\V
dislocationsleadtoa
twistboundary.0°mi
salignmentor parallel
misalignment.

35

TwinBoundaries

- Specialmisorientationwhereatoms on onesideofthe boundaryis the
mirrorimageof the atoms on the otherside.

//.-Twm plane (boundary) Fievne 4.9 Schematic diagram

showing a twin plane or boundary
and the adjacent atom positions
(dark circles).

Mechanicaltwins:producedby shear force (in BCC and HCP).
Annealingtwins:produced byheat treatment(inFCC).

36
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Effectsof grain boundaries

Changesmechanicalproperties

» Boundariesaregoodplacesforfracturetooccur
* Boundariesinterruptthemovementofdislocations

Changesinelectricalproperties

» Goodplacestoscatterelectronsorinhibittheirmovement

Sitesforatomdiffusion

« Diffusingatomsmovemoreeasilyintheboundaries

» Someatomsliketositintheboundaries(weakensthem)

» Materialscan“creep”whichmeansevenmetalsathigh
temperaturescanflowlikeliquidsbydiffusion,oftenthrough
grainboundaries.

37

MaterialsEmbrittlement

Oops...
AWorld-warlllibertyshipwhich
brokein halfduetopoorwelds.

Themajorproblemwassulfur
impuritiesintheironoftheweld
whichcausedweakgrain
boundaries.

19



Observinggrainboundaries:
Opticalmicroscopy

* Usefulupto 2000Xmagnification.
 Polishingremovessurfacefeatures(e.g.,scratches)
 Etchingchangesreflectance,dependingoncrystal

orientation.
E microscope E

%ﬁ close-packedplanes
. micrographof
\\‘bi

AdaptedfromFig.4.11(b)and(c),Callister 6e.
(Fig.4.11(c)is courtesy
ofJ.E. Burke,GeneralElectric Co.

FromCallister6e resourceCD.

: / Brass(CuandZn)
Y

M

39

Stackingfaults

Any time the stackingsequenceof atoms makesa
difference an error in stackingof atoms can changethe
properties ofthe material

@)
<
5]
®)
Example:stacking g
faultscanconvertFCC 2
toHCPstructures. m
Materialsofthesetwo é
structuresoften é _
containsuchfaultsand < Sltackmgfaulltsllpkok
manyhavealtered Q  almostexactly like
<

propertiesasaresult. :
microscope.

twinsintheelectron

40
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Imperfectionsin polymers

Somearesimilartometalsandceramics:e.g.interstitialsand
vacancies.

Chainendscanbeconsideredasimperfectionssincetheyare
differentthantherepeatingunits(e.g.initiator attachedatend).

Amorphousregionsbetweencrystallineregions.

Copolymers: S
WZEmnEs iz

L

Defectdiffusioninblock-copol 68 =& On

erectdirtusioninbloCK-copolymers 4 __m __m]l
EEEEEE

Conceptsto remember

Pointdefects: vacancies, self-interstitials, impurities.

Solidsolutions:interstitial,substitutional,solubility,and
alloycompositionanddensities.

Dislocations:edge,screw,dislocationmotion,and
Burgersvector.

Grainboundariesandrelated:tiltandtwistboundaries,
surfaces, interfaces,twins,stackingfaults,and optical
microscopy.

Imperfectionshaveveryimportantconsequences
onthepropertiesofmaterials.
42
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