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LOSS OF COHERENCY IN SPINODALLY DECOMPOSED Cu-Ni-Fe ALLOYS
. . . i _
R. J. Livak and.G. Thomas .
Inorgenic Materials Research’ D1v181on Lawrence’ Berkeley Laboratory and

Department of Materials Science and Engineerlng, College of Englneerlng,“
" University of Californla, Berkeley, California

A?SlRACT

Coarsening of the spinodal microstructure.ln copper—nlekel—iron
alloys has been studied in detall using trans n‘s*ion electron microscopy.
Loss of coherency in this’ lamellar.mlcrostructurepoccurs by the capture
of slip dlélocations‘andvsnbseqnent multiplicatlon at the interphase
interfacesl' Easedlon the observations, it is proposed that'then
multiplication process.providing the misfit-accommodating dlslocation
loops proceeds by the spiralrng of the captured: di locetious a“Ound
the platelets by climb, simllarly to the formaticn of helloal disloca-
tions. Because the Burgers vector of the captured;dlslocatlon is |
inclinedbat.45° to the {100} interfece,_diffuslon coutrolled rotation
of the lnitial {lGO} coherent interface-toward the {llO}‘plane
containing E occurs in order to lower the lnterfacial eneroy. This
rotation of the semi-coherent 1nterface< resultb in a change of the
initial platelet morphology to a microstructu*e containing rod-shaped

’

and more equiaxed particles.

. N _ K E ,
Present address: Bell Laboratories, Murray Hill, N.J. 07974,



" metallography have been’previouslv studied by Butler~and Thomasl and

l lntroduction.

The kinetics of spinodal decompositlon in three Cu-Ni-Fe alloys

and the corresponding mlcrostructural changes as observed by eiectron

by Livak and Thomas 2 As ‘the structure coarsens in these spinodal
alloys, coherent platelets ‘form on the {100} planes because this

morphology minimizes the elastic strain energyvof_the two,phase o

- micrdstructure.3 After long aging times at highttemperatures,lthe :

coherent platelets_lose'coherency as interfacial dislocations. form.
In a Cu—Ni—Fe'alloyvof‘symmetriCal composition.(i:e at the center

of the miscibility gap), Butler and Thomas1 observed that interfacial

' dislocations initially form when the platelet thickness is ~ SOOA

| and'thatvloss of coherency occurs more rapidly at’higher»aging

temperatures even though the lattice mismatch between'the'two fce
phases decreases with increasing temperature. Contrast experiments

indicated that the most probable Burgers vectors of'theginterfacial.

'dislocations'are of the type a/2 (110 ) which are slip dislocations

in these alloys. After very long aging times, networks of interfacial

dislocations were observed and ‘the semi—coherent intcrfaces were

‘observed to rotate away from'the {100} habit planeS'toward {110} planes.

Subsequent electron metal]ography of cemi—coherent particles in these
Cu-Ni Fe alloys demonstrated that the interfacial dislocatlons have

a/2 {(110) Burgers vectors that are inclined at 45° to the initially

’coherent {100} interfaces.4



‘The objective o{ the present study was ‘to undérstand-the meéhanism
for loss of_coherencf in spinodally decomposea éndﬂQOarsened Cu-Ni-Fe
ailoys;‘ betailea analysisvby transﬁiésion ele¢tfoﬁjmicrosgqpy.has
led to a'ﬁodélvfof tﬁe dévéldpmeﬁé of the semi-coherent ﬁic;ostructures

‘fromvthe‘iqiﬁially cbhefent ﬁlatelet mOrpHology*théh‘is consisteﬁt with
6bservatidﬁé.v The relafive énérgieg of various fypes Qf iﬁfeffacial
structuras havé been considered and a diélocétioﬁ ﬁéchanism is proposed
to accouﬁt for the generation of many misfit—accomﬁodating dislocation

1bops from a singlé siip dislocation captured at the interface.

‘2. Experimental Procedures

2.1 Materials and Heat Treatment

‘ The‘preparation of the alloys used in this‘sfudy has been described'.

earlier;l’z The coﬁpositioné'qf the three allpys.studied, in at.Z,
were: | . _ |

,élloy 1: 32.0_Cu —.45.5vﬁi - 22.5 Fe;‘

Calloy A: 51.5 Cu - 33.5 Ni - 15.0 Fe;

‘alloy 2: 64 Cu-27 Ni- 9 Fe.
These-allby compositiqﬁs lie along ghé same tie—iine,onvthe misciﬁility
gap of thg Cq~NifFe system andbthe corresponding:ﬁéeﬁdo?binary phasé
' diag;ém is-giQen.in Fig. 1 of refereﬁce 1. Samp;es for electroﬁ
microscépy were p;epgred from eight miis thick sheet material that

had been fabricated from the alloy ingots as deséribed previously.2

v




Conpons of the three.alloy comp081tions wete solntion treated
at 1050°C for two hrs in evacuated quartz tubes and then quenched by _
| breakiné-the tubes.under ice watet.. Because the’later stages of |
coarsening.were to be studied, the quench rate was.nct ctitical to
the subsequent aging'treatments. Aging ﬁasvdone-in evacuated quartz
tubes at 775°C and 800°C for so,"~1oo,and 200 hrs.

2.2 Electron Microscqu

‘The heat treated coupons were thinned initially in a chemlcal
".polishing solution of 20 ml acetic acid 10 ml nitric acid and 4 ml
i hydrochloric acid or on wet polishing paper to a. thickness of 3-4 mils
7 Small discs were: then spark cut from the coupons, polished on fine
emery paper and electropolished in a double jet polisher using a
chromic%acetic acid'soiution_(75rgm»CrO3;7400 mlkvacetic'acid'andv '
12 mi water) kept at ~ 10°C. This pclishing pfocedute worked fairly
" well even though the Cn rich phaae polishedvpref‘erentially‘.I |
:.The‘nolished thin_foils were examined in.avSienens_ElmiskOp:iA
electron microscope operated at 100 kV uaing)a douhle.tilt gcniometer
atage4for'contrast experiments. A few‘foiis'wete enamined in a_
Hitachi'6§0'vaelectron microScope:to stndy'the,interfacial'dislocation '
arrays-in.thicker areas of the'fdils.: InhOrder to obtain a hetter |
understanding of the dislocation conflgurations, nairs of stereo
micrographs were taken of some areas at 100 kV by tilting the foil
10-12° along a Kikuchi band so as to have the same-diffraction condiev

tions for both micrographs.
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3. Observations

‘_Mosthf fhé electron‘microscopy observationé-@ere‘made on alloy 2
twhiéh containsvthe largést volume fraction of thé Cu riéh_pﬁase in
-the three alloys studied.' Since the Cu rich phase polished preferen{
tially; if was easier to prepare good fdils of_élioy 2 than pf the
other tﬁo alloys. No interfacial dislocations‘were observed in
specimens of the twb asymmetrical a110ys‘(¢ompo$itions 1-ana'2) aged
at 7006C fér 10, 40 and 200 hr and‘at 775°C;for'ib'hr._ It waé'obsgrvéd
earlierz_that the-particles in these two alloys~rémained gohérent
after aging'iooo:hrjat‘625°c. When-agéd;at»86Q5C,ailoy é'contain§
~ 15% voluﬁé fracti9n7of';he Ni-Fe rich phase. 'TﬁiS-alloy remains
singleiphése whenvaged.ag 825°C but the symme:ricai alloy (composition
4) is stillﬂinside thevtwp'phase region at_thig'éging temperature:
Before coherency is lost,velongatiqn ofidiffraétion spots ndrmél
to the’interfaces ipdicates_ghat tﬁe»twq phasés ﬁave.coﬁstraiﬁed E
face.centered.tetragonal crystal structures'withbthe c axgé ngfmal.
to4thevc6hepent interfacévand the two common a,axeé;lying in‘the {100}
interface. In samples agéaAat 625°C for lOOO hf@iﬁﬁis'spot‘elongation
corresépnds to a latticewparémeter difference nofmal to the interface
of Ac.i'i%.Bv In a samp%e of ailoyv2 aged 200 hr.at 775°C,fthé'meaéuredv
moiré fringe spacing corresponds to_a constrainediiattice misfit ‘of |
0.7% between the .two coherénf pﬁases; |
- In many of .the diffraction patterns takenvof'large_cOherent platelets,

distinct streaks were observed lying alongvthe,€100> direction normal to




,theiinterfaCe. The'length’of these Streaks,~as shown in Fig;‘la,
vcorresponds to a distance.of 15—20A in the crystal and they probably
are produced by the elastically stralned reglon on elther 51de of the
vcoherent 1nterface. In some cases two streaks separated by a small-
distance were pbserved’to passlthrough thelsamewspot, and this effect
may be‘caused by a nagneticldeflection.due to thekferromagnetic Ni-Fe
.rich phase; |
The microstructure prior to loss of coherency consists predominantly

of thin platelets about SOOA thick and 1 -2u in length with {100} Habit
planes (see Fig. 2a). During the initial stages, loss of coherency

does not occur throughout.an entire grain but rather specific variants
of the platelet'morphology develop interfacial dislocations preferential¥
ly as shown.in Fig. 2b. Furthermore different stages'in‘thevdevelopment
of the dislocation arrays are often observed in adjacent particles.
Another.aSpect of the selective nature of this process is that there
appears to be no unique particle siée but rather a range of particle
thicknesses for which interfacial dislocations are observed This is
illustrated in Fig. 3 where two groups of four interfac¢ial dislocations
are seen at one platelet and all the surroundinglplatelets are still
coherent. |

As ohserved earlier by Butler and 'I‘hom'as1 and also in the present

study, the semi—coherent interfaces develop more readily at higher
temperatures for smaller platelet thicknesses and smaller lattice
’mismatch.' Once the interfacial dislocations.form,_the semi—coherent.
particles grow more rapidly‘than the coherent platelets (e.g. Fig.@Zb);

As to the effect of uolume fraction on the loss of coherency, the
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symmetrical alloy céntaining an gqual §olumé‘fr§c£iéﬁ'of the two
phasés Ioses coherency sOoner.thanvthe asymmétriéélzalloys aged at
the s#me témperature.: Fbr exaﬁple, Butler.and Thomas:observed some‘
‘interfacial disloéatiéns in foils of alloy A agéd at 700°C for“&b hr .
whéreas no interfacial~disldcétioﬁ$'were obserVed:iﬁ féilsvof the
ésymmetrical alloys .aged. for 200 hr at the samértempefature, |
As thé interfacial disiocatidns’form, the interface changeS its

'ofientation_towards a {110} pléne. vAn example of fhis changé is .‘
" shown in thé upper left corner of Fig..ZB wheré a“few_interfaCiél
dislocétions have formed. An eveﬁ earlier stage_bf thi$3processvis.
shoﬁn in Fig. 3 where local rotation of-the inferface containiﬁg tﬁe_

dislocations has occurred. Figure.3 shows clearly that the 'displacement”

vtowards'(llO > is much largér than could be produced by each dislocation .(

and therefore is not produced by slip alone as has'been 3uggested

earlier (4). ' Thus the change of orientation mué; be diffusion controlled,

and occursvduring thenlong'aging times involvedél—As the-inteffacial
disloéatidns develop further, the reorientation of the semi—céhérent'
v interfécetcan résultbin a corrugated—shaped.inﬁeffaée in which case
the surfaces remain planar (see Fig. 4 in Ref. 4)."Howéver’in other
cases the interfacés become curved as they chaﬁge orieﬁtation_(e.g.
Fig. 2b). Contrasf analyses showed that the iﬁterfacial'dislocations
on the’two»surfaces of the corrugated—shabed interface have diffefeﬁt
Bufgers veétbrs. | | |
Diffraction contrast experiments have shown that the-Burgérs

vectors of the interfacial disiocations are of the type b = a/2 (110 ),
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whidh_is a é1ipvdislocétion in fcc crystals; and‘invpp§t.cases the
‘Bufge:s-;eécoré'aré'inclihed af 45° to the {lOQ}véoherént interfaces.4
The disibéafioﬁ 1ines generally lie along (ldO')=directions in the
interface glthough sometimes they'are'aléng (110“) airections or take
some iptérmediate ofientation (see Fig. 4). Most of the observed
semi—céﬁérént.interfaces containvohe ?egular array of parrallel’
dislocatiéns and in some ééses a sécond set of dislocations which are
more irreguiar‘in appeafance. Sometimes the second set of dislocations
is perpeﬁdiéuiar to the first sét and these diSlécations often appear
to‘bé situated ét steps on the intérface as shown‘in Figure 5.

Steféovmiﬁrographs of fﬁe‘interfacial diéloééﬁions have revealed
- that some of the observed dislocations do not lie in the interface but
rather extend into one of the phases.5 _Furthermdré, high.volﬁage
electroﬁ microscopy has confirmed the obseryationvof "stray" disloca-
tions théf do not lie ih'fhe interface (e,g. Fig. 6). Most of'the
vmicrographs.show Segmehts'of interfacial dislocépith'that terminate
at the.foillsurfaces. However, Qhen the inteffééial.dislocations lie
in the piane of fhe foill, it has been observed ;hat these dislocations
do in fact ioop around the ends of the plateiets. |

An incrgase in tﬁe slip dislocation density accelérates the loss
of éohefenéy process és demonstratedvby the folloﬁiﬁé»éxperiment. A
sample of alloy 2 was'aged:at 800°C for>10 hr, feduced in thickness
~ 20% by”éold_rolling‘and ﬁhenbaged,an additional‘S hr. Thin foils
préparea ffom this deformed and aged specimeﬁ contained some particleé

. that were'beginning to lose coherency, whereas~foils prepared from the



same materiél'aged for 100 hr at 800°C but'not'deformed showed no

evidence of loss of coherency.
4. Discussion

4.1 Semi-coherent.Interfacial Structure and'Enéfgétics

A single interphase interface in this coherent platelet micro-

structure is similar to the interface between a thin metal film and

the metal film substrate onto which it is evaporated. Various detailed .

) theories of dislocation interphase boundaries in thin films have been
developed; and Aaronson, et-al.6 have.recently réviewed these theories
including experimental observations for thin film_and'precipitéte

interphase boundaries. These theoretical resulté are used to explain

the observations made on the loss of cohérencyvinithesé Cu-Ni-Fe alloys.

Théxequilibrium crystal structures of the two'phases_are facef
ceﬁtered.cﬁbic with a small difference in latticexparameter.' Just
prior tO;IOSS of coherency the two phases havevcoﬁstraihed féce—centered
tetragqnal crystal structureé with . the twé'commoh é'axes in the {100}
interface gnd c axes nofmal to the interfaée."The Ni-Fe rich phase
has 21 < E'whereés the C; rich phase has 92 >';f"fhe finé% semi-
coherent microstructure of these spinodal alloys isbéXpecfed to co#sist'
of spﬁericai parficles of the minor phase surrounded by.a dislocatién

network containing three non-coplanar Burgers vectors that completely

relieve the lattice mismatch along the three cube axes.

.
\
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Based oﬁﬁgéometrical considerations the mostvéfficient misfit-
.accommbdating4dislo¢ations are pure edge dislocations with the Burgers
'vector'iyipg in‘fhe interface plane and'thebextfé'hélf plane of atoms

extending into the phase with the smallér,lattice;pgrameter (i.e. thé
Ni-Fe rich-bhase).y'Howevér;'the observed'interfécial dislpéations in
these Cu-Ni-Fe alloys have Burgers vecfors incliﬁed at 45° to the
interfacé and are thus only partiaily effective iﬁ accommodating the
lattice.mismétch. Similar'misfit;accommOdating diélocétions at {100}
iﬁterﬁhasé boundaries have been obsefved by Mattheﬁs7vand by Jesser
and Matthéwss’g.in eVaporated,thin‘metal films.‘ Based on the present
fésults_and also other reported observations of various interphase
interfaéeé,6’lo it is evideﬁt that‘the dislocations present at a
vsemi—coherént interface are not necessériiy thevﬁosﬁ‘eﬁficieht ones
or those of minimum energy but réthef:may be thoseidis%ocations that
are most easily generated or most readily availablé to relieve the
coherency strainé.

In‘explaining the loss of coherency in Cd-Ni—fé‘alﬁoysQ it is

useful to éénsider the relative changes in ;hg interfaéial energy

for various interfacial structures. Fot this discussion.the micro-

' étrﬁcture:of inte:est is an érray of’paralleifpiatelets that are
initially coherent and that subsequently become seﬁi—cﬁkerent (see

.Fig. 7). The interfacial energy conSistsvéf tw§ pafts: (1) a chemical
componéﬁt due to tﬁe difference in atomic bonding acfoss the interface
ana‘(2) a structural component due to the eiastic sfrain energy of the
coherentbiﬁterface or to the interfacial dislocation energy. The

chemical compositions of thé coherent plateleté are given by the
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cbhefeﬁt_miscibility'curveiandfthus ate differeat,ftom the coﬁpoéitions
of the semi—coherent piatelets, But since the lattice mismatch. is
small (17 or leSS), the'diffetence'in compositions‘oetWeen'the coherent
- and semiéeoherent particleS-is small and thus the‘éhebical inteffaciad :
energles are about equai. | |
" In Order'to eStimate the.structural interfaeiai energies ‘for the

coherent and semi-coherent states, the theoret1cal expre551ons derived
by van der Merwe11 12 fvr the 1nterfacia1 energy of a thln film
evaporated‘onto a substrate have been used v The details of the

_calculations are given in Appendix A‘where it is-shown that the structural

componentdof‘the coherent interfacial energy in these Cu~Ni—Fe-alloys

is ~ 330 ergs/cm . For the semi—cohereht state‘“van‘der Merwe considered

two simple cubic crystals in parallel orientatlon W1th the misfit in
only one ditection being accommodated by‘parallelﬂedge dislocations.
Using tﬁexeduations,resultingofroﬁ van der Merwe's'analysis, it is |
shown in Apoendix A that the structural interfaoiai energy is

~ 250 etgs/cm2 for a semi-coherent interface eontainiﬁg one set of
dislocatiohsvwith the Burgers vector inclined at 45° to the'interface
whereas this‘component of the energy is only ~ 225 ergs/cxtl2 for a (110)
interface with b = a/2 [IIO] lying in the interface. As the seeondv
set of iﬁterfacial dislocations is formed, theiinterfacial energy

will be further reduced.

4,2 Proposed Mechanism for Loss of Coherency

Based on the experimental observations deScribed»previously, loss

of coherency in this platelet microstructure occurs by the capture of

(I . |
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. slip dislocgtions from the matrix with éubsequeﬁt multiplicatioh by
climﬁ'éf the”dislocafions at the interfaces'tb'givevthe observed-
_dislbcatigﬁ'arrayé.b The puﬁching of dislbcatioﬁ iéops at or close
to the;parﬁicie - matrix interfaces is not expeéﬁed.td occur in these
Cu-Ni-Fe ailpys because of the smail lattice miémgtch (< 1%). The.
' calculatioﬁs of Weatherly13 indicate that the unconstrained tfans—
formatioﬁIStrain of a pléte—shaped précipitate muét be greater than
iOZ for iOSS~Of cqherency'ta occur by punching;'_Alsb;vé model for
lbss of coherency in moduléted strucfures based on:the pfismatic
'punching‘mechanisml4 predicts that the maximum éf eritical modulation
waveléngtﬁ_for loss of cohérency decreases as the misfit increases.
”However,.invthese,Cu—Ni—Fe alloys it is obéerved'fhat loss of coherency
pccurS'for‘smaller wavelengths at higher aging femperatgres, where
the miSfit is.less. | | |
Tﬁe pféposed'mechanismbfor loss of coherency involvés a dislocation
multipliéation process in which a slip dislocafion adsorbed at the
interface spirals around the platelet fo fofm interfacial dislocation
loops. Resolution of the coherency sfresses dnﬁo the various slip
systems demonstrates a preferential stress intérécfion between a
cohérent’{lOO} interface and a slip dislocatiéhbwithbits Burgefs vector
inclined at 45°:to'the interface. And the sﬁbéeQuent extension éf the
“céptured dislocétion at the interface leads to.fhgispiraling of the
‘dislocatioﬁ around the'plételetf VWeatherlyvand Niéhoisc;nl5 have
observéd a similar dislocation mechanism for thé'i§ss of coherency of
rod shaped precipitates, énd Matthews16 has proposed a helical disloca-

tion meéhanism to explain the formation of misfit dislocation loops



Co12-

around.spﬁericél'particies;

.Becégsé loss of.coheréncy,occurs‘so slowly}iﬁ these Cu-Ni-Fe
alloys, it>is assumed thét theApropess is depenéeht;on'the availabiiity
of mobile disioéations already prééent in the nyétal;_ It is.possibig
that the slip disloFatioﬁsvare mostly generated at éxisting'dislocation
sources acted upon by the cohéréncy étressesh, éincg the matrix
dislocatiop density ié very low indeed prior toiloéé of cohereﬁcy.'
However;'sofar no detailed studies have.been ﬁade ﬁq.determiné1the
origin Qf £h§se dislocations. As an'apprdximatién.tb_the actual
cohefency sttesé System, it is assumed that on1y th§ t@o normal stfesseé
acting in fhé intefface are ﬁbn—zero'fbr reasons{@iscuéséd in.appen-

dix B. The results in Tabie I show théﬁ theferis no preferential
stress iﬁtefaction*between;a cohErenﬁ interface aﬁd{a.disloCation wifh
its Burgeré.vectorlfarallél té the interfaée._ Coﬁsequently, only
.dislocafioﬁé with Burgefs.vectéfs inclined;ét 459 to the {100} interfaces
are attfaéted to thg coherent interfaées; ' These are eiactly the inter-
facial disloéaéions &hicﬁ we have observed. Whéthéfva_given dislocation
is attr;éted or repelled by a coherent interféce3dependsvon the relative
orientation.qf the phase with thebsmaller latfice ?é;ameter wiﬁhg |
respect'tqvthé exfra half plahe of atoms'éésbcia;ea withvthe’edge
vcomponent qf the dislocation. Also, since the oriéﬁtation of the éxtra.v,"
half plane of atoms dépends on the sign of.the Bﬁfgers veétors,
disloca;ioné.of opposite sign willheither be attracted or repelled from»

a given interface as shown in Table I.

e
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The suﬁseduéht extehsion df the captured élip dislocation along
'ihe inteffaée occﬁrs as the plafelet grows in ;ﬁicknesé and the
qoherent strain énergy increaéeé (at a given aéing temperature).
Electron_microscbpylobservations have showﬁ thaf dis1OCation ektension
does occur at tﬁe platelet interfaces in these Cu-Ni-Fe alloys (e.g.
Fig; 6). The_physicél situation is shown in Fig;jSa where a coherent
. platelet interface is intersected by a slip_disiocationvwith its
Burgers véétor inclined at 45° to the interface. Jessef and Matthews8
' Have discussed a similar situation for the extensioﬁ of a dislocation
along thé'interface between evaporated‘metal films. -The elastic
cohereﬁcy'stressvét the interface causes the dislqcation‘line to bow
out in opposite directions in the two phases. As the platelet thickness
ihcreaées, the bowéd out segments take the form-séhematically shown
in Fig;‘8b, at which point tﬁe glide force actingibn the dislocation
becomes'equalvto the line tensicn of thg misfit'dislocation; With
a further iﬁcrease in the plételet thickness; the dislqcation wiil extend
by glide along the intersection of the slip plane”with the intefface
_as shown in Fig. 8c. | |

This stress activated extension of a dislocation at the interface
is the first step in the proposéd mechanism.for;i§ss of coherency
~ which is showﬁ in Fig. 9. .Iﬁ thiélexample, a screw dislcoation Qith
b=a/2 [0'1-’1]_ extends by glide along [110] :in the (001) interface which
is Fhe liﬁe of iﬁterséction of the (111) ;lip pléﬁe and the (oo1)
interface. But because the misfit directions are a1ong_<l00 ) in the
"intérfacé, the.dislocation line wili.glimb so that it lies along [100]

in order to better accommodate the misfit, Since a stress acting on a
. : ! ‘
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crystal is éQuivélent'to a superéaturation’bf point defects, the
coherénéy stresses'pfovide-a driving force for disloCatiqﬁ'climb which

can occur'rapidly'at these high aging témperatﬁresw(800°c ~0.75 Tm)._

The initiation of this process depends on the availability of suitable

slip dislocations; and the overall prdcess is both thermally and stress

activa;é& occurring at.some critical ccmbination“of fempeféture'and
platelet ;hickness‘&hich“is consistéhtjwith the'obééfvations that
loss of'cohefency occurs more rapidly at higherftémpératufes and”
begins for sﬁaller plételét'thiCknessés at highéflyéﬁperatufes,_

The continQEd,aevelopment of the.spiralvdisibéation aféund'the
platelet,iS'in éome‘ways aﬂaloéous tO'the fofma£ioh'and grbwtﬁ of
helical aiglocatiOns, by climbing screws,as-observed’by Thoﬁas &
Whélan.17~ The’equilibrium.forﬁ of a diSlocatidﬁ'ggfed upon by an
external_mgchanical'of chemical force is eitﬁerié3é£réight liﬁe or
a helix._.The cohefeﬁcy sgrésses acting on the e#tgﬁded disidcatiéﬁ'
shown invFig. 9¢ provide a driving force'for the cliﬁb.of'thg disloca-
tion int§ a spiral around.the platelet interfaéé tﬁgt relieves'fhe
' eiastic cohérenty Straiﬁs. .bbvioﬁsly the.climﬁ'raté.will increase with
iﬁcreasing aging temperature because of the diffﬁsioh involved. Thus
the capture apd climb of dislocations are additiﬁefto the ovérall
proéess of loss of coherency. The micrograph of fig: 6 is in agfeement
with this idea. |

The ﬁ&o equilibrium phases differ in 1atticé paraméters, conse-
quently-a net flux of atoms must diffuse from the’éu ;ichvphase, with:

the larger lattice parameter, to the Cu poor phasé.so as to maintain

i
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,the’correcf.cor£espondence.of atomic planes across the sémi-coherent
inteffacé. .

As:fhe:dislocation spifals éround the'platelet,.closed 1bops will
be formed.from‘éach turn of the spiral as shéwﬁ'injFig. 9d. Opposite
‘sides éfueach turn are attraCted_to each other sinée.the diélocation
line changes its sense df direction as.it winds afound the platelet;
'As the first turn of the spiral forms a 1oop,»successive turns of the
spiral will be in various stages of formation so that mény.dislqcation
loops can be generated from a single slip dislocation éaptured af the
interface. Other sets of interfacial dislocations wi:h different
Burgers vectoré can be produced by this same diSiocation mechanisﬁ.
However; the‘subsequeht dislocations will interaét-with the initial
set of dislécations‘and will thus be'hindered in_éiimbing around the
particle (e.g. Fig. 6 in‘Ref;'4).

4.3 Change in Particle Morphology

Thé_rdtation of the semi-coherent interfaceItQQard a {110}
orientation'can now bevunderstood in terms of tﬁe.prOposed model for
v lbss oficoherency.' Siip dislocations with Burgers.vectors inclined
at 45° to the {100} coherent interfaces are préférehtially attracted
to the‘intéffaces as shown by the resolﬁtion of thévcoherengy stresses,
.The driying forcé for ;hg rotation of a seﬁi—cohéfent_interface toward
a {110} orientation is the &ifference in Structural‘interfgcial |
benergies between a {100} semi-coherent interfacé Qith b at 45° to it
and a {110} intérface which contaiﬁs b. The local rotétion of the

interface plane at interfacial dislocations is evident in Fig. 3. The
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necessary.chaﬁges in composition during this rotation occur by
diffusion as evidence by the observed rates.

As the semi—coherent interfaces rotate, the initially coherent

{100} platelets become semi coherent rods with faces parallel to {110}

jplanes and -the rod axes along <100 ) "as shown in. Flg 4 of Ref 4.

Many semi4cohered§:partic1es are observed that'onlylhave interfacial
dislocations in'parallel interfaces Whichvﬁave.roteted.away ffom’the'
’initial‘{IOO} orientetion (see Fig. 2b). ihis_observation'is'consistenﬁ
with the'proposea model of a spiral dislocation around the plételet

and the subsequent rotation of the semi-coherernt interfaces.
5. Summary

" The tfensmission electron microscopy obsefvations have revealed

some unuisual effects associated with the lossvof”coherency in spioodally :

decomposed:Co—Ni—Fe ailoys. Slip dislocations with their Burgers
vectors inclined at 45° to the initially coherent {100} interfaces

are obsefved,-eﬁen_though such dislocations are only partly effective

in accommodating the misfit at the interfaces. Unusual dislocation

configurations are observed with some dislocation lines extending»into
one of tﬁe phases,'suggesfivevof a complex cliﬁoemechanism. Also,

tﬁe process oceurs.preferentiallyiat a few‘platelets while the other
platelete in the_same grain remain coherent. As coherenoy is being

lost, the initial {100} interface is observed to rotate toward a {110}_

-plane.

. The proposed mechanism for the spiraling of a captured slip

dislocation around the coherent platelet is able to explain these
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observafibﬁs. The operation of this mecﬂanism'iéfd;beﬁdent on the
'availabiiity of éuitébie slip dislocations pfesent>in the crystal
énd‘occuré'ﬁy a father'complex climb process thé; ié thermally and
stress activated. _The rétation of the interface-is-related to the
obseivafion.that the Burge;Q vechfs of the intérfaéialidislocétions
ére inclined aﬁ 4S° to the {100} interfaces. AThe‘proposed disloca-
tion mechanism for loss of cohefency is consisteﬁt-wiﬁh expérimental‘

observations made on other alloys as reported in the literature,
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Appendix A

" Calculation of Structural Interfécial;Energies'

Theoretical expressionsiderived for the strgctural coméonentvof
the interfacial eﬁergy in'an epitaxial évapbratEd:thin film will be
used tb estimate the structural interfacial enefgiés of-vafious
platélet,iﬁterfaées._ .

Howevér,'the'analysis for the case of thinnfilms:only approxi-
ﬁates thé-platelet’case since phe~thiﬁ‘film is not élaStically
constrained at its free surface. In'the_folldwingyd13cussion, the
film thicknéés (h) willbbe assumed to be equivalent to ohe-half pf
the platelet thicknesé.. | | |

11,12

Van der. Merwe has considered the case_bf two simple cubic

crystals iﬁ éaraliél orientation that differ in ia;tice paraﬁgtér
alopg only one ;ube'éxis.  If the film thickness kh)‘and tﬁe misfip

¢ = (al - aé)/l/2(a1 + a2)) are sufficiently:smali, theﬁ a fully
coherent bdundary will have a léwe; energy than a sémi-coﬁerent one
with thejeqﬁilibrium‘configuration of misfit disloca;ions. ‘The élastic

energy required to homogenéously deform the thiﬁufilm in one diréction

12

is 2
. . - ]
coherent =vu1(l vl)hS'

struct

)

1-2v,

For the case of Cu-Ni-Fe, &' ='(a1 - 32)/a1 = § at small values, and

a, and a, are the lattice parameters of the two phéses, the one having

lower shear modulus U, and Poisson's ratio v As.a_first approximation,
1 v 1 ;
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this elastiéfétrain'energy is doubled if tHe:fiimvis.hémogeneously
déformed in?two.dirgcfions. Beééuse Eq; (1)-15;?9? §he case where
all ;hé ela?tic’strain energyvis accommodaped in'thé»thin fiim; it
gives_tpo Iérge'an'energy fdr fhé case whére botb’érystals are deformed
elastically'to accdmmodéte tﬁe misfit. - |

For the‘semi—coﬁerent interface, van’dér Mér&é has considered
fwo simple cubic crystals in ﬁérallel 6rientétion with the misfit in
only one diféction béing accommodated by‘parallel‘edge dislocations.
By treating ‘the interaction aéross the boundary wifﬁja sinusoidal
.force law and the intefaction witﬁin a given crystaivon the basis
of an elasﬁié céntinuum, the following'expreésion was obtained for
the Strhétufal interfacial energy of two semi-ihfinite ctystals:

giemicoh _Me_ 13 g 1482+ 8 mpzareh? - 71 @
o : 4w ’ - . :

where_,f
B = 2u8(Q/u)

aﬁd

i

= [A =/ T+ 1A =)/,
In these equations c¢ = l/2(al + ae), u = shear modulusfat the boundary,
ﬁl and u2”= the shear moduli within phases 1 andiz_respectively, and'vl

and v, = Poisson's ratio within 1 and 2. In a subsequent paper van der

5"
© Merwe™® showed that the interfacial energy for a film of "infinite"

‘thickness is very nearly the same as for a film of finite thickness

. greater than one-half the separation of the miéfit_dislocatibns; This
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approximation is reasonable for the sizes of phasés:considered in this
_ _ . _ | v

paper. .

Loss of coherency occurs for the critical value of misfit, Sé, at

‘-coherent _ _semi-coh

which E = . Assuming that the critical misfit is
struct struct ‘ - L . -

sufficieqtly small so that g2 = Oténd'phat vy =.vé = 1/3, and

U, = U

1 2

=.U, the critical thickness of the overgrowth corresponding
to &' is
c

6 S
3a,[1 - 1n(3m8")]. -
L e (3)

~ h_ = A
¢ 1678
. c :
This equation can be used to estimate the critiéal’thickneSS'of a
coherent plételet (2hc) at which misfit dislécations lower the

structural interfacial energy.

The above equations resulting from van der Merwe's analysis will -

be used to estimate the energies‘of various interfacial structures
in the Cu-Ni-Fe alloys. The misfit parameter for these alloys aged

at 775°C is § = 0.8% normal to the interface as coherency is being .

lost as measured from Moiré fringes5 and from split diffraction spots.1

This value is probably representative of the equilibriu_m'm'isfiti
parametér.(i.e. the unconstrained misfit) fdr the'sémi;coherent
particle because of the stress relaxation normal-to the platelet .

interface. Using this value of § = 0.8% and a ~ 3 = 3.59A,'the

1.

critical thickness of the platelets for loss of coherency is found

from Eq. (3) to be 2h_ = 200.
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In ordef to calculate the structural interfacial energy for the
coherent.intéfface,-an appropriate thickness of the platelet must be
used. An’uépéf limit for this enefgy is given by taking h = 250A

-~

which is 6né—ha1fvof.the observed thickness of théiCoherent platelets,

and a lower limit is given by using the above calculated critical

thickness‘fbr loss of coherency (i.e. h =.100A), _Taking

1 dyn/cmz. (assuming U < composition), Vo= 1/3,

“i = i = 7.3x10%
§' = 0.87 ahd.using_these-two values for h, the coherent structural
energy fdrbmisfit along one direction is found ‘from Eq. (1) to be
~ gcoherent _ oo ..o ergs/cm2 with a mean value of 165 ergs/cmz. For
_ struct - v = . ' '
misfit along two,éube directions the total structural interfacial energy
is ~ 330‘ergs/cm2}

For the semi-coherent interfaée, two cases will be considered:
(1) - (lOO)”interfage with the Burgers vector E ﬁﬁa/E[liO] inclined at
45° to thé interface and the dislocation line along [001]; and (2) a
(110) interface with b = a/2 [110] 1ying in the interface and the dis-
location line along [OOl], The following values of the parameters will
“be used for the calculations.

¢ =1/2(a) + a,) = 3.59§  _ o

8 . 0.8%
vy - v, = 1/3
uy = 8.3x101 dyn/cu? :
M, = 6.3%10'! dyn/cn?
T 1/2(ui + u2)r= 7.3’{1011 dyu/ém2
N = S.4X1011 dyn/cmz | |

2

™
L}

3.7x10°
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The values for the shear .modulus are éstimated frpm the values of. the
indi&idﬁal.components, extrapolatea assuming 1inéar.composition
dependence; (e.g. Ref. 1). As aﬁ approximatibn,iiﬁ ié assuméd"that

U e compoéifion. Substituting_thesebvalués info‘Eq, (2), one
calculates for the (100) inteffaée that'EiSiﬁEEQE.a 85=erg§/cm?. This
value-undéfestimates'the actual energy because_tﬁe'equation derived |
by van der Merwe is for the case of parallel pure edge dislocations
with Burgérs vector equal to the latLice pafameter Qhereas thé'obserVed
interfaéialjdislocations have a resolved edge cémpoﬁeﬁf lying in the
interface equal to one-half the latticevparémefér; .Consequentiy, a
greater number of these inefficieﬁt dislocations afé réquired to
completely accommodate the misfit at thé_interfaéé. If onl& one set of
dislocations is present af the interface, then the mi§fit'in.the

orthogonal'cube direction is still acCommodatedfby.elaspic'strain-and

the total structural interfacial energy for this case is

Esemi—coh
struct

(100) = 85 ergs/cm2v+’165 ergs/cmz = 250 ergs/cmz.
Fﬁrvthevsecond typelof semi—coherent inteffaée.pafallel'to (110),
a lower densify of misfit dislotations is requifed COmpared to the
thO) interface since the Burgers vector lies in the interface and
the dislqcaﬁionsvare puré edge in character. Thus, the struct;ral
interfacial energy of the_(llO) interface will be less than that of
the (100) interface. This difference bétweén the‘twd interfaces also
follows from Eq. (2) used to calculate the semi-coherent iéterfacial

energy. The reference lattice parameter, c, 'in this equation corresponds

to the atomic distance along the misfir directioh. For the (110)

[
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" interface this misfit direction is [110] with a<110 y = !b] = 2,547,

semi-cohv(lio) -

- Using this value of ¢ in Eq. (2),_on§ obtains Etruct

60 ergs/cmg; and 1if only'oﬁe,set of dislqcations is present.at the

interface,’then the total structural interfacial energy for this case

semi-coh

- . (110) = 225 ergs/cmz; As more interfacial dislocations
struct v R A v

is E
with other Burgers vectors to accommodate the misfit develop at the

interface; the structural interfacial énergy.will be reduced further.
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" Appendix B ) ' ‘

Resolution of Coherency Stresses.Acting on Glide Dislocations

The following discﬁssion and stress éﬁalysié ére based on an
analysis done by Dahlgreri18 for the calculated yield stress of a
coherent platelet microstructure. As an appro#iﬁation to tﬁe coherency
bstressés acting on the platelets, it will be-assdmed that ;he stress
normal to the interface is zero, Oz; = O (seevFig. 7), since the
total displacement across many platélets ié smallland that the two
stresses'pafallel to thevinterface §?e equa1, Oxx;= Oyy’ sincé the

+ two phaées are tetragonal. Because the four-fold»éymmetry axls of
the tetragopal structure is taken ﬁérmal to the_x-y_plane,'oxy = 0.
The other two shear strésses, dyz and,dxé, are not iero; but for thin
platelets these.stresses are small. If the platélét thickness is
much less than its length, then thesevshear‘streéses can be;néglectedf

For an isotr0pié material |

€ = F {oxx - v(oyy + ozz)}

where E is Young's modulus and vV is Poisson's ratio. Sin?e it is

. being assumed that 0. =0 and 0 . = 0 this eduétion gives
XX yy 2z '

and
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v.where‘the gohe?ency-strainfis €XX = (a ~'aio)/aio,- a bging the

commOn'nOn-equilibriumtlatticevparameter (a = 1/2(510 + a20)) and

.‘ s

ith-phase; . This elastic coherency strain has a sﬁaller‘value than

o being‘the’appropfiaté equilibrium cubic'latticevparameter of the

the previopsiy définéd_misfit strain, §' = (a - az)/al, for the
equilibrium misfit dislocation structure; and as' an approximation

€ x * 1/2° 5 = 0.4% for these Cu-Ni-Fe alloYs.'_Taking-v = 1/3,

4 kg/mmzland € x =.0.004, the corresponding .value of the

E = 2x10
coherency stress is
. _ ) . ,
Oxx = Oyy = 120 kg/mm‘j
The Ni-Eévfich phase, with a smaller equilibrium lattice parameter,
“1s acted ppiby a tensile stress and the Cu richfphase by a compressive
stress.

The interaction'between the coherency stfeSéés and the slip dis-
locations is found by resolving the shear components of these stresses
on the slip.plane and in the slip direction. For fcc crystals the
'slip planes are {111} and the slip directions,are (110 )-. The stress
resolution Can_Be done using the stress tensor and the following
formula:.

Lo, o= .« o, 1, 1,
where Oﬁp is the resolved stress acting in the p direction on the
slip plane_with normél U and liu and lju-are direction cosines between

the given directions. Table 1 gives thése_resqlved shear ‘stresses
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»
|

for the case of a (001) interface and all posslble Burgers vectors.

The normals to the slip planes all p01nt in the positive z direction

to give consistent results.
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Table 1. Stress interaction between (001) coherent interface and

Burgers vectors of slip dislocations. -

Burgers Vector | Slip Plane Resolved Shear Stress
i o
ity W
(ToI] gﬁ% o te,
for] Y
[101] EEB __ | + or
[0T1) a1 | to_
o G
I
g = GXX//.(: = ‘50 kg/'mm2

The plus (+) means attraction and the minus (Q) means
repulsion for the interface of the phase under a tensile
stress (i.e. the Ni-Fe rich phase with cl <a).
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. Figure Captions

Fig..l. Electr§n diffrhction ﬁaftern"(a) and cofrésponding bright
.fiéla image (b) showing split streaks_ag the Sli.reflection that
are normal ‘to coheféﬁt platelets in alloy.2 agéd 100 hrs at 800°C.

Fig. 2. (a) Transmission electron micrograph Shpwiég coherent platelets
abou% 500A thick and 1-2 um long in a foilrv;;f_.’alloy 2 éged 100 hrs
 af éOO°C. ‘(b) Micrograph taken of the same grain showing some
particles losing COherency}' Néte rotation 6f semi—coherent.inter-
face in the upper-lef; corner. Electron béam para11el té [011]

7 zoﬁe #xis. . | | |
' Fig. 3. ,'Brighft field microgi:aph of alloy 2 -gged.xoo hrs at 800°C
:shQWiﬁg a' dislocation configuration'suggestive of a épiraling
mechanism for the formation bf'interféciai'&islocatiéns; Note
local‘rotation éf interfaée at disiocatiohtlines,

Fig. 4,‘vBright-field microgréph of alloy 2 aged 100 hrs at 800°C
shpwing some interfacial dislocations that\db.hot lie along ¢001)
(see-éfrows). ‘Also noﬁe the unequal nqmber,of dislocations at
the tﬁé intérfﬁcéé. - |

_Fig; 5;;¢Bright.fie1d micrographs of the‘samé,afeélunder differént

| diffracfion ébhditionsvof the symmetrical allby_égédvloo hrs at
775°C showing dislocations visible in (b)‘fﬁat 1ie-a§bsteps on
the-interfacés visible in (a).. When (a)-is'viewed in stéreo‘the

steps are evident.



Fig.

Fig.

Fig.

Fig.

6;"Higﬁ VOltage:(GSO keV) elecfron microgréﬁh of alloy 2 agé&

100 hrs at 8006C‘shéwingié disiocation being'extqndedkalong |

the iﬁtérfécé and looping backyupdn_i;sélff(;eg arrow).

7. Séhematic drawing of coﬁgrent piatelet.miérostfucture used

in caiéuléting the interféciél energies and also for the resolutidn
of the coherency stressés on thg_vérious_slip systems. |

8. Plane section through the‘platelet micfdétruCture parallel

‘to thea(ill) élip piane showing the stress activated extension

of a slip dislocation along the coherent 1ntefface.

9. Proposed’mechanism for the spiraling,of a captured slip

dislocation around a coherent platelet to form-misfit—acéommodating '

dislocation loops. Refer to § 4.2 for discgssioh.
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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