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- o - SPINODAL DECOMPOSITION AND COARSENING
' IN Cu-Ni-Fe ALLOYS

Ronald John Livak

Inorganic Materials Reeearcﬁ'Division' Lawrenee ﬁefkeley Laboratory and
Department of Materials Science and Engineering, College of Engineering;
University of Callfornia, Berkeley, California
ABSTRACT -

.Coarsening of the spinodal mic:ostructure in copper—nickelmiron
:élloye has beeﬁ studied in detaii using transmissieﬁ'electroﬁ microscopy.
 A di;locatiOn»multiplication process is frdposed tevexﬁlain the bbsefvéeions
‘oﬁ lLss of eohefency.of the.plateleté. 4Mechanicéi-testing of aged |

specimens indicated thet the interfaciél dislocatiens cpntribute to

"the strengéﬁening and that large coherent platelets'enhance the initial B
work hardeﬂing'rate.. Thé-intergranular fracturevof these decomposed |
alloys seems to resu1£~from microst;ucturel differences between the
.grain bdﬁndar&>regions aﬁd the matrix.

Losebef coherency in this lamellar microstrueture occurs by'the
eap;ure of slip dislocations at the interphase inteffaees. It is proposed .
that fhe subsequent formation of misfit-accommodating_dislocetion loops
‘pf0ceeds by the'spiraling of these captured dislocetidns around the“

"jplatelets similar to the formation of helical dislécations. Because che'f
eBufgers vector of the captered dislocation is inclined at 45° to the {lOd}
ipterface,Hrotation of the initial’{IOO} coherent iﬁeerface toward the ”
{110} piane containing b occurs in order to lower the 1nterfacial energy-’
StrenOthenlng of the semi-coherent mlcrostructure arises from the

interfacial dislocations and the difference in shear moduli between the

two phases, whereas prior to the loss of coherency, the flow stress is
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determined by‘the.differences'in lattice parameters‘and shéar moduli
across fhé‘cohefent interfaces. The.observationé.suggest tﬁét the
capture‘ofAslip disloc?tidné étvlérge’coherentfpigtéiets incfeases the .
initial'yorkfhardening.rate. 'Transmiséion electfoé microécopyvhas sﬁown
that the‘tbhe;eht particles are sheared during défofmation.
.Preferéntial.grain bounﬂary precipitation iﬁltgese decomposed Cu-Ni-Fe
alloys'séems'to bé':ésponsibie for the obséfved intergranuiér féilure.
Because'the grain béundary:regions arevSOfter_thénv;he matrix, piastic
constraiﬁt in such reéions.produces é-triaxial étféss state that leads
to premé?ureAfailQre_éloﬁg the grain boundarigsg Afﬁér iong éging times
at high?fgmpefaturés, the fracture mode»beﬁomes transgranular as'the:
matrix-éo;:sens and the mechanical behavior of:thé @atrix and tﬁe grain

boundary regions becomes similar.




L . I. INTRODUCTION

A. Theory of Spinodal'Dedomposition'

' Theiébncept of the spinpdal ﬁas formulated at the same time as
nucleation théory, and both concépts were discussed in the.same paper
by Fillaré Gib_bsl in 1877. Tﬁe thermo&ynamic criterion for thevspinodgl
is éhat the second derivative of the free energy with respect to com-

2 0). Inside the spinodal where dzf/dc2 <0

w . a2
pos%tlon is zero (d"f/dc
- no hctivétion barrier for nucleation exists as in a metastable solid

solPtioﬁ; and consequently the unstable solid solution spontaneously
I

: deébmpdses. Thus, Gibbs referred to the spinodaliaé the limit of

'metastébility. Spinodal decomposition is characterized by small com-

-position fluctuations over large distances, whereas, a classical
| , - '

“nucleation process is characterized by large composition variations

over small distances. Because the new phases form by a continuous

H]

'; diffusional'proceSS with a gradual change in composition across the
I ,

'interfaée,<they must have similar crystal structures as the original -

solid solution and are coherent. The resulting microstructure consists

'1of a uniform dispersion of small, coherent particiés. Experimental

observations have shown that spinodal decomposition occurs in metallic, .
| o

~“ceramic and glass systems. Several recent review articles 4,have
Adescribed the theoretical and experimental studies pertaining to spin- o

"~ odal decomposition. . o . R

A diffusion theory to describe spinodal decomposition was first
>proposed by._HillertS in_which'he considered the effect of a one dimen-
sional compositionifluctuation on the thermodyhamic driving force for

chemical diffusion and numerically calculated, using a nearest neighbor



' model, the changes in solution free-energy as the composition evolved.
By treating'the crystal'as a continuum and making certain simplifying _

assumptions, Cahn.6’7 developed an analytical expression for the

phenomenological diffusion equation that describes spinodal decomp031tion.

The solution to the derived_diffusion equation can be mathematically
expressed as the superposition of periodic comoosition waves in‘the
solid'solutioh'uith an exponential time dependence. Included in the
diffusion equation are terms for'the‘coherencyvstrain energy and the __1”
concentration gradient-energy. The microstructure predicted by Cahn s }
theory is a periodic distribution of small, coherent particles or regions
of ‘the. two phases throughout the entire volume of the anlsotropic crystal
Some of the assumptions and mathematical procedures used by Cahn

and Hilliardg’9 to derive the diffusion equation for an 1nhomogeneous

o solld solutlon were questioned in recent articles by Hirth Tiller and =

: Pound10 and Tiller, Pound and Hirth 11 However, in a subsequent paper.‘
v'by Morris12 the valldity of the diffu31on equation derived by Cahn

| and Hilliard was substantiated ‘Also, Cahn and Hilliard13 have writtengl
j’a rebuttal to the criticisms raised by Hirth, et al. .

| By combining thevapproaches taken by Hillert and Cahn, Ceok
ifideFontaine5 and Hilliard14 developed a discrete lattice model for dif- .
'_fu31on that describes both continuous ordering transformations and .

) ;spinodal.decomposition. However, 1ittle advantage is to be realized'

in using the discrete lattice model for'spinodal‘decomposition because

in most'cases the composition fluctuation receiving maximum applification

should usually be large enough for the continuum approximation to be

valid A further development ofvthis theory by'Cook and deFontainels’16

. "




'

- has ‘taken into account the effect of elastic free energy of solid

solutions:
In the initial papers by Cahn on spinodal decomposition, only the -

linear; or first order, terms in the diffusion equation were considered

~in order to give an analyticel expression that could easily be treated

in closed form. However, this linearized diffusion‘equation is only
valid for ‘the eatly stages'of spinodal decomposition when the ammplitudes.

of'%he composition fluctuations are small and the nonlinear terms in the

-diffusion‘equation are not important. In a subsequent paper -on the

later stages ‘of spinodal decomposition and the beginnings of particle
coarsening, Cahnl7 con51dered the effects of these nonlinear terms on

N . : .
the phase separation by using a series approximation to represent the

| C

'comnosition dependence of'the,diffusion cOefficient’and by then'solving'

the resulting nonlinear equation by successive approximations. ~ From .

this analy51s, it was shown that harmonic distortions are produced

. that interact with the initial symmetrical composition waves in such

a way to approsch the equilibrium structure. In alloys of asymmetrical

compositions, the even harmonics distort the in1t1a1 composition waves

to give a minor phase far from the average composition and a major

- matrix phase consistent with the lever rule. The -odd harmonics convert .

the fundamental sine wave into a square wave, i. e. a composition profile

“more characteristic of a two phase structure, .by flattening the peaks"

of the fundamental and sharpening the gradient between the extremes

-in composition. - B ' o : |

Cahnl7- treated the beginnings of particle'coarsening by considering

a range-of wavelengths present in the solid. His analysis predicts a
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gradual bfoad?ﬁing of the fu#damental spectrum &itﬁ longer égingitiméf_g
For alloyé of ésymmetrical compositiéns, regions of lessér and greaterv:
gﬁplificaﬁion wiil.alternatgvas»a.résﬁlt of a naffow'range of wavéf
lengths chat'Beat against egch other. When the honiinear terms become
;ignifibant in altéring the composifion waves_to.satisfy'the lever
‘rule, the phase that Qill eventually becbme the miﬁqf phése is more
developéd in-the regions of greater éﬁplificétidn;_ Théée minor phase
particlés rem;in 1a}ger'and fhe lever rule‘requi£ement that théré be_
less of. the minorbphaSe is carried out predominénfly at the expenée |
of fhe minof phééé ip the 1eés develqped regidns, ‘Thus, large wavé—
1engthsvﬁhicb.ére'ﬁulfipleé, 6r harmonics,'of tﬁé”iﬁitial wavelength
de&glop.

B. Literature Review of Experimental Studies

~ One &ifficulty in studying the spinodal feaction in solidS'ié
a working definition of spinodal decdmposition fhat is amenéble to
experimgntél.yérifiéaiion. .Thé thermodynamic criterion given by Gisth{ﬂ
and ﬁhen”modified'fof solids by Cahn is an exact criterion for spinbdal;
L decompositibn. However, it is ﬁery difficult to vefify exﬁefimentally ;
~ when tﬁis thermodynamié criterion is satisfiéd,.fin addition,.other
decoﬁpositioq proéesses éan oécur that will suﬁérsede or obliterate
the spinédal.feaétidp..vaoﬁ‘an experimental viewpoint, the defining'
characteristics of spinodal décoﬁposition are a gradual cﬁéhge in :
composition between the thAdécompoéing regions (i.e. change in amplitudé
of the composition wave) and a diffuse interface ‘between tﬁe’two’regions;
The most sensitive techniQue.fof following ;he change in ampliﬁﬁde

of the composition waves in alloys containing iron seems to be Mossbauer




L

: interface,using a form of Porod s equation for the scatterlng 1ntensity.

. occurs along the elastically'"sOft"'directions.which are the cube
- directions. in Cu-Ni-Fe alloys. ‘The resulting periodic structure pro-

. duces sidebands in diffraction patterns, and this effect has been

. '_ V[J‘

spcctroscopy, and the decomp081tion of Cu-Ni-Fe alloysls lgoand Fe-Cu

20,21

. alloys _ has been studled using this technique. Small"angle X-ray scat-
tering has proved. to be very useful in experimentally verifying Cahn's

model for'spinodal‘decompositiongzzA\Furthermore, small angle scattering

.-can be used to observe the change in; the concentration gradient at the

23
Less sensitive techniques for following the change in amplituﬂe of the
compositibn_wAves'are measurements of electricalforvmagnetic properties

that depeﬁd on the‘compositions of theldecomposing fegions.:'TransmissiOn

»electron microscopy has been very useful in characterizing the micro-

tructure of spinodal alloys,24 »23 but it is necessary to use spec1al

';techniques, such as a velocity analyzer, to follow quantitatively the
"'change in amplitude of the composition waves. The most direct method
ff:of.studyinglthe spinodal structure is to use field ion microscopy

l'(e.g..Au;Pt alloys can be Stadied using FIM).26

In elastically anisotropic'materials;:spinodal decomposition

i

- studied extensively by inVestigators using x—rayldiffraction._'The
. first observation of such sidebands was reported'by.Bradl'ey27 for a

f-Cu—Ni—Fevalloy-that hadvbeen’quenched and then_aged ingide the mis- .

28,29

"cibilitngap. Daniel and Lipson™ made.furthef observations on

the same alloy; and using a model based on a oeriodic; modulated

structufe,~they derived-a formula-relating the sideband spacing to

' the structural periodicity which has been confirmed by transmission
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‘ L 24,25
electron microscopy. ™ ’

Tﬂe physical origin of thesebsidebands in

some Cu—Ni—Fé alloyé wés-consideréd.in further deféilvin a‘subsequent
'article;béjHatéreayes,3Qv.Anbther @odel consisting of a complex array

of GP zohes surrounded by fegions of depleted matrix has been»proppsed -

by Guinier to explain the formation of the sidebands{Bl

More'récentlyia
derntaine'has defgloped a general theor& of diffraction from one- |
:dimengioﬁal'quulated stfuc?ures.

;ﬁ”é recent artiéle; Cook33'described the effectrof thermal fluctﬁj
atioﬁs dﬁe to Brownian:motiOn'on spinodal decdmposition and concluded |
that, in-én operational sense, the spinodal is a diffuse boundafy
during the initial.étages of the deéompésitiona;'process., That ié,
there is no distinct differénce in transformation kinetics inside and

'outsidé the spinodal région.during the early stages. In his review
article éh spinodal‘décomposition, Caﬁn2 noted thatqur diluté solid

solutions the composition profile predicted by his theory is similar

to the model.for GP zones that Guinier proposed to expiain the sidébahdlf f"

bhenomenqn.3ll These theoreticai cbnsiderations;iﬁdicate that, from

" a mechanistic viewpbint, no clear cut distinction éan be made-between  .
;SPinodal;decomposition and'homogeneous nucleatién of éiusters or GP

zones bgt‘father fﬁét a gradﬁal and continuous change in the mechanism

of phaseAéeparation occurs és the alloy éomposition varies from the

éenter of the miscibility gap tdwards the solvus curve. The experimengal

g observations of-Phillips34 an Dorfeld and Phillips35 using transmission
7'electf§n»microscopy and x-ray diffraction methods to study the decom—j -

positibn~of a.Cu—Ni—Co alloy containing~10% voigme fraction of the

magnetic phase support such an intetrpretation for the mechanism of




U

R,

etnpr
-
K omes
<o
P
o
-
fadts
oo,
5.
S
?
i
=
12
Nk

VI B

1
[ Lo

phase sepatatlonv borfeld and Phillios concluoed:that the Cd?Ni-CO‘_V.
7alloy studled decomposed by classical nucleation and growth Howevet,
.'as‘discussed by:Butler and Thomas_,24 an‘alloy willvcontaln ~20% volume
fractionior-nore of the minor phaselmf its comoosition lies lnSioe’the
Achemical'spinodal; TherefOre,:theACu—Ni~Co alloycstudied-by Dorfeld

and’ Phllllps was probably outside the spinodal and would be expected

. to decompose by homogeneous nucleation of Ni-Co rich clusters

Spinodal decomp051tion during continuous cooling is of technolog1ca1
i-,interest since continuous coollng w111 afford a convenient method of
'developlng splnodallstructuresin commerc1al heat treating ptactlce.
ﬂ‘Huston, Cahn and H1111ard36 have extended Cann 's theory to the case of
:‘continuOus cooling by,tfeating certain of the coefficlents in the
.flineariaed diffusion eouation asvtime dependentvbecause’of'their strongil
i ﬁempetature‘dependence.' Decomposition, atlleast.during the initial |
ﬁfstages,‘still‘proceeds By.tne groutn of conpositlon2fluctuations. »Thé,-*
1‘only differencevcomesiin”descrioing.the amplituoe as_avfunction of
Atime.' | |
Badia,-Klrby and.Mihalisin:}7 have studied:the'strengthening during{;:_

fEcontinuous_cooling of Cu-Ni-Cr alloys containing 20 to 45% Ni_with

' 'ffup to 4% Cr. Because of the small amount of Cr in the alloys studied,

'gfit is uncertain'if any of the alloy compositions were insioe the'spinodal
;:region for thiL ternary system. ﬁowever, their exﬁerimental’obsetvation;
,lshowed ﬁany'pOints of similarltyfwith”thevtheoretical calculations of '
'lHuston,vet.alfl fot soinodal decomposition during continuou3-coollng.

A commercial Cu -30% Ni -2.8% Cr alloy is now available from ]nternational

Nickel which is hardened by decomposition during cooling. Complete
: o _ _ ' T iy R :
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decomposition requires less than 10 seconds; and 1/16 inch sections
air cool'slowly enough to get'the full hardening effect. The reaction..
cannot he fully suppressed even by liquid quenching thin sections, and
heavy sections‘are'inSenSitive to the cooling medium.v
-Invextending the theory of spinodal decomposition to ternary - -
systems'iMorral and Cahn38 demonstrated the pos51bility of both spinodal
decomp031tion and continuous ordering occurring in some ternary alloys
under certain conditions. Recent transmission electron microscopy
observations of Bouchard and Thomas39 indicate that in some Cu=~Mn-Al
alloyslforvcertain aging conditions both phase'separation and orderinglll
accur simultaneously. Russian investigators4o’4l
i showingVthe;deCOmposition of Fe-Be alloys into a periodic, modulated
:'structure containing Fe-Be particles with the ordered CsCl structure.
"As an aid in selecting pOssible ternary systemS'that contain a
spinodal region,‘éaye and Lu,pis42 hayebdiscussed the restrictivity'of
- the thermodynamic conditions ror.spinodal decomhosition in a multi-

component system; Also,'Cahn2 has.outlined the.procedure to follow

"~ in developing a spinodallalloy. One would begin with a system in which

" one has observed coherent:precipitates of the same or related crystal

' structures or has reason to suspect that they might occur. When such :‘ﬂ.ﬂ

precipitates do occur, one'knows that it is possible in this system tofli
.:cross the coherent phase boundary and thus have enough chemical driving
"force to overcome coherency strains. The spinodal is then usually
“agtainable through.a small change in composition or a greater under—'
cooling. - By suitable additional alloying elements, the:coherency strain

can be altered to affect the accessability of the spinodal.

have presented evidence




o More recent studies using transmission electron microscopy

Severalialloy systems have been studied‘that show ev1dence of
'spinodal_decomp051tion- Many decomposed alloys exhlbit the sideband
'-:v;v)henomenon",.31 but suchvan ohservatlon is not suff1c1ent,evidence to
"iconclude.that'the'ailoy has decomposed soinodally._‘Although a periodict
!microstructure is characteristic_of a spinodal ailoy that is elastically’

|

' anisotropic; such microstructures can.also.develop by selective growth -

.~ due to elastiF'alignmentras observedvin‘Cu7C043'and Ni—AlM}’lf:7 alloys.

'Thehfirst'spinodal.system to be‘studied'extensively was Cu-Ni-Fe f;
in whichfthe first'observations:of sidebands‘were m;'=1d<.='_.27._30 A later o
study by Hlllert Cohen'and"Ayerbach46Ausingdx—ray‘diffraction confirmed
- that Cu—N1—Fe ‘alloys 1n a certain range of compositions decompose by .
C a spinodal mechanism. the klnetics of which had been studied[by Hillert
? have
.iiprovided direct metallographlc evidence showing that the decomposition ;
:; of. these Cu-Ni-Fe alloys exhibits characteristics associated with the |
'.SPinodal transformation. g o ' _}t .”” o :' : |
Some other alloy systems for which there is eyidencevto suggest
'; decomposition by a spinodal mechanism are- Au—Pt Al—Zn and Au~Ni. X—ray

"diffraction studies of Au~Pt all,oyslﬂ-49 indicate that decomposition ’

" occurs by a spinodal mechanism or possibly’homogeneous nucleation;
S ; . X . 50,51 . S s
. and more recent electrical resistivity studies provide additional

" evidence to support thisiconclusion. In the Al—Zn System;,it.is dif—

'ficult to. interpret the experimental observations because of the- different

| \
s ) |

phase transformations that occur. The small angle X-ray scattering
measurements of Rundman and Hilliard pr0v1de convincing evidence for

spinodal_deComposition_of an Al -22% Zy alloy aged at 65°C. However,
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a transmission electron microscopy study of a series of concentrated
Al-Zn alloys5 showed that the modulated structure observed in these

alloys is not necéssarily associated with spinodal“decomposition. And

a subsequent study on the decompOSition of a nearfeutectoid>Al —SO% Zn .

53 . . , _ L
alloy 3 showed that the observed modulated, isotropic structure results

from a discontinuous reaction that nucleates at grain boundaries and
. free surfaces,rather than from spinodal décompoSitioh. Although modu-
lated structures of smallvamplitudes'aré observed in Au-Ni alloys, the

. experimental évidence54’55

indicates that the coherent spinodal is
' ~suppressed to such low temperatures where diffusion cannot readily

. occur that decomposition of 'the solid solution is prevented.

C." Structure and Mechanical Behavior of Cu-Ni-Fe Alloys

Within a certain fangé of compositions in the Cu-Ni-Fe system, .

- a modulated structure developes upon aging inside'the miscibility gap.

N EXperimentél evidence-indicates that some Cﬁ4Ni—Fe alloys with this

24,2546

modulated structure decompose by a spinodal mechanism. The

high temﬁerature solid solution and the two lowvtempefature phases a1l -

"have face centered cubic crystal structures. Although the equilibrium =

~ structure is fcc, the two low temperature phases have a transitional
face centered tetragonal structure during part of the decomposition

. ‘process.- The microstructure during the early stages of decomposition .

B consists of wavy, irregular particles in a pseudo-periodic array lying - .

.along the cube planes as shown in Fig. la and 1b.' Because the cpbe

directions are the elastically "soft" directions in these alloys, the

particles develop into coherent platelets with planar interfaces along
: £

the {100} planes (see Fig. 1c). After long aginggtimes, the large

i
i
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',platelets lose coherency by the development of interfacial disloc.’ations.?4

Phe pseudo blnary phase dlagram for the alloys studled is g1ven
A1n Fig. 2 ThlS phase dlagram lies along a tie—line on the mlscibility

gap of the Cu—Nl—Fe system and is derived from the earlier work of

'_'Koster andaDannohl,56 Bradley, Cox;and Goldschmidt57 have also studied

. the equilibrium‘phaSe diagram for this:alloy system. .The Curie temper-

i

- P : I . ‘
“atures are for as quenched alloys of the indicated compositions and

" are also taked from the.york of Koster ahd'Danoohl, Ihe position of
the chemical soinodal was estimated”by‘B'utler58 dsing the ﬁroot—three."
V rule” derived by Cook and Hllllard .59 Because the.misfit betmeen the
:eoherent particles is small (<1/) in these alloys, the coherent spinodal
. 1s not significamtly depressed below the chemlcal‘splnodal. A sub- |
~ sequent stddy hy Bdtler60von the initial stages of decomposition in andb.
:alloy of compo;ition A supoorts this‘conclusion 'The alloy compositioh_f
,féde51gnated A in Fig. 2 w111 he referred to as the symmetr1cal alloy o
'bccause 1t conta1nsuapproximately equal volume fractlons of the two
'1low;temperature phases,‘whereas the two compositions marked l and 2
Ewill be'referred to as asymmetrical.alloys since they contain about -
':ZSZ voldme fraction of the minor phase. The compositions of the three‘:f
4alloys studiedi in atomic per cent, are:
alloy'l; 32.0 Cu - 45.5 Ni - 22.5 Fe
alloy A: 51.5 Cu - 33.5 Ni - 15.0 Fe

alloy 2:"64 Cu -~ 27 Ni - 9 Fe
|

As these Cu—N1-Fe alloys decompose inside the spinodal a. two-

1
to three—fold increase in the yield stress is observed Butler and
Thomas24 studied the symmetrical alloy of'composition A and found that
. [ , ! ' : S . v



as the aging temperature:increased the maximum yield stress decreased.
Butlerss has considered in detail various strengthening mechanisms
proposed for coherent precipitates and has concluded‘that‘the internal
stresses in this decomposed alloy are probably'the most important factor
contributing to the strengthening. In the research done for my master's

55
thesis, 3,61

ir‘was foond that-for alloys of compositions l and 2 thev
maximum'yiéld stress is independent.of the voluheffractions of.the two
phases.h.Furthermore,fthe pield stress varies withithe difference in
composition of the two decomposing phases and is independent of the
wavelength or .particle spacing. Dahl‘gren62 has proposed a model based
on internal coherency stresses to explain the’ y1e1d stress of alloys
contalnlng hodulated structures. The results of this model are in good
agreement with the experimental resulrs'for these Ch—Ni-Fe alloys. The
observations made on‘the yield strength of Au;Pt allosrs49 support the
conclusion that in spinodal alloys:containing a 1arger volume fraction
of coherent partlcles the 1nternallstresses are the prlmary strengthenlng
mechanism. However, from the available data one cannot excludebother
factors such as dlfferences in shear moduli, Burgers vectors or stacklng
- fault energies between the two phases or a chemlcal (atomic) interaction
at the interface thattmay contribute to the strengchenlng.

Ih’the research done for my.master's thesis,G; it was observed thatg
after short aglng times these. sp1nodally decomposed alloys fail inter-
granularly with a correspond1ng decrease in the total elongation of
the ten31le.spec1men. This change in fracture mode from transgranular
‘to intergranular with aglng_was tencatlvely assoclated with grain
boundarypprecipitation or possibly'solute segregarioh at the graih

. boundaries.

% 2
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As.e'continuation ofsthis research on'Cn-Ni—Fe alloys in thev
sp1nodal region, thls thesis descrlbes various aspects of spinodal
decompositlon and’ coarsenlng in these alloys and the resultlng mechanical

behavior. In the follow1ng section, loss of coherency is con51dered

in detailvsnd a mechanism is.proposed”for'the formation of many inter-

|

.facial dislocations from.a single'slip.dislocatidn adsorbed at the

interface. The mechanical‘béhavior of these semi-coherent particles

v_fis deSctibed in'the second.section3and the work hardening characteristics

v of the 1nterfac1al dlslocations are dlscussed In the last section,

the 1ntergranular fracture of these spinodally decomposed alloys is

. consideredvand an explanation is given for ‘this type of failure.
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II. LOSS OF COHERENCY

A. Introduction
After long aging at»high temperatures, the coherent'platelets‘in:

. these spinodally'decomposed Cn—NieFe.alloys lose coherency as interfacial

dislocations form and the particle morphology also changes. Transmission

electron microscopy observations have led to a consistent explanation of

how the semi-coherent microstructure evolves from the initially cOherentv o

platelettmorpholbgy; The relative energies of various types of inter-
_facial stroctureslare considered and a dislocation'mechanlsm is'proposede.
. to explain'the generation of many interfacial dislocations from a:singlé}
' ~slip dislocatlon adsorbed at the interface.' |

‘In the symmetrical alloy, Butler and Thomas24_observed that interff;
hffacial‘dislocations‘initlally form when the'platelet thickness is

'i ~500A and that loss of coherency occurs more rapldly at hlgher aging

-temperatures aven though the mismatch between the two phases decreases AT

};w1th»1ncreas1ng temperature.' For example, interfacial dislocations

.2_were not observed 'in samples aged at 625°C even after 940 hrs (A 1080A),.

vh:whereas in samples aged at 700 C interfacial dlslocatlons were first A
‘y:observed in a few areas after 40 hrs (A = 800 1350A) and only after 17 hrs'
7}1n samples aged at 775°C (A = 950A). Contrast experlments showed that
_E;the most probable Burgers vectors of the interfacial dlslocations are -
‘. of the type a/2 (110). After long aging times, networks of interfacialff
.dlslocations develop and the interfaces tend to rotate away from the
" {100} habit planes towards'{110} planes. Possihle mechanisms for lossh.”‘

- of coherency. in this Cu~Ni-Fe alloy were discussed by Butler and Thomas.
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B. Experimental Procedure -

1. Maﬁgriéls and Heat Tfeatment
The pfeparation ofvthe experimental alloys was the same as used

.iﬁ the previous research work for my'ﬁaéter7s thesis6l‘and.also by
vz,vBu,tle_r'and;Thor.nas.z4 The alloys were pfepared using.99.999% purity
'Cu,v99f85%'pﬁrityANi and 99,62 purity Fe with 0.5% Mn addéd to each
melt-asfa'&eoxidizer‘to aid fabrication. The éhargeé were melted in a
léfge indu;;ion furnace under a helium atmosphére andbwere chill castt

: intbicbbﬁer ﬁoids to féducé'segregation. -XQréy fiudfescént'analfsis'
'_verified td.within il%.thé comﬁbsitioné given-p;evibusly.._Thé'ingots'
pwere insertéﬂ into étainless steel envelopes and pléced inside an
~Inconé1‘tube filled wiﬁh cast iron chipé and‘a‘smallramouﬁf éf.adtivated i
. chafcoal tolbrevent'oxidétion. Following homogenization at 1050°C

:fof threé dé§s,;¢he'ingqts were hot forged and rélled at 950°C #o é
ﬂthickness of.40'mils.: Smail pieces frog éach‘ipgot were then annéaled'$
'Band further cOld'fqiled‘go 8 mils thickness for ele;tronjmiprbscopy '
 ;spec;méﬂs; - |
Conbné of this 8mils thick maferial were éﬁcaésulgted‘ih evac-

: uated.quartz tubés, solption tfeated at 1050°C fof two hours aﬁd.theﬁ
«;‘quencﬁéd'iﬁ.ice water. Because the late; stages of coarsening were

,{to be' studied, the quenching rate was ﬁot criticélifo the subsééuentjlb
iAaging trégtmentS; To obtain samples containing semi—céherentnparficleg;}
ffthe coupons were aged inveYacuated‘ qﬁartz'tﬁbeé-a£'775°C-ana‘800°C |

for 50, 100 and 200 hrs.
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2. ElectrogmM§E£9§Eggzﬂ !

The heat treated coupons were hand ground on wet polishing papef

to a thi¢kness of 3-4 mils. In some cases, the coupons were chemically -

thinned to the same thickness using the following solution.

20 ml acetic acid
10 ml nitric acid

4 ml hydrochloric acid

" - A brass éu;ting tool was used to spark cut 2.3 mm diameter discs from

the thinned material. These discs were then'polished on fine emery
paper to é‘thickness of 2-3 mils and eléctroﬁoliéhed in a doublé jet
polisher using the following electrolyte.

75 gm CrO3

. 400 ml acetic acid

12 ml H20

To dissolve all the Cr0;, this solution was heated during mixing. The

: temperétufe of the electrolyte was held at ~iO°C during polishing
biusiﬁg én ice'water bath. To obtain a saucer sh;ped profile in the
"disc,‘a.iéw:curfent (‘15'ma5 was initially used'and theﬁ the current
was increased to ~30 ma during the final minutes of polishing to get
:ia good féil;. This.polishing procedure worked fairl& well_evén though

"“ the Cu riéh'phase polished preferentially.

Thé polished_discs were examined in a Siemens'Elmiskop IA éleqtron_j.'

,}'miéroscopé 6perated at 100 kV using a double.tilt'éoniometer.stage
 .for cqqtrast'experiments. A few foils were examihed in the Hitachi
650 kv miéfoscdpe.to study the interfacial disloéation'arfays in
thicker~aréaé éf the foils. 1In order to obtain a better understanding

of the dislocation configurations, pairs of stereo micrographs were
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taken of some areas by tilting the foil 10-12° along a Kikuchi band
_ so as to have the same diffraction conditions for both:micrographs;

C. Experimental Observationé‘

Most of the electron microscopy observatiohsbwere made on alloy
2 which coﬁﬁains the largeét'volume fraction of tﬁe-Cu rich phase in
,;he thfeé.éiloys stﬁ&ied. Since the Cu rich phase polishes perferen-
'Jtially, it was easier to prepare good foilé of ailoy 2 than of the other
" two_alloys,:'No interfacial disldcatidﬁs‘were obserQéd in specimens
; of the two asymmetrical élloys aged at_700°C for 10, 40 and 200 hrs.

" and at 775°C for 10 hrs. In the research for my master's'thesis,61

: specimens of thesé_same alloys were aged at 625°C for times up to

1000 hrs and no interfacial dislocations were observedv(see Figs. 1
and 3). Wﬁen aged at 800°C ailoy 2 contains ~15% Volume-fraction'b
of the Niéfe_rich phase. This alloy remains sinélé phase when aged
‘at 825°C_gut_the syﬁmetfical allqy is still insidé the two phase
) region ﬁt this aging temperature.
As!ﬁhe structurévcoafsens in these sﬁinodél éllbYs, coherent
'i platelets form on the cubé planes because.this morphplogy miniﬁizes
. the elasfic'strain energy.of the stru_cfure.63 Befpre coherency is

I } . .
. lost, splitting of diffraction spots normal to the interface indicates e

-_ﬁthét the £Q¢ phases have face centered tetragonél.crystal‘structures
. with the c axes nofmal to the'cohereﬁt interface‘and the twovcommon
a2 axes lyi?g in the {100} interface; The separatioﬁ of the s;1it
<.600 reflection shdwn in_?ig. Bagcorrespoﬁdsrﬁo a lattice parameter
, differenceLﬁorﬁal to the interface'of Ac = l.OZ‘iﬁuthié-SPeéimen aged

at . 625°C fqr'lOOO hrs. The strong contrast obSérved in the correspon-

~ ding‘bright field micrograph (Fig. 3b) arises from the coherency strains
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i . o

- at the-interfaces. “Also, displagemenf ) friﬁges:are ﬁiSible in this
microgréph; o
In ﬁany of the diffréctioﬁ patterns taken 6f'iarge coherent platelefs,

distinct streaks are observed lyiﬁg along thev(lOO) difection normal to
the in;erfaqé. 'The length of these'stréaks; as shown in Fig. 4a,‘cor—‘
réspéndsvto:é distance of lS—ZOA in the crystal.: The origin of ghése
streaké'is probably‘the elaqtically:sfrained regfén‘onveifher side of

' the Cohérent'interface._ In some cases two streaké:separated by a small
- disténce are obsérvgd ﬁéssiﬁg through the same sbot. It is not’clear
why two streaks océur, although the_split stréaks may be caused by.'

" magnetic deflection due to the ferromagnetic Ni-Fe rich phase.
The micr§sfructure'prior_té 1oés of coheren;y consists predomiﬁantly
" of thin platelets about 500A thick and 1-2u in léngth with {100} habit
| planes (see Fié;VSa); During the initiél stageé, loss of coherency 7
doesvnotfdccuf thrbﬁéhott an entire'gréin but rather specific‘Variéntsi.'
'1:of the platélet morphology.deQelop interfacial’dislocations préféfen-
btially és éhown'in Fig. Sb, Related to this obééf&ation is. that dif- f}}'
 ferent staggs in the devélopment of the dislocation;arrays are df;en |
 'observed.iﬁ adjacent parti¢les.'.AhOther aépect of the selective naturef:
'f of this process is that there‘appears tovbe'no one critical particle :3';
i,thickness.for‘loss of cohe:eﬁcy but rather a range of pérticle'thick-  é;
" nesses for which interfacial disidcétionsvére observed. A good examplé'

. of this:observation_is shown in‘Fig. 6 where two“éfbups of four inter=
:faciai dislocations are seen at oné platelet and all the surrounding

platelets are still coherent.
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As oBse:ved eéflier.byYButler aﬁ&_Tﬁomaszg:?ﬁ& also in the preséntf_
' w0rk; the semi—cohérent intérfaqes déveiop more réédily atlﬁigher “
:'temperéturES forVSmailer platelet-thigknésseé and smallef miématch.

“And oncé'tﬁe interfaciél diélocations form, the'éeﬁi;COherent péfticles.‘
grow more rapidly fhan the coherént platelets (é.g; Fig; 5b). As ta B
the effect of volﬁme fraction on the loss ofvcohérency, the symmétrical
alloy conéaining an equal volume fraction of thevéﬁo phaées loses | |
l céherency'sooner than the asyﬁmetrical alloys aged at the same temper-

ature. For'examplg, Butler and Thomas observed some interfacial dis- -~

'

1ocatibnsviﬁ foils qf alloy A agedvat 700°C for'4d:hrs whereas no
| interfaci;1 dislocations were observed in foils of the asymmetrical-"“_;
alléyszagéd.EOr ZQO hrs at the same temperature.
,_As the ihteffaéial dislocationé fo;m, théuiﬁterféce éﬂangés its

ofiéhtétion“towards a {110} plane. An exémpiekof‘this rotation is

shown inithe ubpe; left cdfner oszig; 5b where a f¢w interfacial
.“digiocéfibns have féfmed., An evén eariief{stage.bf<chié proceés is
shéﬁn iﬁfFig; 6 wﬁere local rotation of the intefface at the dislocéfioné
"has occugied. As the interfacial dislocations develop furtﬁer, this ‘
"reérientétiOn of the semi-coherent interface-cén result in a corrugated*l
'éhaped interface as shown in Fig. 7. The interfaqial dislocations on |
the two surfaces havg differeﬁt Bufgers‘vectofs,as demonstrated iﬁ
‘:the pair of’micrographsvshown in Fig. 8. Sometiﬁgs the.interfa;es-
become curbed as they change.griéntafion»whéféés in other cases the
interfaces reméin'planar (see Figs&»Sb,and 7).‘ f

Diffraction contrast experiments hive shown that the Burgers

P

vectors of the interfacial disloéatip@é are of the‘type B = a/2 (110),64
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' which is a 'slip dislocation in fcc crystals, and in most cases lie at -

45° to the:{IOO} coherent interface (see Figs. 9 and 10). The diffrac-

: tion"conditions for dislocation contrast in fcc crystals are summarized

. in Table'I.. The dislocation lines generally lie alongv(iOO) directions
| in the ihterfaée although sometimes they are along'(110) directions
or'somé interﬁediage orientation (see Figs. 11, iZ‘énd 13). Most of
the observed_semi—cbhérent interfaces contain.ope feguiar array Qf

~ parallel dislocatioﬁs'and in some cases a second set of diélocations

‘which are mbre-irregular'in appearancev(See Fig..13); Sometimes the
__ seconstét of dislocafions is perpendicﬁlar to the first set and these
dislocations‘often appear to be situated at steﬁs dn theiihterface as

fvshown ihiFig. 14.

Stereo micrographs of the interfacial diSIOCationsvhave revealed .

that some of the observed dislocations do not lie in the interface

- but rather are extended into one of the phases. When viewed in stereo,”

'~fvthe arrowed dislocations in Fig. 15 are seen to be inclined to the
v :para11e1.dis1ocations at the interfaces and in somé cases appear to
" be connected to them. In addition, high voltage electron micrographs

‘have confirmed the observation of "stray" dislocations that do not

‘lie in the interface as reported earlier by Butler and Thomas (e.g. Fig;f

fi16)- Most of the micrographs show segments of interfacial dislocations
 that terminéte'at the foil surfaces. However, as shown in Fig. 17,
 ;the§e dislocationé do in faét-Ioop around the ends of the platelefs.
The.micrégraphs shown in Fig. 18 were taken of a foil with the

[011] zone axis parallel to the incident beam. Thus, the interfacial
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dislocatfoﬁs within the areas A and B lie in or near the (OOi) plane.
The sepafation Qf the dislocations in area A is about 225A whereas
thbse sho&n in area B have a 3pacing of about 300A. This differeﬁce

in disloqatién spécing may bé due to a slight difference in orientation
- of the two- interfaces resulting in_different pfojected spacings for
_the two sets of dislocations. These two microgfaphs also shéw examples
“df,moiﬁé.frihgés observed at these semi-coherent interfaces.

'Iﬁ these Cu-Ni-Fe alloys,vif has been observed that enhanced.
particie.coarsening>occhs at some grain_boundaries. Cdnsequently,
suéh large particles lose.coherency sooner thén the smailer pgrtiéles
in the mattix (e.g. Fig. 19).
| D. Discussion

1. TetragonQIFStructure and Related Effects

.‘Prior'tbfthe loss:of coherency, the two phaéés'hgve facefcentered
- te§ragonal cryétal étructures (Brgvais lattice: Afacé—centered orthd—
"rhoﬁbiénﬁiﬁhba ; B-# c) wiﬁh the ¢ axes normal té.the coherent interfacé
and.thebfwobcommon'; axeé lying iﬁ ﬁhel{lOO} iﬁté;face._ Butiér and

' Thomészé;aSSociated thié tetragonal structure with the formation of
the first set of interfacial dislocatioms. However,‘there is much.
evidence fg sﬁbstantiate the face-centered tetragonal strucﬁure of the
fully coherent platelets. In thin foils containing large cqherent

: plételets, splitting of the h0OO reflections norﬁal.to_the interfécés'
”;has been observed (see Fig. 3. Becéusé two aisfinct spots aré not
’obsérved; it seems likelyvthat the two phaseé have éonstrained

. : , ' A

' tetragonal structures with the c parameter varying.continuoqsly from

the equilibrium values at the center of the platelets to an average
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‘value af the inﬁerfece. Then when the first set of interfacial dis-
. [ : . . : )
- locations ere formed, partial loss of‘coherency occurs and the two
bphases have;unconstrained tetregonalvstfuctures as evidenced by the
resolﬁébleisplit spets.2
In ordef to explain the diffuse sidebands ebserved onrx—ray dif-
fractien pattefns of Cu;Ni—Fe alloys, Daﬁiel and Lipson28 postulafed
that the two ceherenﬁ ﬁhases were tetragonal with the c axes‘normal
;to the platelet interface. The resulting moduletiqn of.the 1attice
parametef eeused~the observed sideband formation; analogous to a dif-
fraction'greting. ‘Because the atomic scetteriné'factors.for Cu, Niv.
7. and Fevare‘about.eqUal, this lattice parameter Veriation acress the
plateiets seems to Be the most feasible explanation for this observedefi
. diffraction phendmenen.’ Furthermore; in order to explain the contrastiﬁ
 ’iﬁ,eleetroh micrograﬁhs of Cu-Ni-Fe alloys, Cadoret aed Delavignette65 |
based theif:calculationé on the lattice parameter variation normal'to_:z
- the intepfaee.ﬁhich'cauées a relative phese diepiecement'of the»electrdﬁs
as they pass through successive platelets. Otﬁe?-effects that ﬁighf |
" contrihute to the contrast, such as differences between the reciprocal > 
lattice vecters (g) of the two phases, the deviatiomns from the Bragg
eondition (s) endvthe extihction thicknesses (te), are negligible in
' these~Cu;ﬁi—Fe alloys.
Because ofvthe difference in crystal structures ofvprecipitafe
and metrix; fringe.contraet is often observed at.interphase interfaces
under vafious‘diffrection conditions. The contrast characteristies of

: ‘ S : _
various types of fringes have been described by. Hirsch, et al.66 When

the matrix is oriented for a strong diffraction condition and the

precipitate is not so oriented, or vice versa, then thickness fringes




.

L
~

£
4

P

L

s

R
e

£
>

o

i,

&

¥

&

F oy
it

-23-

‘are bbSeﬁvéd at the.in;e;face.' Such fringeS'héve_fhe same chéracterf'fv
istics as.thickness fringes in a wedged shape crystél andﬂare analogous
 £o.thicRness fringes 6bsefved at grain boundafies:wheﬁ one grain is
‘ strongly diffracting and the other is not. If there is a’relative
,displacement'of the crystal lattice between the matrix and thé coherent
--‘preciﬁiféte, ﬁhen diSpléceméntv(or'G) fringes may be‘obserVed at the
_-;interfaéeﬂﬁhen fhefe is a strong matrix'reflectiOn ;nd zero or weak
.:fprecipitaﬁe reflections. Such §-fringes are a sepsitive measure of
~  small éohereﬁcy strains, and Oﬁlak and Kear67 have.éxplained the §-fringe .
;contrast at:coherent precipitate inteffaces in a ni¢kel—basé alloy in
térms of a geometric model68 based on a tetragonalAlattice distortion
 at‘the intefface.
A third type of ffinge contrast observed at interphase interfaces
s moiré ffinges~which.caﬁ gibe useful informatibn about the lattice
Amiématch’bgtween the hatrik and a pfecipitate.' For'the,simpie parallelf
.' jmqir€'casg whére'fhé two cr&staléldiffér.onlf in Iéttice parémetef~and -
'{ihavevthé.éaﬁe'cfystal structﬁre and drigntétion, thevfringe spacing

. (D) is related to the misfit (§ = (4,

- d2)/a) by the formﬁla§6

(=
fl

[
o2y ="

‘where d, is the interplanar spacing of the operatiﬁg reflection. For

1
- the Simplefparallelvcase, the moiré fringes are nbrmal to the reéiprocalv
: :flattiqe vector (g). By measuring Dm from a micrograph and knowing d1 B
" for the operating reflection then the constrained misfit can be cal-

culated. An example of a moiré pattern prbduced'atAan interphase

»interfadegby,thé SlI_feflection isssshown in Fig; 18a; and the calculated
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*t'misfit'ffom thelneasuredfrihge spacing is 6= 0.7% for this sample of o
alloy 2 aged 200 hrs at 775°C. When the 052 refledtion is operating
moiré fringes with a larger spacing are observed.aé‘shown in Fig. 18b."

In thiSumicrogfaph'notefthe parallel interfaciai'dislocations_on the

central particle which appear to be moiré fringes. However, as discussgd

A

by Hirsch,:et al.,66>contrast images arising from interfacial dislocations

and moiré patterns will only be coincident wheén the resolved ~edge com- "

ponent of the Burgers vector equals the misfit and when the g vector

- is normal to the direction of the dislocation linés.»‘Thus, the striped

contrast on the central particle (cf. area A iﬁ_Fig. 18b) cannot be

'mqiré fringes'ofvthe parallel type since the lines are not perpendiculaf

to the oﬁerating g vector. .

 ;,2. Structure and Energetics of Equilibrium
Semi-Coherent Interfaces

A single’intérphaée interface in tﬁis éohereht spinodal micro-

structure is similar to the interface between a’ thin film and the sub- A

" strate onto which it is evaporated. Detailed theories of dislocation

‘interphéSe‘boundarieé in thin films have been developed by Frank and
69 |

3

. : ' _ 71 v 12 .
van der Merwe, van der Merwe = and Brooks. = A recent review

~.of these theories including experimental obserﬁations for thin film and

73

' 1precipitate interphase!boundaries has been given by Aaronson, et al.’ 'jg
It seems appropriate to use the results of these theories in explainingaf

' the observafions made on the loss of Coherency'in these Cu—Ni—Fe,alloy§; '

The equilibrium crystal structures of the two phases are face-
'Centefed cubic with a small difference in lattice parameters. Just:
prior to loss of coherency the two phases are face-centered tetragonal

{e
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[
1

with the two common a axes in the {100} interface and c axes normal to .

1

the interfaée; The Ni-Fe rich phase has c < a whereas the Cu rich
> a. The final semi-coherent microstructure of these

2

phase has ¢
'spinodal alloys is expectéd to be spherical particles of the minor

.phase surrounded by 5 diélocétion'network contaiﬁing.three non—coplanari
Burgers vectors thét”completely rélieve the latticé mismatch aléﬁg the
three épbévaxes. |

‘Based 6n geometrical'considérations fhe mési.efficient misfit-

' T7accbmmodating'dislocations are pufe edge disldcafioﬁs wifh fhe Burgeré'?
'vectof lying in the interface plane and thé ekpra”half plane of atoms

f'extendihg ihto>thé'phasébwith'the smallef.1attiée'parametéf v(i.e. the
Ni—Fe rich phase). Howéver, it is often possible Ehat'more than one
type of misfit>dié1ocgtion will sétiéf& the abové ééndition; and

S 3 |
3 have discussed this possibility and have concluded

Aafonépﬁ, et al.
;vthatvfér 6; platelgts>ip Al}Cuf;heboSsefved.inté;facial diglocations
f7 'witﬁ'E é.a'<100> do nét give»the disipéatioh coqfigufation 6f minimum‘
';fenergy based on a simplédisotfopic elaéticity egfimété of the dis-

- 'location netwofk energy. They alsé discués.othéf exaﬁples of observed :
intérfaciai dislocation structures that afe noﬁ the minimum energy

: configﬁration'as expected #romvtheoretical cpnéideratioﬁs.'

The observed interfac;alvdislocétions in these Cu—Ni-Fe.alloys.

‘have Burgers vectors inclined at 45° to the interfage and are thus only -

bartly effective in accommodating the 1a§tice misﬁatch._'Appégentiy, |

the kinetics of formation fof such dislocation'afrays are more favorable

" than for the creation of more efficiént dislocations. Similar‘misfit-

_accommodating dislocations at'{lOQ} interpha§é~bodhdaries have been

i
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observed by Matthews in goldfsilver and‘platinumégbld evaporated'thin
f:‘.lms'74 and:by Jesser and Matthews in evaporated thin films of iron

>

on-copper,7 6 cobalt on copper77 and chromium 6ﬁvnickel.78 The work»g
. of Leviné,'et al.79 on.diffusion—inducéd aefécts‘iﬁ'silicon showed thét:

. glide-dislocétions moved to ﬁhe ﬁqsition in thé<§fy5tal corresponding. |

E fo thevéteepest éolutéiéqncenfration:gradienflaﬁd,cdmbingdIto give
.eff;ciehp ﬁisfit—accommodating diSlqcations'Qith their Burgers vector
Vlying 15 £he "interfgce". ‘Weatheriy'anvaicholéoﬁso ﬁave discussed in - -
detall the capture ofimatriﬁ dislocations at 1ntérphuse boundaries,

and their.observatiéné ¢n the ioss’of coherencyvbfvy' spheres in a Ni-
base alloy, S laths in Ai—Cu—Mg and needleéshaped'ﬁf in Al-Si-Mg provide. -

convincing -evidence of the general importance of this mechanism_wheh

the lattice misfit is less than ~5%. ' Thus, the dislocations present ét&i

a'semi—cohereﬁt interface aré not necessarily thevmést effiqient-ones
or thosé.of’minimum enéréy_but rather are often tﬁoée dislocations thatsg

»vare most ‘easily géﬁerafed of'ﬁost readily available to relieve the

' éohereﬁcy étrains;.‘A recent review értiéle By kinSman and AafOnsonSl
= provides ample evidence frbm.observaﬁions made on various inte;phase.

L interfaées to sdbstantiaté fhis.conclusion.

In explaining the loss of.qohéreﬁcy in Cu-Ni-Fe alloys, it is
v;usefhl to consider the.free energy éhanges that bécur for various
" interfacial structures. for'this discussion the ﬁicrostructure to be

a : v - | o
considered is_an array of parallel platelets thatlére initialiy,coherent?
and that subéequently become semiFéoherent (see Fig. 20). The inter-
facialvenergy‘consists'of-two parts: . (1) a chemical component due to

the difference in atomic bonding across the interface and (2) a structural
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cohponent due to the elastic strain energy of the coherent interface
- or to the interfacial dislocatiéﬁ energy. The totél-Helmholtz free

energy. per unit volume is given by.

‘ = L
Ftotal (Fl 1 + F £ ) + 2 (X) Y+ 2 (k) struct

where
: ' th L
Fi = chemical free energy of i~ phase per unit volume
: : . . th ' ’
fi = volume fraction of i~ phase
Y = chemical interfacial energy per unit area
struct = structural interfacial energy per unit area

A= ﬁédulation wavelength or distance bétwéen alternate platelets.
- of fhe same.phase
L =Jcharactefi$tic lengtﬁ of unit volume (see Fig. 20)
| and the subsc;iptsl and é denote the'Ni—Fe rich and Cu rich phases
respectiﬁely; It is'expgcted that thétcoherent‘platelets have chemicaiﬁ‘
. compositions cO¥respondiﬁg to the coherent miscibility curve and thus'r
differ:iﬁ éomposition from the semi-coherent plételets. Consequently,
the chemical free'energy'terms“(Fi) and the chemical interfacial energiéé
) will‘differ.for the coherent and sémi—coherentbparticles. |
In order to estimate phe structural interfacial energies for the .
céhereﬁt and semi-coherent states, the theoretical expressions derived
{.by van der I.VIerweBZ"83 for the interfacial energy df a thin film évaporétéd
onto a substrate have beén used. The details vathe calculations are :
given in Appendix A wherevit is shéwﬁ that the. structural component of'i
the coherent interfacial energy in these Cu-Ni-Fe alloys ;s ~330 ergs/cmz.

For the semi-coherent state van der Merwe considered two simple cubic

crystals in parallel orientation with the misfit‘in«only one direction
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" being aecommodated by parallel edge dislocations (see Fig. 21). Using e'

¥

the equatlons resulting from van der Merwe's analys1s, it is shown in
2
) Appendlx A that the structural 1nterfac1al energy is ~250 ergs/cm” for

 a semi-coherent interface containing one set of dislocations with the

Burgers vector inclined at 45° to the interface_whereas this component

. of the energy is only ~225 ergs/cm2 for a_(ilo)‘interface with b = a2 .

[(110] lying in the interface. As the second set of interfacial dis-
locations is formed, the interfacial energy will be further reduced.

3. Prgposed Mechanism for the Formation
of Interfacial Dislocations

Four mechanisms have been suggested for the loss of coherency of

growing particles:

(a) The climb or glide of dislocations from an exterior source to -

the particle—matrix interfaces.

(b) The growth of small 1oops 1n51de the particle.

(c) The punchlng of dislocation loops at or close to the particle—fﬂ

’ matrix ‘interfaces.

(d)'The accumulation of point defects from the matrix to form
dislocation loops that subsequently grew.

~ The first two mechanisms have been experimentally observed.®0 The

':vcalculetiohs of WeétherlyB4 for prismatic punching of dislocation loopéff

: 3atvcohefeﬁt particles indica;e that the cqnditions necessary for fhis.
“‘mechanism to occur are quite stringent. For exemple, he estimated
2thae the unconstrained ‘transformation strain of a plate-shaped pre-
c1p1tate must be greater than 10% for loss of cohefency to occur by

punching."The‘work of Brown, et a1.85 on the loss of coherency in a
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. C;—Co allSy shows that it is importantfto éongider botﬁ é‘stféSS criterioh
- and én_eﬁergy criterion for loss of‘cohefency by punching,'v..

DeFoﬁtaine86 haé dérivéd‘an:approximate_energy criterion for the
loss of cdherency in modulated sffﬁcthes, such as in tﬁese CuQNi—Fe
alloys; 'His.mOdEl:iS based on the prismatic punching‘mechanism for the
_‘genera;ioﬁ of dislocatiﬁn }oops. Conseéuéntly, thé results of this
.model prediqt tﬂatltﬁe maximum or critical moduléﬁion‘ﬁgvelength (Ao) for
 loss of'cOhetenc§ décreaées as thermisfit»(§):increéses. However, in thése
‘VCu—Ni~Fe'alléyé it is obserQed that loss 6f coherency occurs for smallerg
wavelengths at highe; aging temperatures where the misfit is less.z4
VvBecause'fhe_étrain enefgy density in' a mo&ulated structure is independenﬁ
-of thevwévelength,'déFontaine used a critical vinme to\surface ratio as
‘the criterion for.loss of coherency. Thus, his model predicts that the
u?gymmetricél élloy shouid loselcoherency at a smaller'wavelength thaﬁ the:
.asymmétricéi'alloys; and tﬁié effect is observed in Au-Pt alloys49 and
in Ch—Ni—Fevallbys. 'Fof ekample, the critical plaﬁeiet thickness for
. loss ofﬂébherency in theSelCu—Ni—Fe alloys is ~560A:even thoughbthe
‘critical quuldgion waveléngth is Ao =~ 950A for the symmetrical alloy
aged at Z75°C24 and Ao ~ 15004 for the asymmetrical al1oy (#2) aged at
800°C (see Fig. 5). . Therefore; the enefgy criteriéh‘for lossiof coherenéy
in modulated-structures seems to be dependent on é.§ritical voiume to |
‘surfaée‘ratio.~ |

BaSed.on the experimental observations described'ﬁreviously and thé?
resuits of other studies reported in the literature, the most probable

mechanism for loss of coherency in these Cu-Ni-Fe alloys is by the capture

of 'slip dislocations from'thebqatrix with subsequent climb of thsa
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 dis1ocatidns:at the interfaces to give the observed dislocation arrays.

-~Becauéevof'£he high density of observed interfacial dislocations, it is

 ;necessafy ;6 explain how one slip dislocation can mdltiply to give many
imisfit diéiocations lying in the interface. .It_isﬂﬁroposed that this
'multiplication process occurs by a slip dislocatioﬁ forming a spiral

around thé.piatelet. First it will be shown that there is a preferential
‘stress interaction between a coherent {100} interfaéé and a slip dislocatioa
.ﬂwith its Burgers vector inclined at 45° to the interface. Tﬁen the nt' i
'inucleationvstep iﬁ the multiplication précess will be coﬁsidéred wﬁerebylu

'fthe dislocation becomes extended along one interface. The subsequent

:i$piraling éf the dislocation around the platelet is in some ways analogopév-_ | |
fgo the-formafioﬁ of helicalvdislocations."Weathéfly and Nichdlson8o hayé;
{observed aVSimiiar dislocation mechanism for the lgsé of coherency of roéé
'5shaped precipitates, and Matthew§87 has proposed a helicél dislocation
{;mechaﬁiSm tQ ekplain the'forﬁation of misfit disloéétion loops'aroﬁnd

f;;pherical ﬁartiéles.

| BeéauSe the éohefent~p1ate1éts afe relatively thinAwith'a thickneéSi;f

“'to length ratio of 0.05, it is reasonable that the.coherehcy‘stress

v ;ﬁormal to thé (001) interface is partially relaxed so that the lattice
’:parameter along this direction approaches the equilibrium value in the
‘”;,ﬁwo phases, whereas the atomic spacings along the two cube axes parallelf!

'to the interface are elastically constrained to some average lattice

ﬁarameter; That is, the two phases 1n the coherent platelet microf‘
structure. have face-centered tetragonal crystal structures with the two ..:
- common a axes parallel to the interface and the c axes normal to it. And

:there is much evidence to support this destriptiqn'Of the coherent
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microstructure.and\the:corresponding stress conditions at the‘cohergnt
~interfaces.

Baéed'on the facé;cenﬁered tetragonal structures, the‘corresponding.
cOmponengsﬂof the goheﬁency stresses ére’such that the stress acting |
‘normal to the interfac? (sz) is much less_thaﬁ the‘two stress components
acting in the interface. Fufthermoré, the shear éompdnents are either
zerQIOr'negligibie compared to the two stress ééﬁ?oneﬁts acting in the
,}interfa;e; The reSOIupion of this aSsu@ed cbhérenéy stress system onto
Jthe varioﬁs slib‘plénes ahd slip'direétions is given in Appendix B. This
model for the ihteractionvbetween'éohgfént plateiéts ana glide dislocations
is baSed”bn aﬁ analysis by Dahlgrén62 fﬁr the calculated yiéld stress bfv
{such'a'microstructure. | -

An ihtéresting.result of the calculations'giﬁen in Apﬁehdix B and
;summarized,in Table IIvis that for the assumed coherency. stresses there
 iS no pfeferential‘s£fes$ interaction between a coherent interface and
‘a disibéatidﬁ witﬁ.its,BdrgérSFQeétor parallel fo the interface. Although
the assuﬁed:model is an apbroxim;fién to'the actual physical situatioh,,.
‘this result'provideé an explanation why the obsérvéd.in;erfacial disf
:locations have Burgers vecfors inclined at 45° to the {100} interfaces. fﬁ
The extra half plane qf gtoms asséciated with thé edge component of thé> ¥
;interfacigi dislocation will lié in the phase Witﬁ the smaller’laftice
;pafameter; and the féiative orientéfiQn of this extra_half plane df
atoms_depénds.on both the.direction of gvand the sense of the dislocation
line tangent (£). That is, the preferenfial attraction between a disf
location with a givenkg and a specifgcAvariant of the {100} interface

depends on the relative orientation of the extra half plane of atoms
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with respect to the phase with the smaller lattice parameter.
In an article describing interfacial dislocations in evaporated thin

films, Jesser and.Matthews75 have proposed a mechanism whereby a slip

~dislocation extending through both layers of thedevaporated film becomesbd

. _ ‘ | | _
extended -along the interface as the film grows in thickness. Because

. the conerent‘interfade-between a metal film evaporated onto a metal
.:'substrate'is similar to the coherent platelet interfaces in tnesev
Cu—Ni-Fevalloys, it seems.llkely’that the same mechanism is operative
- in alloys with modulated structures wnere avcaptured'slip dislocation
Tcan become extended at the interface due to the coherency stresses. vThe;

.phy31cal s1tuat1on is shown in Fig. 22a where a coherent platelet 1nter-f

.face 1s 1ntersected by a slip d1slocat10n ‘with its Burgers vector 1nc11ned

at 45° to the 1nterface. _The elastlc strain due to the coherent interfaCe

*causes,the.dislocation_line to bow out in opposite directions in the twoi;p

- ‘phases. As the platelet thickness increases, the BoWed out segments

_“become approx1mately as shown 1n F1g 22b at wh1ch p01nt the glide force E

‘;actlng on ‘the dlslocatlon becomes equal to the 11ne tension of the mleltv

7;dislocationr' With a further increase in the platelet thickness, the
":dislocation will extend by glide along‘therintersection of the slip

:plane with the interfaceras shonn in Fig. 22c. Jesser and Matthews7§
;fnave given expressions for the resolved shear stress, the glide force
lfaCting on the dislocation and the critical film thickness at which
‘extension of the dislocation occurs. |
| . Since electron microscopy observations have shown that such a
mechanlsm does occur at the coherent platelet interfaces in these
Cu—Nl-Fe alloys (cf. Fig. 16), it is suggested that the coherency stress

v |

i, 1
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:activated‘extension of a'slié dislocation at the'interface'assists in _.'
.the nucleation step ofvthe proposed multiplication process. " Because of
" the high aging'temperature (800°C =~ 0.75 T ) dislocation climb can
readily occur, and it has been shown that a stress acting on a crystal is
equivalent to a supersaturation of'point defects._88 That is, the coherency
stresses,provide a driving force for dislocation climb which can occur
rapidly at_the aging temperature studied. The slip dislocation extends
dby glide along (1105 in the interface which is the line‘of intersection'”
of a {11l} slip plane and {100} interface. But becanse the misfit
~fdirections are'along'(100> in the interface, the dislocation line will e
lclimb'so'that it 1ies_along (lOO) in order to better’accommodate'the N
: |
misfit. |At these high temperatures it may be that the {110} planes are -
‘~also active'slip planes in fcc crystals, in which case the dislocationsvvﬁ
ucould glide conservatively so as to be extended initially along (100)
fdirections 1n the interface. The sequence of steps in the proposed
dislocation multiplication-process is shown in Fig. 23 where it has
-.been assumed:that the. initial dislocation has b at 45° to the interface,‘j
~and is in screw orientation which has lower energy than a dislocation
'ofbedge or mixed character. This process depends on the availability |
y;of suitahle.slip dislocations and is both thermally and:stress activated -
nioccurringvat some critical combination of temperature and platelet
"thickness. As observed in this study and also. by Butler and Thomas,2
.dloss of coherency occurs more rapidly at higher temperatures and forb
smaller platelet thicknesses at the higher temperature which is consistent

with the proposed mechanism.




-3~

The reéulting dislocation configuration will ﬁave a segment of
partial edgé dislocation lying along (100} in the interface connected
by a curved segment of mixed character to the ini;ial screw dislocation
(see Fig. 23#). The continued development of therspiralvdislocétion
around fherplgtelet is in some ways.analogqus to the development of
helical-diélocations. Weertman89 showed that thé eﬁﬁilibrium form of
~a dislocation acted upoﬁ by an external force is;either a straight line
or a helix. The total force acting on the dislocation is the.sum of the
chemical force fC = £ x g; and the mechanical force, fs = £ x E, where

t is the unit tangent to the dislocation line, b= (kT/b3)(ln NO/N)B
and Gi = ? cijbj and No and N are the equilibfiﬁm'and actual vacancy
cpncentraiions. In subsequent papers by Weertman90 and-deWit91 it has
been shown that helical dislocations can develop from initially s;raighg
dislocations of screw, edge or mixed character aéted upon by an external
force.: For screw dislocations bulk diffusion of vacéncies is required
whereas aﬁvedge dislocation can develop into a helix by core diffusion
without any net tranSpbrt of‘point defects. And a mixed dislocation can
also grow into a helix by core diffusion if the axis of the helix shifts
as the ﬁelix grows. A good summary.onvthe formatioﬁ of helical dis-

locations is given in the book by Hirth and Lothe.92

It is important .
to note that a helical dislocation can develop in the absence of a
supersaturation of point defects and without long range &iffusion.‘

For the~present case of a slip dislocation winding around a cbheren;
plateiet, the main force acting on the dislocation is tﬁe coherency

stresses developed at the interface. The nature of these stresses is

such as to provide a driving force for the climb of the dislocation
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into a oonfigurafion around the platelet interface that relienes the
elastic coherency stfains. Based on the theoretieal analysis of helical
dislocations, it seems plausible that the extended dislocation at the
interfaoe.and the curved, mixed dislocation segment acted upon by the
coherency stresses can lead to thendevelopment of a spiral dislocation
around the platelet. Since the tangent to the dislocation line points
in opposite directions at the two interfaces, the extra half plane of
atoms associated with the edge component lies wiﬁhin the same phase and
the spirsl disldcafion can be thought of as a series of dislocation
loops 1neersecfed By a continuous dislocation line (See Fig. 24). As
shown in the electron mlcrograph of Fig. 17, the 1nterfacial dislocations
observed in these Cu-Ni-Fe alloys loop around the ends of the platelets.
Also, the micrograph in Fig. 16 shows dislocations being laid down along -
‘the interface which is cOnsistent with this proposed mechanism for the
loss of conerency.

"Asvthe dislocation continues to wind around the platelee, eaoh turn
of the sniral is expected to be pinched off and to fofm a loop as shown
in Fig. 23d, leaving behind the original dislocation. The dislocation
line on opposite sides.oflthe spiral is of opposite'sense or direction
and thus the two segments are attracted and will form a closed loop. If
the interfaces rotate to the {110} plane containing b, then the loops become
pure edge prismatic loops. Before the first turn of the spiral forms
a_loop, successive turns of the spiral will be in various stages of
formation so that many dislocation loops can be generated from a single
slip dislocation'captured at the interface. This.same dislocation

mechanism can produce other sets of interfacial dislocations with
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different Burgers vectors. However, the subsequent dislocations will
interact with the initial set of dislocations and will thus be hindered

in climbing around the particle (see Fig. 13 a-b). This proposed model
for the spiraling dislocation is simiiar in many reséects to a dislocation.

Climb93,88

source which is a pinned dislocation ;hat forms a spiral byl
climbingvout of its glide plane. |

Experimental evidence to support the proposed ﬁodel for loss of
coherency has been obtained by aging a sample of alloy 2 at 800°C for
10 hours, reducing the thickness ~20% by cold rolling and then aging an
additional 8 hoﬁrs. Thih foils prepared from this deformed and aged
specimen contained some particles that were begiﬁniﬁg to lose coherenéy,
whereas foils preparéd from tﬁe saﬁe:material agéd for 100 hours at

800°C but not deformed showed no evidence of loss of coherency. -

4. Change in Particie Morphology With Loss of Coherency

The rotation of the semi-coherent interface toward a {110} orientation
can now be understood in terms of the proposed model for loss of coherency.
As shown previously, a coherent interface attracts pceférentially slip
dislocations with Burgers vectors inclined at 45° to it. In Appendix A
it is shown that a {100} semi-coherent interface with b at 45° to it has
a_larger.structural interfacial energy than a‘{llo} interface which
contains b. This difference in interfécial energyvﬁrovides a torque
that tends to rotate the interface toward a {110} orientation. The
local rotation of the interface plane at interfacial dislocations is
clearly shown in Fig. 6. As the semi-coherent iﬁterfaces rotate, the
initially coherent {100} platelets become semi-coherent rods with faces

parallel to {110} planes and the rod axes along (100) as shown in Fig. 7.
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Many semi—cohérént particles are observed that only have interfacial
dislocafiohs in parallel interfacés which have rotated away from the

V initial {100} orientation (see Fig. 5b). This observation ié consistent
| with the proposed model of a spiral éislocation around the platelet and
the subseq#gnt.rotation_of the semi—éoherent inﬁerfaces.

.After the particle loses cohereﬁcy; it is observed that enhancgd
particle coaréening occurs with ;espeét to the cbhefént platelets (see
~Fig., 5b). Weatherly and‘Nicholson80 have also observed this effect in
the coarsening of 6' particles in Al—Cu; and tﬁe kinetic measurements
‘of'Boyd'and Nicholson94'for the coarsening of 6' platelets indicate
that once thg cohéren; particles attain a certain diameter and size
distribution the coéf:ening rate diminishes to an aimost negligible
rate.. These observations indicate that a cohereﬁﬁ interface imposes a
restriction on the final size of the particle. 1f the increase in
elastic_étrain energy is greater than the reduction of cheﬁical inter-
facial éﬁefgy, then the coherent particle will notvéoarsen. Onpe a
particle loses coherency, it will coarsen preferential as the remaining
Coherent'pafticles dissolve. This beeferential céarsening of semi-
coherent particles has been considered by Brown;_ef al_.85 who discussed
k the energy criterion for which the semi-coherent state is stable with
respect to the coherent one; and they also showed Ehat for an'intermediate
range of particle §izes the semi-coherent state is metastable compared |

to the coherent one.
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E. Summary

The transmission electron microscopy observations have revealed
some unusual effects associatedeithrthe‘ldss of coherency in spinodally
deéomposed Cu-Ni-Fe alloys. Slip dislocations wifh.fheif Burgers
vectors inclined at 45° to the initially coherent {lOO} intérfaces are
observed, even thouéh such dislocations are only partly effective in
accommodating the misfit at the interfaces. Unusual dislocation'cdn—
figurations are observed_With some disloeation 1ings extending into one
of the phases, suggestive of a coﬁplex climb mechanism. vAiéo, the
process occurs preferentially at a few platelets Qﬁile thé other ﬁlatelets
in the same grain remain coherent. As coherency‘is Being lost, the
initial {100} interface is observed tovfotate fo&afd a {110} plane._

The proposed mechanism for the spifaling of'an adsorbed slip dis-
location around the coherent platelet is able to explain these obsgfvatidns.
The operation of this mechanism is dependept on Ehe availability of
suitable slip dislocations‘present in>the crystal and occurs by a rather
complex élimb process that is thermally and strgés activated. The
rotation of the interfaée is related to the observation that the,Bufgersi
vectors of the interfacial dislocations are inclined at 45° to the {100}
interfaces. The proposed dislocation mechanism_fot loss of éoherency
is consistent with other expérimental observationsvmade on 6ther ailoys

as reported in the literature.
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. IrI.r'MECHANICAL BEHAVIOR OF SEMI~COHERENT PARTICLES

A. 'Introduction

When -the microstructure of these decomposed Cu-Ni-Fe alloys is étill
coherent, the flow stress is proportional to the difference in compositions

between the two phases and the lattice mismatch across the interface

24,25,58

seems to be an important factor in thé strengthening. The

. difference in elastic constants between the two phases also contributes

to the strengthening of alloys with modulated structures_.95 In order

to study the effect of interfacial dislocations on the mechanical behavior

" of a modulated microstructure,ytensile specimens were aged at 775°C and

800°C for various times to produce specimens containing coherent and

- semi-coherent particles. The results of the mechanical testing ihdicate

that interfacial dislocations strengthen the two phase structure and
that 1arge coherent platelets about to lose cohefency enhance the initial

work hardeﬁing rate. Transmission electron microscopy showed that in

specimens strained 5% dislocation tangles had formed without evidence

of par;iélg_by—passing and that in specimens pulled to .failure (15-20% €)

largg slip bands and particle shearing had occurfed.' Also, discontinuous
grain‘boﬁn&ary precipitation was_qbserved in somenbf the aged specimens.
These‘experimentalvresults are discussed in rglafion to other studies |
reported iﬁ the literature. |

B, Experimehtal Procedure'

Sqmé of the tensile specimens for ﬁhis study were machined from

~35 mils thick sheet material 6f alloy 2 (64% Cu-25% Ni-9% Fe) which had

been fabricated in the same way as described previdusly. One group of



-40- i o . | _ .

specimeﬁs.was made from 12 mils thick sheet that had-been annealed.and
cold rolled to that thickness. These thinner spe;iﬁéns were made in
order to duplicate as nearly as possible the heaﬁ treating conditions

of 8'mi1$ thick coupons used earlier in studying_the 1§ss of’éoherenéy
process (see Part II). The machined tensile specimens were encapsulated
in evacuated quartz tubes, solution treated at 1050§C, queﬁched in the
quartz tubes into ice water and then aged for variéué times.at 800°C

and 7755C. The specimens aged at 800°C were sblution treated for 10 hrs
at IOSOéC in order to produce a large grain size,gé facilitate examination
of thin foils in the electron microscope, whereas‘#he specimens aged

at 775°C’&ere'solution treated for only 2 hrs at 1650°C. The resulting |
grain sizes (average diameter of inscribed circle) of the‘three groups

of tensile specimens, solution treated and aged for 10 hrs, were:

(1) 0.151 mm for 35 mils thick specimens agéd_at 800°C
(2) Q.098 mm for 35 mils thick specimens aged. at 775°C - vé;
(3) 0.074 mm for 12 milé thick specimens aééd at 775°C : ' S
bAn Instron testing machine was used to pull thevflat tensile specimens
which had 1 in. gage lengths and 1/8 in. gage widthé. A drawing of the
specimen configuration is given in Fig. 25. The 35 mils thick specimens
were pulled using 1/4 in. diametéf pin grips whereas the 12 mils thick
specimené were held by self-clamping, vice grips. Before testing, the
specimens were hand ground through 600 grit wet ﬁaper to remove.surface 
irregularities and the cross sectional areas were measured. Three specimens
for éach aging condition were tested at room tempefature, two sbecimens

being pulled to failure and one of them only being.strained 5% for.
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'sub;eQuent exémination in thg electron microécopg;->The 35 mils thick
specimens‘wéré pulled at a constant strain rate éfvo.Oékcm/min whereas
the 12 milé thick specimens were pulled at 0,0l‘ip./min (0.025 cm/min)." 3
“The yield stress was measured at»O.éZ.sfraih offsét, and the total élohgafibn
to failﬁre:Was degerminéd by the éhange in spacing of two'lines»scribed.
~on the gage length. Thé reduced éfeas of_thé fradtﬁfed specimens were
‘measufed”éndvtﬁe ultimate tensile strengths calculated. The work -
hardening rates (i.e., the'slope of thezload—eldngation cur&e) were
measured ac‘lz, 2% and Sz plastic strain for ali‘specimens tested and also
at iOZ piastic'sﬁrain for the specimens aged a£.800°C.

?olisheﬁ sections from'thé grip areas of.the tensile specimensvwere
ex#ﬁined usihg an bptiéal'metallog:aphy. Thin fqiis for transmission -
electron'micrbséopy were préparédAfrom the grip éfeés and the deformed o
. gage lengths followiﬁg»the same procedure‘describéd'previously. The.
A.tgnsile‘specimens’were.iniﬁially hand ground on wet eméry paper to a
f:thicknésé of 46,ﬁiis‘éﬂa'theﬁ 2;3imm diam discs were spark cut from
them. Tﬁesé discs vere further reduced in thickness ﬁo 2-3 mils psiﬁg"
'fipe polishing péper and were then electropolished in a dogble jét,

polisher.

C. Expgrimental Results ‘
The plateiets in this decomposed_Cu—Ni—Fe_alléy reméined'éoﬁerent'
:in éll‘the specimens agéd.ﬁp to 160 hrs at i75°Ciand 800§C. Semi-
:coherent particles were,oﬁly observed in sﬁéciﬁehs aged fﬁr 200 and
.lOOO,hrs. The microstructures of undeférmed samples aged for 10, 100
.‘and 200 hrs at 775°C afe shown in Fig. 26a-c.. In.the sémple aged 200 hrs,‘

some semi-coherent particles were observed although many of the piatelets'
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were still coherent. The specimens aged for 1, iO and 100 hrs at 800°C
had the same cohereﬁt‘platelet microstructufe as_éhown in,Fig; 26a-b,

although:tﬁe;volume fraction of the minor phase was somewhaﬁ less. For
example, in a sample aged 10 hrs at 800°C the pla#élet'thickness was

~\/4, whereas in a foil aged the same time at 775°C the thickness was

~A/3 where A is the wavelength. A semi-coherent particle in an undeformed

sample aged for 1000 hrs at 800°C is shown in Fig;:27a—c under three
different_diffracting conditions which reveal the different sets of
interfaéial dislocations. After aging for 1000'Hfs~at 800°C, the

initially coherent platelets have become more equiaxed, semi-coherent

particles as shown in Fig. 28, 1In such a microstrucfure, the interlamellar

spacing‘(X)'is no Ionger meaningful. The microstructural changes that

occurred during aging are summarized in Table III.

Optical micrographs taken of the polished grip areas are shown in

Figs. 29—33. Some of the areas in the 12 mils ;hiqk specimens aged
at 775°C showed a discontinuous grain boundary reaétion (see Fig; 29),‘
whereas fhevthicker specimens only had grain_boﬁndéry precipitates of
the ﬁinor:(Ni—Fe rich) phase without any evideﬁce of‘the discontinuqus
reaction (see Figs. 31-33). A well-developed Widﬁanstgtten pattern
is clearly shown in Fig. 33 taken of a specimen aged 1000 hrs at SOOBC.
The data obtained from the tensile tgsﬁing aré.given in Tables IV
and V. These results are summarized in Figs. 34-39 which show graphs
of the yield stress at 0.27 offset, total elongétion to failure and
work hérdening rates as a function of aging time fér the three groups
of specimens. Stress-strain curves for the 35 mils thick specimens.

aged at 775°C and 800°C and strained 5% are shown in Fig. 40.




~43-

Typical microstructures observed in tensile specimens strained 5%

are shown in Figs. 41 and 42. The micrograph in Fig. 41b shows dislocation

tangles that have formed at the interfaces., The interaction'of slip dis-
locations (Which are irregular in appearance) with the parallel misfit

dislocations.atba semi~coherent particle is shown in Fig. 42a-c. The

‘dislocations visihle in micrographs a and b have the appearance of slip

dislocations with b ='a/2 [110] Or'a/ZI[IOI] since they are out of

contrast for g 111 (see»Table 1 for 5 - b prodocts). The parallel misfit'

‘dislocations are out of contrast for g 111 and thus have b = a/2 [I10]

or a/2 [101]. The short segments of dislocation lines visible in micro-

graphs b'an&_c (see'arrows)’appear to have resulted from the reaction of

'the slip‘dislocations with the interfacial dislocations. Since these

short segments are out of contrast for g 200, they'have b = a[010],

- aJ001] or a/2 [0I1].

Deformed microstructures of specimens pulled to failure (~15% €) .

“are shown in Figs. 43 and 44, Sheared "coherent" platelets and heavy.

slip bands along (110) are shown in Fig 43 The'micrograph in Fig. 44

was taken of a foil in a [001] orlentation containing one variant of .

the {100} platelets that was normal to the electron beam. Thus, the

:-dense tangles of dislocations seen in this micrograph appear to be at-

1_the platelet interfaces lying in the plane of the f01l
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D. Discussion
Ziscussion

1. Mechanical Behavior

The microstructures of the specimens.aged Up-to:IOO hfé atvboth
775°C and 800°C contained‘relatively thin coherent piatelets lying
parailel'ﬁo'{lOO} planes. As the aging time increased from 1 hr to
100 hrs, fhis coherent microstructure coarsened. Invthe speciméns aged
200 hrs.at 775°C, some of the platelets were beginﬁing to iose cohefency;
and a complétely semi-coherent microstructure with more equiaxedipafticies
was obse%ved in the specimens aged 1000 hrs at 800°CLV The mechani¢a1
behavior of the coherent microstructure in thesé dédomposed Cu-Ni-Fe
alloys has been anélyzed in detail previously.24;?$’58' Because only
the specimens'agéd for 1000 hrs céntéined complétely semi-cbheréﬁt
particles, the present experimental results are insufficient_to quaﬁti—
tatiVelyvanalyze the strengthening effect of the 1nteffacial dislocations.

Forvthe specimens aged at 775°C, the decrease in the yield stress at
100 hrs is significantly different from the measured yield'stresses at ,‘
10 and ZOQ hrs since it differs by more than two - standard deViatidns
from these values (see Table V). The systematic difference.in the
yield stresses of the 12 and 35 mils thick speciméhs was due to the
smaller érain size of the 12 mils thick specimens which had been cold
rolled and recrysfallized. Overaging of the cdherént platelets cauéed
a decrease inlthe yield stress of specimens agedklo hrs and 100 hrs,
whereas tﬁe increase in yield stress at 200 hrs’appeafs to have resulted
bfrom the development of inferfacial dislocations wﬁich contributed to

the stréngthening. Considering the specimens aged from 1 to.100.hrs

at 800°C, the decreasing yield stress with aging time resulted from
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Vfovefaging‘df‘the coherent platelets. The daté'giveﬁ in Tabieé IIi and
IV for thésé specimeﬁs aged ét 800°C suggest_that‘thé yield stréss of
this coﬁereﬁt miéfdsfrugture is proportional_to l—l/z. Although the
,specimens'age& 1000 hrs at 800°C contained_semifcéhérent'particles; the -
yield stress decreased further because of the markéd differences in
particle sizé and morphology’betweeh samples aged.beO'hré and leés
-than 1000 hrs at this temperature. : |

v Thelelectroh.micrographs éf'tensiig.specimeﬁs.strained 5% (see
| Fig. 41)-indicate that the coherent piatelets ét¢ sheared by thé élip
disloéétidns as the.matefial deforms. If the disiocations only moved
through fhe softer Cu-rich phase and passed aroﬁnd the harder Ni~Fe
ri;ﬁ_parficles, then a high’denéity of dislocation ioops should be
obsefQédl 'In order to deform one cubic micron of ‘this material 5%
._(i.e. 0.05 €), about 100 dislocations per square micren ﬁust,ﬁass .
through.it; Thﬁs,,if the parficlesswere being.by—passed,'then ~100
diéloéafioﬁvlines shéuld be obserﬁed‘alongveach ﬁicron length of
_ﬁlatelet_iﬁterface (i.e., a dislocation spacing'pf ~1004) . Additionai
evidence tﬁét particle by-passing did not occur wés'the large dis-
placemehté of sheéréd plqtelets a1ong (110} QbSérvéa in specimens puiled-
‘to failUré'(see Fig. 43). | |

In directiopally solidifiedveutectié allojs coﬁtaininé lafge

lamellae with spacings of 0.15 to 8 um, it has Beén oSserQedvthat the””

/2 where A is the lamellar spacing.?§—98

yield stress is proportional to.l_l
By using-a modification of the Hall-Petch theory, Shaw96 has interpreted -
this result to mean that dislocations pass through the interface barrier

.at the upper yield point. Cline and Stein97 have calculated the magnitude
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of the image force due to the difference in shear moduii across the
lamellar interface in the Ag~Cu eutectic; and their‘results suggest
that a ﬁariation in the number of dislocations in a‘pile-up with the
lamellaf soacing may explain the effect of the lamellar spacing on the

flow strength- The available experimental evidencé suggests that -

interfacial dislocations are probably present at the lamellar interfaces

in the directionally solidified Ag-Cu eutectic, and Cline and Lee98

have proposed a model fof strengthening due to thesé'iqterfacial '
dislocations. |

Bécausevof the similarity in microstructures of ﬁhe directionally -
solidified Ag-Cu eutectic and the decomposed Cu—Ni—Fevalloys, it-seemé
likely that both types of structures deform in a'similar manner. When
"~ the coherent oarticles in the Cu-Ni-Fe alloys are'Véry small and the .
morphoioéy‘is irregular and wavy (A < 200A) as.soown in Fig. la-b, a
dislocation will encounter many obstacles as it glides through this
“structuro oﬁder an applied stress. As the particles grow'and the
olatelet morphology eoolves,vthe interface barrier encountered by a‘
slip dislocation beoomes more like that in the lamellar microstructure
of the-directionaliy solidified eutecticvalloys. .The transmission
'electfon_mioroscopy observations of Butler and Thomas24 showing matrix
dislocations curving through the irregolar, two phase structure when
A ~100A and lying along the planar interfaces when A~635A'support.this
:interpfetation for the intéraction of slip dislocations with the
interfaces.

The strengthening of the coherent microstructure in decomposed
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' Cu—Ni—Fe‘alloys arises from differences in the lattice parameters_and

also the shear moduli of the two phases. When the partlcles become

semi—coherent, the coherency stralns are relieved and thus the yield

.stress should be reduced. However, the experimentalvevidence¢suggests»'

: _ o v |
that the strengthening effect of the interfacial dislocations was

greater than the reduction in strength due to the partial relief of

 the coherency strains

In age—hardening alloys, overaging is generally associated with
a change in:the slip mechanism from particle shearing to particle by-
But because'of the low dis—

pa351ng (1 e., an Orowan mechanism)

locatlon dens1t1es observed in deformed spec1mens, dislocation by—pa581ng

“of coherent plaLelets ‘does not appear to be occurring in these Cu-Ni- -Fe

alloys even for A>0.1 um The large volume fraction (and high den31tyv

of partlcles) of the minor phase in this splnodal alloy may prevent

“slip dislocations from'passingkaround the coherent,platelets.' Since

the data suggest that Gy o X—I/Z, the observed decrease'in the flow

stress for spec1mens aged up to 100 hrs. may be due to dislocation pile—

.ups that occur in the larger coherent platelets analogous to the p11e-up

mechanism suggested to.explain the dependence of_flow stress on the
lamellar spacing in directionally solidified eutectic alloys. .If only . =

single slip dislocations were being forced throughithis coherent micro- g

The mork hardening rate at
Cu-Ni-Fe specimens aged 100 hrs

after 100 hrs of aging contains

'structure, then the flow stress would be proportional to A .

1% strain has a‘maximum value for those
(see Figs. 37—39). ‘The microstructure

coherent platelets that are large

enough to lose coherency; but because of the difficulty in nucleating the



-48-

interfaciél.dislocations,’the platelets are still coherent. As the
materiai is &eformed,.the initial sliﬁvdislocatioﬁs will be caétured at
the cohefent:interfaces éince they.will partially reiieﬁe theAéoherency.
étrains;'ahd’the electron micrographs_of deforméd specimens sho& slip
‘-dislocafions that have been captured at the interfgées-(see‘Figs. 41b
and 44)}.,The resulting reduction in the mobileVdisiécatioﬁ,dénsity

may expléiﬁ the larger work hardening rate obserédvfdf specimené aged
100 hrs. |

For the specimens aged 1 to 1000 hrs at 8005C; the work hardening
rate at 10% strain has about the same value forlall.the spécimens‘tested
(see TableiIV). This result suggests that the dislocation densit&
becomes'éégurated after very large plastic straiﬁs and that the work‘
'hardening‘réte becomes constant irrespective of ;he undeformed micro-~
structuréi Electron microscopy observations on épeéimens pulled to
faiiure.a;sé support this conclusion. As shown in Fig. 43,_he#vi1y
deformed slip bands have occurred in a tensile sééciﬁen strained ~17%.
It seemé'iikely that the constant work hardening rate observed at 10%
vstrain méy be due to the development of sﬁch large slip bands. - |
Thé interaétion of slip dislocations with iﬁterfacialvdislocations

"is shown in the three_electron microgfaphs.giveﬁ in.Fig. 4Za—c. The
slip dislocations visibie in micrograph b (and a1so in a) havé.réacﬁédf
with thé bérallel iﬁteffacial dislocaﬁioﬁs'seen in'micrographé é,and‘c.

As discussed in the previous section, the short. segments resulting

from this dislocation reaction have b = a[010], a[001] or a/2[011]. The

four poésibie reactions between the slip and interfacial dislocations

give resultant Burgers vectors of the types a(100) or a/2¢(211). Thus,
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the short:reactéd segments have b = aJ010] or aJ001]. Furthermore,

the dislocation reactions which give b= a/é(le)are not expectedvto

 occur since the energy of the resultant dislocation is greater than the

sum of the energies of the two initial dislocations (i.e., thisireaction.
has a positive interaction energy).

 If the semi-coherent partlcles are sheared during deformatlon

- two effects that will contribute to the strengthenlng are the interfacial

dislocations and the difference in-shear moduli ‘across the interface.
In an aﬁalysis of the flow stress of directionaliyrsolidified eutectic -
alloys, the increase in the stress to overcome the image force at the

interface has been given as98

A6
T(AG) = v

ﬁhere AG is the difference in shear moduli. For this Cu-Ni-Fe alloy,
vj 2(58)

A6 ~ 2x10° kg/mm and thus 0(AG) ~ 80 kg/mn’ or o(AG) ~ 160 kg/mm’

v(éfy,obsetved o, = 20-25 kg/mm2 as given in Tables IV and V). Cline and

98 |

"Lee "hSVelalso'propoSed(a'hodel for the interaction of slip and inter- -

facial dislocations"similar.to the model for the interactions of dislocations

with.forest'dislocations, such as a Frank network. From their analysis,

the stress necessary for a dlslocatlon to cross the interface dislocatlon

-network, T(Ab), is approximately equal to

eb o
b)) = o R I

where Ab'isvthe difference in Burgers vectors of the semi-coherent phases

and G is the shear modulus of the matrix. For this Cu-Ni-Fe élloy, Ab/b ~

3 kg/mm2 for the Cu-rich phase58 giving a value of

0.008 and G = 6.4X10
T(Ab) of ~8 kg/mm2 or O(Ab) ~ 16‘kg/mm2. This estimate of the increase

in'stress_is for the interaction of a slip dislocation with only one
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set of interfacial dislocations. But if misfit diélecetions with more
Athan one Bufgers vector are at the interface, then'this estimated

T(Ab) shogld probably be multiplied by two or three. These estimates

for the strengthening due to the image force and'the inteffaciél dis-
locatiens euggeet that the image barrier is the‘dominént factor. However,
the teneile’data did show a net increase in the floﬁ»stress es cohereney
was being.lost.

The observed interaction between s11p and 1nterfacia1 dlslocetions
'suggeses that Junction formatlon may play a role in the work hardening
behaVior_of-the semi-coherent microstructure. In‘studying the strain
hardening of single aluminum crystals during polyslip, Mukherjee, et‘al._l00
found a good correlation of the data with the concept that attractive
junctio'nsl.01 play an important role in accounting for the rate of stréinv
hardening in fece crystals. Altheugh the'reactee diSlocations in Fig. 42
are not attractive junctions (since the interactionlenergy fer a reaction
giving E _ a(lOO) is zero), dislocations on othef slip systems could
interact w1th the interfacial dislocations to give attractive Junctions._

The total‘elongations to failure of the temsile specimens were
ohserved to increase with aging time (see Figs. 34 and 36). Metallography
showed thet enhanced grain beuﬁdary coarsening and,'ih some cases, a
discontinuous grain boﬁndary reaction had occurred:in these deéomposed
alloys (eee Figs. 19, 29, 32 and 33). Also, as will be discussed in
detail in the last part of this thesis, the fracture mode changed from
intergranular to transgranular after aging thisealloy_longer than 10 ﬁrs
at 775°C and 800°C. The increase in the total elongation with agieg

was most likely due to the microstructural differences between the grain
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vboundaries,and the matrix. Because the particles at some of the grain
boundaries are larger than the matrix particles, these regions deform

‘more readily than the matrix and'conséqUently fail'beforé'thevmatrix.

As the matrix structure coarsens, the mechanical behavior of the grain
houndary regions and the matrix becdmescomparablefénd the total elongation
to failure increases.

2. Grain Boundary Reaction

As shown in Figs. 19, 32 and 33, enhanced particle coarsening »

occurred at some of the grain boundaries in this decomposed Cu-Ni-Fe

alloy. Furthermore, in a 12 milS thiCk:specimen'éged for 100 hrs at
775°C, a di5continuoﬁs grain boundary reaction has'been observed (see

Fig. 29), . Similar observations of grain boundary transformations in

:these Cu-Ni-Fe alloys aged at other temperatures have been made

© 58,61,102 103,104

élsd'shbwed the_occﬁrreﬁcé of the discontinuousjgraiﬁiboundafy reaction -
which_rééﬁlggd iﬁ softghing’asbi£"consumed the fine precipitate structure -
of the:matfix.. The éhangés in ﬁiéroStructure of'theselédppér—baSé alloyél
during ééing follow the general sequence105 of ﬁhich'Al—Ag alloys prévide'

the protbtype although a depleted grain boundary zone is not observed

in the spinodally decomposed copper—base alloys. It was furtherfnoted _1_ 

in these studies by Geisler and conorkér103’104:that when these cdppéf-Vz

base alloys are very slowly cooled from the solid solﬁtion‘region the . =

grain bbundary reaction is suppreséed, and a well develoﬁedeidmanstﬁttén

pattern is observed as in Fig; 35"f:
In StUdying the grain Boundafy reaction in'the Al-Ag system, Aaronson

and Clarklo6 have shown that the driving force for (énd therefore the
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rate of) discontinuous precipitation is inversely proportional to the
e%tent to which continuous precipitation has occ;fréd. Thelkinétics

of the diSéohtinUous grain boundary reaction in Ai—Zﬁ alloys has récently
been stﬁdied.107 Upon quenching from temperatureé abovevfhe solQus;
%hose Al-Zﬁ;élloys lying within the miscibility gap“quick1y=deve16b
coﬁposition fluctuations, or,Guinier—freston zonéé;'hhich can be
detectedfbyxthe émall—angie X~-ray scattering techniQﬁe.zz’los’los
Malhotra and'Rundman107 found that the growth of ﬁﬁéldiscontinuous:
bprecipitéte at room temperature in Al-Zn alloys wa; inversely proportional
to the extent to which spinodal decomposition had'éccurfed duriﬁg thé"
quench.> Thié observation suggests a possible explénatién for the dis- -
continuous reaction occurring in the 12 mils thiék speéimens éged at

775°C and.ﬁot in the 35 mils thick material. Since‘the'quenching>réte
was more severe for the thinner material, the exteﬁf‘of spinodal
decomposition would have been less in these speéimeﬁs. Consequently,

the quenched 12 mils thick'speciﬁens would have‘had a 1argér.driVing 
force fof the diséontinuous'grain boundary réécti&n‘than the 35 mils

thick specimens.

E. Summary

The mechanical strengthening of‘thé coherent_piatelet microstruéture
in this_CuFNi—Fe alloy- is agébciated with the differences in lattiée
parametéfs and shear moduli between the two phaées; When coherency is:
lost, the strengthening is due to the differenée iﬁ shear moduli and .
also to the interfacial dislocations. This mod#léted structure défbrm; '
by dislocations shéaring fhrough the coherent ﬁlafelets; and the work

hardening rate appears to he influenced by the capture of slip dislocations

T ot
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!at the coherent interfaces. The microstru;tural:differeﬁce$ betw¢en
-the grain456dndarieé and the matrix seem to affeé# thé~t§tai eloﬁéati@né 
tb failurg of the aged tensile specimens. The diég&ntinqoﬁs gtain
boundary reéctidn that was'bnly observed in thé thinner speéiméns may
have resuited frém a:difference in quench rates BetWéen the lé'mils

and 35 mils ﬁhick specimens.

'
i
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IV. INTERGRANULAR FRACTURE OF DECOMPOSED
Cu~-Ni-~Fe ALLOYS ’

A. ‘Introduction

In earlier studies of spinodally decomposed Cu~Ni-Fe alloysZ4’25’61

in which théAméchanical behavior was correlated with;microstructural
changes,:it was obsérved that the aged tensile spéciﬁens failed inter-
granularly with total elongations to failure of ~10%. -The experimental
observatiéns sﬁggested that this mode of faiiure;was due to‘microstructural
differenées between the grain goundaries and the'ﬁafrix.' For the interQ‘
granular fracture of aged aluminum alloys, Gerberich; et ai.llo have

1/2

suggested that the stress intensity for crack nucleation shows a d-

dependence where d is the grain diameter. The objectives of the present

study were  to analyze why spinodally decomposed:Cu—Ni—Fe allo&s fail
intergranularly and to determine the grain sizeJeffect for this mdde
of failure. An explanation is given fﬁr the intergrénular’fracture

of these alloys based on an analysis of the faiiﬁre of brazed joints.

B. Experimental Procedure -

An ingot of alloy 2 (64% Cu~27% Ni-9% Fe) was fabricated to 0.25. 1in.
thick maferial. After the final cold rolling, fhé material was annealed
in three bétches using different annealing tempéra;ures.and times to
give three grain sizes ranging from 6 ym to 90 um. The grain diamétér§ ;
were measured from optical miérographs using thé linéa; intercepp metﬁqd;'
Standard flat tensile specimens and 2.5 in. squaré WOL fracture toughness
specimens (see Figs. 25 and 45) were machined from the annealed material.
The specimens were then solution treated at 10505C,‘watervduenched and..}

aged for one hour at 625°C to give the ﬁaximum yield strength as reported

H e N
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earlief;zs’sl

The fracture toughness specimens wéﬁe fatigué cfackgd
and then‘ioéded to failuré using a MTS testinglmachine, and the tensile
specimen;‘weré pﬁlled on an InStron.tésting machiné;' i

Thé frécture‘surfaces were examined in‘é sc&nning electron microécope
to determine the ﬁode of failure. Thin foils were prepared from the
. undeforﬁe&_gfip areas of the tensile speciméns for examinatiqn in the
électron.micrOScope; and lafger pieceé from the:griﬁ aréas}ﬁere moﬁnted
and polishedvfgr opticél'metallography{ The X—ray microprébe was used
iﬁ order fobmeaédfe any segregation that had bccurréd in these spinodally
.decoﬁPOSed specimehé} The fractured'tehéile'specimens aged at 775°CW' 
and 800°C were also examihed in the scanning eléctéoh microscope.

~ C. Experimental Results

The g;éph given in Fig. 46 shows the linear“dependéhce of ‘the
experiméﬁtallyrmeasnred yield'stresses and stress intensitieé onbd_l/z.
The elongafions fé'ffécture were measured on l‘in. gage‘lengthItensile
'sbecimeﬁ;, éﬁd thé:ﬁalues-rénged from 292 for the small grainrsiz;
‘décreaéipg_té 18% for the lérge gréinisize. The Ki values are p1ane
~ stress rather than plane strain Values because §f fhe large plastic zone
‘which preceded fracture. Furthermore, the stréss intensity.was mgasuredl
‘at the onset of!crack growth so thaf.this is not.thé criticai strésé 
' “intensity butvfather the stress inteﬁsities for-initiation'of slow.qfaék;i
growth. The small grain size specimens failed oﬁ two orthogonél Shear;”‘
ﬁlaﬁes which were.45° to the fatigue crack, whergés the intermediéfe.
Agrain size specimen failed along oﬁevshear plane’at:45°’to the fatigue 

crack and the large grain size specimen had a relatively flat,‘but

faceted, fractdre with Shear lips along the edges.
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The fractography examination using scanning eleétron microscopy
showed thét'thg fatigue'cracks for all the specimeﬁs were intergranular
with no appreciable plastic deformation. During fréétufe testing, the
crack in the small grain size specimen propagated_by-a_dimpied tearing
méchaniém with small ledges on the fracture Surfgcé.tﬁét aﬁﬁear té be
grain bound;ries (see Fig. 47). For tﬁe large gfain size specimen,
the crack propagated intergranularly with appreciablé plastic deformation
as evidenced by the dimpled surfaces and the teafipg which is shown
in Fig. 48. Some of the relatively flat grain boundaries have the
appearance of wavy or serpentine glide which is'indicativevof‘a ductile
fracture mode. The fracturée surface of the intermediate gréin size
specimen showed definite failure.along some grain boundaries, although
not as pronounced as in the large grain size spéciméﬁ, with numerousv
tear ridges and dimples.

Optical metallography of the heat treated sﬁécimens showed that
along somé qf the grain boundaries discontinuous preéipitation had
occurped.”ln the large grain size material, thé,jagged,'saw~to§th
morphology of the precipitate was resolvable; Qhereaé, in the small

-grain size méterial a definite thickening ofvsdmg gfain boundaries was
observed.. Transmiséion electron microscopy showed'a characteriétic
spinoaai,migrostructu;e with wavy, irregular pa;;icies aligned along

{100} planes and with a wavelength of ~75A (see Fig. la). vBecéuse of |

the randomness of the grain boundary precipitation and the preferential _ 

electropolishing that occurred along grain boundaries, no grain boundary.
precipitates were observed in the thin foils of the test specimens.

However, in samples aged for very long times or at higher temperatures,
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preferential coarsening of the spinodal microstructdre and discontinuous pre-
‘cipitation have beenvobserved at some "grain bouhdaries (e.g., Figs. 29 and 49).
The fracture surfaces of the tensile specimené aged at 775°C aré
shown in Figs. 50 and 51. A transition from'intergranular tq.tfansgranular
failure occufred after aging for 10 hrs at this temperature. The fracture
égrface of the specimen aged 10 hrs hés some areaé of ductile fupture
(see Fig. 50); and‘althoughdthe specimens aged 100 and' 200 hrs failed .
in a ductiie maLner, large cavities suggestive of grain boundary séparatioh
were observed as shown in Fig. 51b. The fractograph in Fig. 52 shows a
good example of;grain boundary separation that qccurred in a tensile |
vspecimen aged 10 hrs at 800°C, The mierostructures of these fractured
épecimens are shown in the op£ica1 micrographs of Figs. 31 ana 32 which
show particle coarsening along some of the grain bqundaries.
Soﬁe X—ray%microprobe results suggest that solute segregation may
be occurring atvthe grain boundaries in this spinodally decomposed allo&.
"Microprobe-analysis of the grain boundary precipitates observed after
aging the-alloy for 1000 hrs at 625°C showed.“ZOZ increase in the Ni and

Fe concentrations at the precipitates compared to the matrix with a cor-

responding decrease in the Cu concentration (see Fig. 53). For a sample
1 . ‘ .

aged one. hour at 62§3C no change in composition was detected at the

grain boundaries. But if the grain boundary zone were less than one

- micron wide (which is the diameter of the electron beam), then such

zones would not be resolved using the microprobe.

|
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D. Discussion
The experimentally observed dependence of flow streSs on grain size
may be explained on the basis of macroscopic yieldihg.due to disiotation
pile~ups or slip sources at gréin boundaries»and1a§ represented by the
Petch equation. Based on the analysis of Gerberiéh, et.al;llo for age-
hardenihg'aluminum alloys, the stress intensity;to nucleaté fracture at

a grain bouhdary is given by the equation

_ 1/2 *
Knucl = (¢/d) e LE

where ¢ is a- constant, d is fhe grain diameter, €* is the fracture strain
at the'graih boundary, £ is the width of the grainLBoundary region and
E is Youﬁg's modulus. The present experimental results suggest that
an equation of this general form mayvalso be valid for the intergranular
fracture.of spinodally decomposed Cu—Ni—FeAalloys. The experimental
obserﬁationé suggest that preferential grain boupdaf& precipitation
causes softening and subsequent crack propagation at the gfain boundaries.
Or possibly,‘as suggested by the microprobe tesults, the intergranular
failure resqlts from solute segregation or prefefential growth of the
minor phase at the grain boundaries after aging for one hour at 625°C.
The fracture characteristics of this sﬁinodéliy decomposed Cu-Ni-Fe
alloy are similar to those of spinodally decomposed Au-Pt alloys as
feported by Carpenter.49 Because the kinetics of the grain boundary
reaction are so rapid in Au-Pt alloys, the correlation between the
intergranular fracture mode and the discontinuousvgfain boundary precipi-
tation is more evident in that case. On the basié of his experimental

observétions, Carpenter concluded that the Au-Pt alloys failed at the

I
x4
e
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. grain boundaries because of the softer material present there. Micro-

hardness measurements made in the present study on a Cu—NiéFe'éample

aged for 1000 hrs at 625°C indicated qualitatively that the grain
boundaryiprecipitate regions ére softer thén the'éutfoﬁnding mattix.v
Because the indentation was lérgér than the grain boundary width, no
quantitétivé'microhardness data were obtainablefi'ln’an earlier study

by Geisler and Newki‘rk,lo3 it was observed that the discontinuous grain

" boundary reaction in Cu~Ni-Co alloys resulted in softening of the periodic

microstructure present in the matrix.
For the tensile specimens aged at 775°C and 800°C, a transition -

from intergramular to transgranular fajlure occurred after aging for

10 hrs. This observation suggests that in the 9pe¢imens aged 10 hrs

or less the gféin boundary regions had a lower yieldvstress; and possibly

a higher,quk'hardenihg'rafe, than the matrix. ' Then greater localized
”défofmatioﬂ in the'softer'érain’boundary regiqns:wonld lead to inter-
.véfénuiér failure;'vBut in the tensile specimens aged more than iO.Hrs,
_ thé:ﬁétrikuétrﬁétdrevhad'cbarsenéd to such an exﬁehf that the meéhanicai‘

behavior of the grain boundary regions and the matrix had become com-

parable. ansequently, the polycrystalline material deformed more

uniformly and the mode of failure became transgranular. The electron

microscopy'obsérvations described in Pétt II1 indicate that both phaseé'?l

~ deform togetheriihﬂthis lamellar micros;ructure (see Figs. 43 and 44).

As suggested by Geisler;los the intergranﬁlar fracture along
weakened grain boundaries in'age—hafdening alloYs is analogous to the
failure of butted joints formed by a thin layer of copper between steel

o : ' o 111
or of solder between copper. More recently, Saxton, et al. and
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: 112
West, et al. have studied the deformation and failure of brazed joints.

Because of the structural simllarity, the observations on the failure of
brazed 301nts seem relevant to explaining the 1ntergranular fracture of ~
decomposed Cu-Ni-Fe alloys. The high load—carrying capacity of a Joint
brazed w1th a soft metal is a result of the development of triaxial
stresses withln the joint due to the difference in yield strengths between
the joint material and the base material. Saxton, et al.lll found that
an increase 'in the work hardening capability of a braze metal results
in higher ten51le strengths for brazed joints. In Studying~the micro~-
scopic deformation of brazed joints, West, et al. 112 found that as the
thickness—to—dlameter ratio (t/d) decreases joint strains at any g1ven
stress decrease (i.e., greater plastic constraint of the 301nt) and that
the stress to cause local yielding in the base metal'decreases with
increases in t/d. These results are‘related to the observation that as
t/d increases more flow and strain hardening is permitted 1n the braze
resulting in higher values for the interfacial shear stress, Tept whlch
is respon81ble for the triax1al stress state within the brazed Joint

In decomposed<Cu—N1—Fe alloys, preferential ooarsening and dis-:‘
continuous precipitation at the grain boundaries'nroduce a niorostructure‘
there that is softer than that of the matrix. This‘interpretation is
supported by the overaging effect ohserved in this.alloy'aged at 800°C
(see Fig. 34). Also, the coarser grain boundary'structure may have a
larger work.hardening rate than the matrix as suggested by the data
for do/dE given in Figs. 37-39. After short aging times, the grain
boundary regions are thln and cracks propagate through these regions
after small total strains (but large local strains) leading to premature

failure (see Figs. 34 and 36). As the grain boundary,regions thicken

E e
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(i.e., t/&»inéreases) and the matrix coarsens resulting in a lower
"bage" material strength, the triaxial stress state at the grain boundaries
is_partially,reiaxed due to greater plastic deformation of the matrix.

Conseduently, the total elongation to failure increases and the fracture -

.

surface shows more evidence of ductile failure. When thé ultimate

tensile'3£tengths éf the grain bouﬁdary'regibns ;ﬁd'thé matrix become
comparable, then the mode of failure chaﬁges.froﬁ intergranﬂlar to
tranégran01ar as éhbwn in Figs. 50 and 51. '
| ~E. Summary

The intefgfaﬁular fracture of decomposéd Cﬁ;NiéFe'alloyé, and
other agé*hafdehing alloys haﬁing‘discontiﬁuous pfeéipitatidn and

_ , , - v
preferential coarsening at tﬁe grain boundaries,';ppears to be caused -

bby microstructural differences between thedgrain boundary regions and = -

‘the matrix which result in the development of a‘triaxial'Stress‘staté

‘at the grain bouhdaries during deformation. The analogy with brazed

 joints is excellent, and the observations made by other workers on

the failufé of such joints are very helpful in understanding the inter-

‘granular fracture of polycrystalline,'age-hérdeniﬁg alloys such as

~ Cu-Ni-Fe. Although these aged ailoys'are relatively ductile; failure

. . occurs preferentially at the gfain'boundaries because of the softer

‘material presentfthere. The obserﬁed grain size dépendence of the

stress intensity to initiate fracture is similar to that proposed

“earlier to describe thebintergranular failure of agéd.aluminum alloys.



-62-

V. CONCLUSIONS

A. Summary of Experimental Resuirs - ' -
As the modulated structure in these spinodallv decomposed Cu-Ni-Fe |
allovs coarsens; the coherent platelets appear to lose coherency by
a complex climb process that involves the spiraling of captured Sllp . ‘_2
dislocatlons-around the particles. Because the Burgers vector of the
initial slip.dislocation does not lie in the interface a drivingrforce
‘exists that tends to rotate the semi-coherent {100} interface toward the :
{110} plane containing b. Due to the difficulty of creating interfacial
-dislocations, available slip dislocations are utilized in a dislocation‘

multiplication process that produces many misfitdaccommodating dis—’v

1ocation loops from a single dislocation captured at the interface. o . %

The proposed mechanism for loss of coherency is- able to explain the"' : ?

various experimental obseruations.’
In tensile specimens aged at 775°C and 800°C,doveraging was observed

to occur due to the coarsening of the coherent microstructure. Electron

]

microscopy of deformed specimens showed that this Cu-Ni-Fe alloy with
a-lamellarf microstructure deformed by particle shearing and that
dislocation tangles developed at the.interphaseginterfaces. The results-
~ indicate that the-development of interfacial dislocationsvcausesba.

small net increase in the flow stress even though such dislocations

relieve the coherency strains at the interfaces. . It was also observed
that specimens containing 1arge coherent particles‘which were about ) " _ N
to lose coherency had a larger initial work hardening rate than specimens

with larger semi*coherent particles or smaller coherent particles. .

N The intergranular fracture of these decomposed Cu*Ni—Fe alloys,

B e oA,

Aoy
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'land other ageehardenlng alloys,lis associated withﬁmlcrostrnctnral
differences and conseonent property differences betmeen the grain
boundary regions and the‘matrix. Because the coarser grain'boundary
'f_structurelisfsofter than the matrix, localizedvyielding:and greater.
‘plastic straln in soch regions lead'to'premature.failore. As observed
_earlier in aged'alnminnm alloys,jthe stress intensity to nucleate

: graln boundary cracks is proportional to'the inverse square root-Of the
~ grain diameter. Analogods‘to the'observations made on the failure

of brazed jolnts, the development of a triaxial stress statevin_tne :
'grainlpoundary regions may.explain the observed fracture'characteristicsv
of decomposed CuQNi;Fe;alloys. |

B. . Future Work to be Done'

In order to demonstrate the valld1ty of the proposed mechanlsm
for loss of coherency in these Cu~Ni~Fe' alloys, a 51ng1e crystal
experiment could be performed. A high density of slip dlslocations
1w1th,alspec1fic Burgers vector could be 1ntroduced 1nto the. crystal
f 'fby deform1ng 1t on a single sllp systqn.' Then when‘thls deformed
@Crystal was aged inside the-mlsc1b111ty gap, only'tw0'variants of
lzthe {100} platelets would be expected to lose coherency and only one )
f;set of interf301al dlslocatlons would probably form 1f the proposed ﬁ;,f
C;mechanism is correct. It would also be interestlng to study other“
‘*Q%ternary Cu-Ni base alloys w1th.1arger lattice parameter differences
‘lbetween the" two phases in order to determlne the effect of lattlce
mismatch on the loss of coherency. By 1ook1ng at alloys w1th a smaller
-volume fractlon of the minor phase; the effect of particle shape on

. i
the loss of'coherency process could be studied‘(e;g., a 70% Cu-21% Ni-
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97 Fe alloy containing cuboidal particle524).. In coujunction with such
a study, it would be informative to do a systematic study following
the changes in particle morpholoéy and transformation kineties as a-
function of volume fraction by looking at several alloy compositlons
across the mlsc15111ty gap inside and out51de the splnodal

The effect of the interfacial dislocations on the mechan1cal behavior
of these Cu~N1—Fe alloys could be studied in more detail by studylng

the temperature dependence of the yield stress and work hardening rate,

If more detailed mechanical tests were to be done; it would be advantagous’

to determine the effect of quench rates on the kiuetlos of the discon-
tinUous'grain boundary reaction in this alloy system, In order to
prevent.intergranular fractune and premature‘failure iu these decomposed
alloys, it would be necessary to change the gra1nvboundary structure

by thermal—mechanlcal treatment. By slowly cooling the alloys from

ithe solid solution region,la Widmanstatten etruoture would develop

which would‘probably inhiblt the discontinuous grain boundary reaction.
Another possibility would be to age for a short timeAjust under the
‘solvus curve (e. g., lO min at 800°C), quench to room temperature, cold .
work and then ‘anneal at a lower temperature (600—700°(D. Such a thermalé
mechanlcal treatment has been used successfully at Bell Labs on Au—Pt
alloys. An alternatlve procedure that might work would be to age the '

" alloy for 10 min at 800° C and then step age for one hour at ~600 C. |
The initial aging at 800°C may allow suff1c1ent decompositlon to occur
so that the grain boundary reaction would be 1nh1b1ted at the lower

aging temperature.
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" APPENDIX A: CALCULATION OF STRUCTURAL INTERFACIAL ENERGIES

Van der Mérﬁe82’83

has derived theoretical expreseionS'fot”the
'_etructuralhcomponent of the interfaciallenergy in“an'evapotated thin
filﬁ for the case of two simpie cubic crystalé ihxparellel oriehtation~.
' that.differ in lattice parameter alohg.only one euhe axis. .If the film
thlckness (h) and the mlsflt ¢ = (a1 - a )/1/2(a + a, ))) are sufficientlyr
small then a fully cohetent boundary w1ll have a lower: ‘energy than a
seml—coheteht one with the equlllbrlum configuratlon of mlelt dls—
'vlocatlons : Depehdlng on the relative hardnese and thickness of the
crystals,bthe resultlng elastlc stralnvenergy will be accommodated in’

dvelther one or both of the crystals. The elastlc energy requlred to

- homogeneously deform the thin film in one dlrectlon 1s83

v L 2
- \J
My (1 = v

Ecoherent _

“struct - 1 - 2V1 (l)-‘
‘ewhere ! ﬁi(éi - az)/al'i“d at small vaiues, a, = lattice parameter of

‘ztthe overgrthh; a, = lettice parameter of the substrate,hui = shear
,~.ﬁodulos of_overgrOWth_and vy = Poisson's ratio of overgrowth.: As a"
ffirst'approximation, this elastic straih’energy is:doubled‘if the'film':?_
‘.his hoﬁogeneouslyideformed,iq two directione. And for the case of‘.
iveoherent.precipitates; the‘filmvthickness (h)'eotreshohds to one—half
~of the platelet thickheSS{ iBecaose this equationtis-for the'ease'ﬁhete':
:'ell the elastic strain energy'iS”eecoﬁmodated in the:thin-film,:it -

- gives too large an energy for the case where bothrerystals ate deformed:lf

elastically>to,accommodate the misfit.
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As the film grows, a critical thickness is reached at which misfit-

accommodating dislocations lower the structural interfacial energy as shown

. by van der Merwe.83 The physical situation treatedxby van der Merwe is
that of‘tuoisimple cubic crystals in parallel orientation with the

. misfit indonly one direction being accommodated by-parallel edgeddise
locationsltsee Fig. 21). By treating the interaction across the boundary
w1th a sinu301dal force law and the interaction within a given crystal

on the basisrof an elastic continuum, the following expression is derived

for the structural interfacial energy of two seml—infinite crysta15°82

gSemi-coh _ EEE 1+8-@+85Y2 48 1 +e )1/2 - 2821}

st:ruct:—s._v:z‘,’T
B = 216 (@/n) .
F-1a- CUICERS ICERNYI

where c = l/2(a + a ) U= shear modulus at the boundary, “1 and U2
the shear moduli within 1 and within 2 respectively, and Vl and V2 =
Poisson.s ratio within 1 and 2., In a subsequent paper van der Merwe83
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 misfit dislocations. Although the case
of misfit in two directions.has not been treated, van der Merwe71 |
suggested that‘to a first approximation the energies‘of the two sets
of dislocations are simply additive and one can ignore the interaction
betweenAintersecting dislocations. | | |
Loss of coherency occurs for the critical value‘of misfit, 5;, at
coherent semi-coh

which E = E . If one assumes that.the critical misfit
ruct struct -
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is suffic{ently"small so that 62 = 0 and that Vlh='Vé = Vv, the foilowing,"”

" -expression is obtained:83

4m8 'u, /ue
In : o+
a-va-+ “2/“1)

m@a - w? @+ nl/nZ)hééf . o
T - 2Vya, =0

‘where e = 2.72, the natural base number. For v '= 1/3 and ”1 =y, = u,"
1 C . . : o e ) .
the critical thickness of the overgrowth corresponding to Gé is

o san-mem)dl

hc - 1678 "
_ T,

L@

This last equation can be used to estimate the critical thickness of a

;gqherent piatelét (2hc) at which misfit‘dislocatidnS'lower the'structqrél
”interféciéi.energy. ~ The misfif parametef, §, used by van der Méfwe in o
_dériving thé above expressions is related to the resolved edge component  a
»of‘the;Burgers fector (bl) lying in the interface and the distance betﬁeen
the gisfit‘di310cations (m) by»the Brooks formula: | .
fhis fqr@ulé aP§liés to'the situafioh wﬁefe all'fﬁetﬁiéfit'éc?dss tﬁe
"i}ihferfécélisvacqommo&ated by the dislocations. |

The aﬁové equations resulting from van der Merﬁé's analysis will

;vbe used to estimate fhe energies of various interfacial stnuétures in
fthese Cu-Ni-Fe alloys. The misfit parameter forxtheSe alloys aged at
1775°C is:é = 0.8% norﬁalvto the intefface és cohergncy is béiﬁgvlos; 7

s measureqbfrom moiré fringes (see Fig. 18) and ffom spiif diffraction:_ ’.
vspots.gaglrhis‘value is'probably répreéentative;of the equilibrium
misfit paraﬁeter (i.e. the unconstfained misfit) fdr»the semi-cohefenf
particle because of the_stréss relaxation_norm51 to the platelet inter-

face. Using this value of §= 0.8% and a; = a = 3.59A; the critical
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thickness of'fhe platelets for lossAof cohefency is found from Eq. (4)

to be 2hc = 200A. This valué is in good agreeﬁent‘wifh the cglculations
of van der Merﬁe83 where it was found that for a critical misfit of ~0.8%

the corresponding thin film thickness was aboﬁt 25 atomic layers (i.e.
' hC > 905).' Because this caiculated value is lessfthan the observed'valué
of ~500A for the coherent platelets, the formation'of interfaéial dis-
locations isbprobably hindered by the nucleation étep'in the loss of‘b
coherency process. |

To calculate the structural interfacial enefgyvfof'the coherent

interface, an appropriate thickness of the.platéief-must bé used. An
upper limit for this eﬁergy is given by taking h’='250A which is one-half
of the observed thickness of the coherent plateléts;vand a lowervlimit

is given by using the abovevcalculated critical thickness for loss of

11 2 58

dyn/em”,”" v, = 1/3,

cohereﬁcy_(i.e. h = 100A). Taking My a4 = 7.3x10 1

§' = 0.8% and using these two values for h, the coherent structural energy’

coherent _

for misfit aiong one direction is found from Eq. (1) to be E
struct

95-235 ergs/cm2 with a mean value of 165 ergs/cmz. For misfit along
- two cuhe.directions the total structural interfaéiai energy is ~330 ergs/cmz.
Fo;itﬁe semi-coherent intérface, two cases Qill be considered:
(L) a (100),intefface with the Burgers vector (b = 5/2'[110]) inclined
at 45° to the interface and the dislocation line albng'[001]; and
(2) a (110) interface with b = a/2 [liO] iying in.the interface and the
dislocation line aloné iOOl]. The following valueé of the parameters

will be used for the calculations.
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= 3.59R -

i§'='l/2(a1.+'a2)
- .8 = 0.8%
vy =V, = ;/3
u, = 8.3><1’01l dyn/cm2

, = 6.30™ ayn/em® IS SR

"u‘% 1/2(uiv+ uz) =_7.3x'1011 dyn/cm2=
0 = 5.4x10™ dyn/cen?
B = 3.7x1072

-Sﬁbstituting'these‘values intoﬁEQg 2), bne-éalcﬁlates'for the (100)
‘ éémi.—cdh v |

- 2 o o .
struct = 85 e?gs/cm . -This value probgbly undgr

interfacé tﬁat E
estimates‘the actual energy Because the éqﬁétionfdefiyed by van der Meiwg
is for the céSe of parallél pure edge dislocatioﬁsIWith Burgers vector
equal to the lattice parameter whereas the obséfved interfacial dié- E
_locations,havé'a resolved edgé component‘lyiﬁg in:the interface equal

"fo One—haif théllattiéé pafémétér.;'Cbnsequentiy; é‘grea£e; number of
theSe iﬁéfff&iéﬁt"&isiécatibﬁs'afe‘requiredvfo ésmpiétély accommodate

the misfit a£.th¢ intefface. ‘If:only éne set oftdiélocatiohévisvpresént
at the inée;face, then thé misfit in the orthogo#él cube ditéctionfi§ 
still accommodated by elastic strain and the tofél structural.interfacialv
energy fof fhis case is EEi?i:EOh (100)‘5 85 efgs/cm2v+ 165 efgé/cm2 ;::_
| 250 ergs/cmz. | | B o
Fbr the second~ty§e'of semi~-coherent interfaéé parallelltqi(llO), a
" fewer numbérbof misfit dislocafiqns are required qompared to the (100)
interface since the Burgers vector iies in the'interface and the dis- -

. locations are pure edge in character. The equilibrium separation between

misfit dislocations is given by the Brooks formdla (see Eq. (5)); and if
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the inteffécg changes its orientatiqn from (100) tb'(llo) then thié
distance is increased by the factor ¥2 with a corresponding reduction

in the dislocation density and the structural interacial energy. The
fact that the (110) interface has a lower energy than the‘(ldb) inﬁé;face
also follgWs from Eq. (2) used to calculate the $emi—coherént ihterfacial‘
energyﬂ' The rgferénce lattice parametef, ¢, in tﬁis,equatibﬁ corresponds
to the atomié distance along the misfit direction.. For the (110) inter-.

(110>i= IEI = 2.54A, Using

semi-coh
struct

face this misfit direction is [110] with a
this value of ¢ in Eq. (2), one obtains E (110) = 60 ergs/cmz;
and if only one set of dislocations is present at the interface, then

semi-coh ,, . o
struct .(110) B

the total structural interfacial energy for this case is E
225 erga/cng As more interfacial dislocations with other Burgers vectors

to accommodate the misfit develop at the interfacé,vthe structural inter-

facial enéfgy will he reduced further.
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APPENDIX B: RESOLUTION OF COHERENCY STRESSES
ACTING ON GLIDE DISLOCAIIONS '

The folloWing discuss1on and-stress analysis ate'based on an analysis

- done by'Dahlgen62 for the calculated yield sttessxofva coherent platelet

microstructure. As an'approximation to the'coherenCy'stresses acting on'
the platelets, it w111 be assumed that the stress normal to the interface

is zero,'xizZ 0] (see Fig. 20), slnce the total d1splacement across many

' platelets is small and that the two stresses parallel to the interface

are equal, Oxx.= o y? since the two phases are tetragonal. Because the

four—fold~symmetry axis Of'the tetragonal structUredis taken normal to

the x-y plane, 0 = 0. The other-two shear stfesses; o " and 0, are
v XYy , yz Xz

not zero, but for thin platelets these stresses are small If the platelet

thlckness 1s much less: than its length then these shear stresses can be

‘neglected,

For an isotropic material

ol .
€y = £ {oxx V'(Oyy + ozz),}

' where E. is Young s modulus and V is Poisson s ratio. Since‘it'is,beingf

assumed thatyox# = (0. and O 2z O this equation gives

Yy
=1 - y
Exx E'(Oxx 'vcxx),
‘and
-~ - _ E :
Ogx = 1w €
" where the'cohernecy strain iS'Sxx'= (a -ay )/a ,:5 Being the common

-non-equllihrium lattice paraneter~(a x l/2(alo + azé)) and aibibeing'the‘

1apptopriate'equilibfium’cubic lattice parameter of the ith phase. This

elastic coherency strain has a smaller value than the previously defined
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misfit strain, §' = (a1 - a2)/al, for the equilibrium misfit dislocation

structure; and as an approximation €y = 1/2 § = 0.4% for these Cu-Ni-Fe

58 .
alloys. Taking v = 1/3, E = 2x10 kg/mm2 and E*# = 0.004, the corres-

ponding value of the coherency stress is

Ox = gy = 120 kg/mm” -

The Ni-Fe rich phase, with a smaller equilibrium lattice paramete;} iS.
acted on by a tensile stress and the Cu rich phase by a compressive
stress. . |

The interaction between the coherency Stres;es and the slip dis-
locatioﬁs'is found by resolving the shear coﬁponénts‘of thesé'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 dbne using the stress tensor and the following formula:

g = o,. 1, 1,
up E_ ij “in " jp
v | i,j : . : .
where Gup is the resolved stress acting in the p direction on the slip

plane with normal u and 1i .and 1ju are direction cosines between the

u
given directions. Table II gives these resolved shear stresses for .the
case of a (001) interface and all possible Burgers vectors. The normals

~to the slip planes all point in the positive z direction to give con-

sistent results.
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Yable I. Diffraction conditions for dislocation contrast (g*b products)

Reflection (g)

111 022 I1I 200 131 I3T 1 311 320 3T 13T

e T R

1000 [ x fo |x |x |x |[x |x X |x |x |x

(010" X X X 0 X X X X X X X

Burgers (001 ) X [ x (x fo |[x |x {x Ix o |x {x
vector (110) X |x jo |[x |x {xIx {x lo |x |x
(b)  (T10) o X |x |x [x |x {o [x |x |x |x

(100> o |x |x [x Jo |x o |x |x |x |o

(Io1) X | x 0 X X o | x| x X X | X

<011>oo‘ooxx0xxo_x

(0I1) X 1X X (o x |x |x o |x |x |x

(011) zone (013) zone (112) zone  (11k) zone

‘For

1 ®i

N

‘b = 0 then dislocation will be out of contrast.
‘b

For = X dislocations will be in contrast.

o

- XBL 718-T17h
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Table II: _Stréssvinteraction between (001) coherent

' interface and Burgers vectors of slip dislocations.

Burgers Vector Slié Plane Resolved Shear Stress

d11)

0

#tllo] (111) C

a[i10] g%%i;" 16"
@ .

o G o,
L A
w
o G &
fo11] ) o
[011] BRGEEY) o

g =
r

Co(11)

o, V6 = 50 gg/mmz‘ )

'_Thevplus (+) means attraction and the,minus (=) means
repulsion for the interface of the phase under a tensile

stress (i.e. the Ni-Fe rich phase with ¢y < a).
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Table III. Microstructural changes dﬁring
aging at .800°C and 775°C. ;

Aging Time Wavelength (}) Interface | Aa
1 hr : 5004 Coherent »A: ~0,8%.
10 hrs - 1600A | Coherent - o B
100 hrs 4 22008 Coherent - "
1000 hrs — Semi—COhéreﬁt "

775°C
10 hrs 10004 Coherent : ~0.8%
100 hrs 20004 ' Coherent  . "

200 hrs > ~2300A Losing Cohefeﬁcy "
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‘FIGURE CAfTIONS
%ig. 1. 'Transmission electron micrographs of alloy élaged at 625°C for
(a) 6 min A ~ 75»A; (b) 10 hrs A ~ 135A and (c) 1000 hrs
Av~o900&shouing the developuent of the planar, coherent interfaces.‘
Fig.'Z. The pseudo-blnary section along the tie-line of the Cu-Ni-Fe
system used for this study show1ng the three -alloy compositions.
.:uThe chemiCal spinodal was calculated by_Butler58 using TC = 825 C- -
and cc = 0.50, | | E
.Fig. 3._3E1ectrouvdiffraction pattern (a) aud corresponding bright'field'
1mage “(b) show1ng spllttlng of the 600 reflection due to the’ |
tetragonal structure of coherent particles in alloy 2 aged 1000 hrs
:'gc 625°C
Fig.-&.i,ﬁiectron diffraction pattern (a) and corresponding bright fieid.
.;ﬁagé (b) sﬁowing solit streaks at the_51i reflection that are
normal to coherent,platelets in alloy 2 aged 100 hrs at 800°C.‘
Fig. 5.v.(a)'Transmissiou electron mrcrograph showing coherent platelets
' .about 500A thick and l—ZIUm long in a foil of alloy 2 aged
iOQ hrs at 860°C. (b) Micrograph taken of the same graiu showiué
some particles losing coherency. Note rotation of_semi—coherent
iuterface in the uﬁper left corner. Eiectron beam parallel
to [011] zone axis. | |
‘Fig; 6. Bright field micrograph of alloy 2 aged. 100 hrs at 800°C show1ng
a dislocation configuration suggestive of a spiraling mechanism
for toe formation of interﬁacial dislocations; Note local

‘rotation of interface at dislocation lines.



Fig. 7.
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. Electron micrograph of the symmetrical allBy aged 100 hrs at

775°C showing a corrugated semi-coherent hiérostructure resulting

from rotation of the interfaces toward'{llo} planes. Electron

: ‘beam parallel to [0l1l] zone axis.

Fig. 8.

Bright‘field miérographs'of the same area'ﬁnder_different dif-

" fraction conditions of alloy 1 éged 100 hfs,at 775°C showing

'-AIternating groups of dislocations on thé'Stepped interface to -

‘the right. The foil orientation was [dll]:éone axis -and the

'possible Burgers vectors in (a) are a/2 [110] or a/2.[101]>and

Fig. 9.

Fig. 10.

in (b) are a/2 [110] or a/2 [101]

Bright field micrographs of the same afeé ﬁnder'different

diffraction conditions of alloy 2 aged 200 hrs at 775°C. The

foil orientation was J013] zone axis; and'thﬁs the interfaces

“in which the dislbcatiohs lie are near the (001) plane. The

dislocations visible in (a) have Burgers vector a/2 [101],
whereas the dislocations seen in (b) have b = a/2 [Qll] or
a/2 [011].

Electron micrograph of alloy 2 aged 100 hrs at 800°C showing

interfacial dislocations around the center particle that cannot

~ have a Burgers vector lying in the interface since g 200 is

Fig. 11.

Vnormal to the interface and the dislocations ére visible.

Bright field micrograph of alloy 2 aged 100 hrs at 800°C showingf_‘

some interfacial dislocations that do not lie along ¢ 001)

(see arrows). Also note the unequal number of dislocations

at the two interfaces.
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Fig. 12. Electron microéraph.of alloy‘Z aged 200 hrs at 775°C showidg_:
dislocations near and at the interfaces lylng in (1100 directlons{
The foil:orientation Was [011] zone axis,.
Fig. 13. Brlght field micrograﬁhs oflthe(same area under different-'
diffraction:conditions'ofvalloy'z aged 200 hts at'775°C.' The
L:dlslocations visible in.(a):have b = a/2 [110] or a/2 [lOl]
whefeas those visible in (b) have b = a/2 [0I1] and appear to t
bbe rotatlng so as to lle along [100] |
CFig. 14.t1Brlght fleld mlcrographs of the same area under different -
.b.idiffraction conditions of the symmetrical alloy aged 100 hts
at 775°C showing dislocations visible in (b) tﬁat lie at
stepsvon the-interfaces visible in (a)} When (a) is viewed
in stereo the steps are eVident' |
' Fig. 15{' Stereo micrographs of alloy 2 aged 100 hrs at 800°C showing
'some dlslocatlons (see arrows) that are 1nc11ned to the
‘:parallel interfacial dislocations and 1n‘30me cases appearif
to be connected to them. Note: To obtain a stereodimage,
' lstereo‘glasses should be olaced:approximately 5 in. above
and centered on the micrographs The glasses may then be
sllghtly rotated until the two black dots and the dislocation d
images are superimposed. |
’fFig. 16. ngh-voltage (650 keV) electron micrograph. of alloy 2 aged
ilOO hrs at 800°C showing a dislocatloo being extended along

_the-interfaeefand looping back upon itself (see arrow).



Fig. 17.

Fig. 18.

Fig. 19.

Fig. 20.

Fig. 21.

Fig. 22,

Fig., 23.

Fig. 24.

Fig. 25.

-88-

Bright field micrograph of éymmetrical élloy aged 100 hrs at
775°C showing interfacial dislocations looping around the
platelefs.v » |

‘Bfight fiéld micrographs 6f the same'area unde:vdifferent

diffraction conditions showing moiré patﬁefns and interfacial -

" dislocations.- Alloy 2 aged 200 hrs at 775°C.

Electron micrograph of symmetrical alloy égedﬁiOO hfs at 775°C»
showing preferential loss ofvcéherency along a_grain boundary.
S;hematic drawing of coherent platéletAmiérostructhré used

in calculating the interfacial‘ene:gies and alsd for the.
résolution of the coherency stresses onvfhe various slip éystems;
Schematic¢ drawing of a parallel array Offedgé disloca;ions at

82,83 |
in

an interphase interface considered by van der Merwe
calculating the structurallinterfacial energy.

Plane section through the platelet microstructure parallel

to the (111) slip plane showing the stress activated extension

of a slip dislocation along the coherent interface.
Proposed mechanism for the spiraling of a captured slip dis-

location around a coherent platelet to form misfit-accommo-

‘dating dislocation loops. Refer to Part III for discussion.

Schématic drawing-showing the similarity between a spiral
dislocation and a series of dislocatibn'loops intersected by

a dislocation line.

vDrawing of flat tensile specimens used_in this study.

E
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Fig. 26. "
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Transmission electron micrographs showing the lamellar micro-

structure of tensile specimens (alloy 2) .aged at 775°C for

~(a) 10 hrs X ~ 10004, (b) 100 hrs A ~ 20008 and (c) 200 hrs

A > 23004,

. Fig. 27; ‘

Fig. 28.

Bright field micrographs of the same area under different

diffraction conditions of alloy 2 aged 1000 hrs at 800°C showing

jthe different sets of'interfacial &iSlOcations. Refer to

Table I for the possible Burgersvvectoré‘for each set of dis—vv
1ocations.
Electron microgfaph'of alldy 2 aged 1000 hrs at 800°C showing"‘

the change in partiéle morphology for the semi-coherent micro-

structure.

Fig. 29.

Optlcal mlcrographs of a 12 m11s thick tensile specimen aged

100 hrs at- 775 C show1ng the dlscontlnuous graln boundary

reactlon._ Magniflcation (a) 225X (b) 675x

Optical micrographs taken of the same area of a 12 mlls thick -

tensile spec1men aged 200 at 775°C show1ng grain boundary

o prec1p1tates ‘Magnification (a),220X; (b) 665x,

: AFig.‘3l.

Optical micrographs’of 35 mils thick tensile specimens aged

" at 775°C for (a) 100 hrs and (b) 200 hrs (475X).

- Fig. 32.

Fig. 38.

OptiéélAmiérographs showing grainmboundary'precipitates in
35vmils‘thick tensile speéimens aged atj800°C for (a) 10 hrs
and (b) 100 hrs. Magnification (a) 1460%; (b) 390x.

Optical micrograﬁhs of 35 mils.thick tensile specimens aged

1000 hrs at 800°C showing the Widmanstatten structure and

graln boundary prec1p1tatlon (390X)
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Fig. 34. Plot of yield stress at 0.2% offset and total elongation to
failure vs aging time forvtensile specimens‘aged‘at 800°cC. |
Data for as quenched samples taken’frqm Ref; 61."‘ o : %
Fig. 35.H Plot of yield sﬁreés at 0t2%'offset vs égiﬁg ﬁime fof 35 ﬁils
Itﬁick tensile .specimens aged at 775°C. |
Fig. 36. 2lot of total elongation to faiiure vs‘agipgltime forriéimils'
_’fhiék tensilé specimens aged at 775°C;;"“ - |
Fig. 37. .qut.éf work hardening rates at 1z,_2z'ah& 5z plasfié strain‘
vs aging tiﬁe fqruspecimehs'aged at SOchfw'v .
Fig. 38. Plot of work hardening rates at. 1%, 2% and 5% plastic strain
vs aging time for 35 mils thick specimens_agedvét 775°C.
Fig. 39; ?lot of Qork.hardéning rates at 1%, 2% and Svalastic stfain. |
?é-aging time for 12 mils thick specimens agéd at‘773°C. |
Fig. 40. Sﬁreés~strain curves uﬁ to 5% strain fpf 35 mils thick ténsilé.”
' séécimens aéed at.775°C for (a) 10 hrs;v(b) 100‘hfs and
| (c) 200 hrs and at 800°C for (d) 1 hr, (e) 10 hr, (f) 160 hrs
and (g) 1000 hrs. | .
- Fig. 41. Tfansmission electron micrographs of ténéile specimenS'aged
at 775°C for (a) 100 hrs and (b) 200 hrs 5nd strained 5%.
‘In micrograph (b) note the dislocations at.the coherent
~interfaces (see afrow).

Fig. 42. Three bright field micrographs of the samelarea under different

diffraction conditions showing the interactibn-between slip
disiocations and the parallel interfacial dislocations. See 3
“Part IV for discussion. Allo§ 2 aged 200 hrs at 775°C and

strained 5%.




Fig. 43.
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Electron micrographs.of a tensile specimen'aged 100 hrs at

&OO °C and.pulled to failure'(“l7z ¢) showing sheared platelets

~~ and heavy slip'bands along (110).

Fig. 44..
|

Fig. 45,

_Fig. 46.

Fig. 47

~ Fig. 48.

Fig. 49.

Fig. 50.

Electron micrograph of a tensile spec1men aged 100 hrs at 800 C

| and pulled to failure showing dense dislocation tangles that Co

formed at the coherent interfaces (see arrows). The foil

_orientation was [001] zone axis and thus_one variant of the

fplatelet morphology was lying in the planeiof the foil.

Drawing of WOL fracture toughness specimens used in this study.

Plot of stress intensity to initiate crack propagation and

‘showing the linear

dependence of these two parameters on d._l/2

yield stress vs (grainvdiameter)ﬁllz

. Scanning electron fractograph of the small grain fracture

"specimen showing the ductile nature of the fracture. The

1edges appear to be grain’ boundaries.

Scanning electron fractograph of the large grain size fracture o

v,spec1men showlng the 1ntergranular fracture.

'(a) Dark field electron micrograph. of alloy 2 aged 10 hrs ‘

at 700°C showing enhanced coarsening of the spinodal micro-

Ftructure at the grain boundary.

' .(h) Bright field electron micrograph of alloy‘2 aged 10 hrs.

- at 775°C showing grain boundary precioitates of the minor“

(Ni-Fe rich) phase.
Scanning electron. fractographs of the same area of a 35 mils
thick tensile specimen aged 10 hrs at 775°C showing the

partially integranular fracture. Magnification (a) 225x;

(b) 560%.
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Fig. 51.

Fig. 52.

Fig. 53.

-92-

Scannlng electron fractographs of 35 mlls thlck,ten51le
specimens aged at 775°C for (a) 100 hrs and (b) 200 hrs
'show1ng the transgranular fracture. The11arge cavity in-

the center of (b) appears to have resulted from grain boundary

séparation.‘ Magnification (a) 240x; (b) 1200x%.

Scanning electron fractograph of a tensile specimen aged 10

hrs at 800°C showing a good example of grain boundary

separation (600x).

‘Microprobe analysis of grain boundary pfecipitétion in alloy

2 aged 1000 hrs at 625°C shoﬁing the incfeased nickel and iron

concentrations at the grain boundary.
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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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