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STRUCTURE AND NECHANICAL BEHAVIOR OF SPINODALLY DECOMPOSED
Cu-Ni-Fe ALIOYS OF ASYMMETRICAL COMFOSITION
Ro J. Livak -
Inorganic Materials Research Division, Lawrence Radlatlon Laboratory,
Department of Materials Science and Engineering, College of Engineering,
University of California, Berkeley, California
ABSTRACT
Two Cu~Ni-Fe alléys of asymmetrical composition (i.e. with uneqﬁal 

volumé'fractions of thé two low tempefatﬁfe phaseé) were heat treated

to ﬁrdducé'spinodal structures with various wavelengths or characteristic
particle.épacings. Transmissién electron microséopy and diffraction
were used to study thé spinodally decomposed microstructures and to
measure the Wavelengthsbin the.épécimens. Tensile tests were performéa'
to measuré'méchanical properties of the aged specimens, and the fracﬁure:f
characteriétics were studied by scanning electron microscopy. The chahgéi '
in composition of the Ni-Fe rich phase with aging time wasrdeterminéd'

by measuring the Curie temperatuie. The experimgntal results for tﬁe
transformation kinetics agree with Cahn's diffusion theory during thél
latef stages of spinodal decompositioﬁk While'coherency isvmaintained,i‘“
the yield étress ié'found to be directly proportional to the difference
in cubic lattice parameters of the two'precipitatingfphasés and 1is

independént of the wavelength and the volume fractiofis. .
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INTRODUCTION
~The concept of the spinodal was formulated at ‘the same time as .
nucléation‘theory, and both concepts were discussed in the same paper

(1

by Willard Gibbs '~ in 1877. On a phase diagram, the spinodal is given

by the thermodynamic condition that the seéohd defivétive of the free
energy with respect to compdsition is zero (dzf/dc2 = 0). Inside the
spinodal.where dzf/dc2 < 0 the unstable solid solution decomposes
spontaﬁedusly into two phaseé because there is no activation barrier"for
nuCleatioﬁ as in a metastable solid solution. Thus, Gibbs referred to
the spinodal as the limit of‘meﬁastability. ‘Spinodal decomposition is
characterized by small composition fluctuatiohs over large distances,
whereés; a classical nucieation brbcess‘is characterized by large’compb—
»éition variations ovef sﬁall distances. In solids, spinodal decomposition .
implies that the new phases form by a continuous process;iand thus the
new phasés must have éimilér crystal struéﬁur§s as the original solid : =
solution. The two phases are'initially coherént and tﬁevcrystal strucfufé
is contiﬁuous.

A diffusion theory describing thgiméchanism‘bf spinodal_decomﬁo$iﬁ;oﬁl

2) (3,4)

has been developed by Hillert aﬁa Cahn based on changes in the'
solution.free energy with composition fluctuations in,thé unstable solid
solutién; “The soiution to the derived diffusion equaﬁion'éan be mathemati-
call& expressed és the superposition of periodic composition waves-iﬁ;;he
solid'sqlution with an exponentiél tiﬁe.depeﬁdenCe. Incipded in the ‘
diffusion équationvare terms for the COherency strain energy and the

concentration gradient emergy. The microstructure predicted by this

theory is a periodic distribution of small, coherent particles or
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regions of the two phases throughout the entire volume. The large
strengthening effect resulting from this homogeneous distribution of two

phases has been treated theoretically by considering the effect of the

(5,6)

and the periodic variation of the elastic shear .

(7)

internalzstfésses
modulus due to.the composition fluctuations. Also, a modél for the
work hardéniﬁg of a spinodally decomposed alloy has been proposed based
on the disregistrv strain pfoduced by the passage'qf dislocatiqné through

(8) (9)

the coherent particles. A recent review article by Cahn explains
the currént state of knowledge and important feétﬁres of this transformation.
In élaétically anisotropic méterials; spinodal decoﬁpoéiﬁion occurs
along elasfically "soft“ direcfidns;-and for Cu-Ni-Fe alloys such directions
are the cube directions. The:résulting_periodic structure produces side
bands in diffractién patterns, and this effect has been studied extensivély
bv x—ray,iﬁ?estigators, ﬁaﬁiel ana Lipsbn were the first té observe
the 31deband effect in Cu-Ni-Fe alloys, and they derlved avformula
relatlng the 31deband SDac1ng to the structural perlodlclty(1 )
Tﬁe.mlcrostructure of a spinodally decomposed alloy can be charactéfized
by thrge'pafameters: | |
(15 Volumevffactioﬁ gf the two phases
(Zj’Wavelength
(3). Amplitude of tﬁe‘compositién fluctuations
Butlér(ll) stﬁdied‘a Cu-Ni-Fe allby of symmefrical compésiton (ire. at the o
center of thevmiscibility gap) and followed the changes ih_wavelength bﬁi .
and amplitudé_as-a function of aging time. -He also related the éﬁanges :
in micfostructure=to_the.age—hardening'requnse of the ailoy.’ The ébjec—

tive of the present investigation was to determine experimentallv the

effect of volume fraction on the transformation kinetics and on the age-
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/'hafdening response of Cu—Ni—Fe alloys. Two alleys of_aSymmetricel compaor- -
sition, whicb were on the same tie-line as the allovvstudied by Butier,
were heat treated eo preeuee a spinodal structure; end'the chaﬁges in
microstructure and Qavelength with aging time Qefe followed by tfaﬁe-
mission electron microscopy (TEM) and diffractioﬁ; The amplitudes of the
cemposition'fluctuations were determined by measuring the Curie tempera-
ture, which is a function of composition,.of'thelferromagnetic Ni-Fe rich
phase, Also, the'mechanical.beheVior ofvthe spinodaliy decomposed and
aged alloye was experimentally studied.

The.ternafy Cu-Ni-Fe equilibriﬁm ﬁhase diagram is shown in fig. 1.
-The 625°C solebility limit and the tie-line are taken from the work of

(12)

Koster and’ Dannohl The pseudo-binary phase diagfam used in this
investigationvis given in fig, 2. Thevsolyus curve and the variation of
Curie tempefature with compositon for qﬁeﬁched alloys are also taken

ffom the werk of Kdster and Dannghl. Butler calculated the position of
the chemical splnodal cufve using the. formula derlved bv Cook and Hllllard
The effect of cohe;ency strains was not 1nc1uded in calculatlng the pos1tion
of thls curve; but coherency_straxns are small‘ln these CueNl-Fe alloys

as shown_bﬁllattice parameter.determinations éﬁd‘eleetron micréscoPy..'

Decomposition of the high temperatuxeufcc.y pﬁasewgiveSxanparamagnewieg

Cu- rich phase and.a ferromagnetic Ni~Fe rich phase which both have -fec

structures. Because the two low temperature.phases are initially coherent

and have different specific volumes, there are coherency. strairs in this

(6)

spinodal microstructure. Dahlgren :has caltulated-the’yield«stpesé;bijffEu

allove with cmhevent lamellar micrnstructures, and hig theory is based

“on the EIaStlL strains requried to maintain poherencv between the two

(13) o

e d — - i ot 1 Senvra e
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phases. The conclusions reached by Dahlgren infhi§:ca1culations.afe that

‘the yield stress of spinbdaily decomposed Cu-Ni-Fe alloys depends on the

difference in cubic iattice parameters of the two phases and ié
independent‘of the wavelength and of the volume fractions of the
precipitatiﬁg phases between certain critical values. Dahlgren's
results were partially confirmed by the experimentai work of Butlergll)
however’:the effect of volumé fraction oqfthé yield stress was not |
studied by Butler. The objective of this»research was-to'éontinue the
investigation of spinodally decomposed Cu—Ni;Fe alloys by studying two

- alloys gf‘asymmemtrical compositions and gorrelafing thé mechanical
behaVior'with the changes in microstructure during spinodal decompoéition

and particle coarsening.
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. EXPERTMENTAL PROCEDURE

The experimental alloyé weré prepared using'99.999%'§urity Cu,
99.85% purity Ni and 99.6% purity Fe. Tﬁe compositons,of the two
"alloys, inlétomic percent, Qere: |

alloy 1, 32.0 Cu-45.5 Ni-22.5 Fe;

alloy 2, 64 Cu-27 Ni-9 Fe.
To aid fabrication, 0.57 Mn was added to each melt to act as a deoxidiézer.
‘ The chargés.weré melted in a large inductién furnace in an helium atmos-
phere and were chill cast into copper moldé to reduce éegregation.’ X-ray
fluorescent analysis verified:td within.+1% the compositions given above.

The iﬁgots were inserted into.staihless stéel envelopes and placéd
inside an Inconel tube filled with cast iron chips and a small amount of
activatéd chércoal té ﬁrevent.dxidétibn. Theén; the ihgofsswerethomogenizEdfﬁbf
at IOSOdC.for'three days. Néxf the ingots were.hot forged and rolled at-
950°C ﬁo a thickngss‘ofléo mils. . Small piecesAf:om ééch.ingoﬁ were then
annealéd én& further cold{rolled to 8 milé thiCkﬁess for TEM spécimens} _.‘

‘After cutting and maéhining the Various‘ekperimental épeéimens, they  v
were encapéulated in evacuated quaftz tubes, ééiutibﬁ freéted at 1050°C
for two hours and then qﬁenched in.watef. To ensure that the spegimens
had pét spinodally decompoéed before starting the aging tteatments,vthe
specimensrwere furthér heat treated at_1050°C for 15 miﬁu;eé'in purifiédl_
argon and then drop quenchéd into stirred ice brine.- The quenchiqg rate:
was estimated to be about 5000°C/min. After ;his_heat treatﬁent,'alloy 1
specimens had an average grain diameter df 0.07 mm and fof alloy 2 specimens
0,12 mm dfameter.  Then groups of specimens were aged at 625°C for 1'minﬁfe,

0.1, 1, 10, 100 and 1000 hoursf For aging times iess'than one hour, a salt
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_bath was uéeé.

An Instron testing maéhine Qas used to measure the Yield stress
,and ductility of flat tensile specimens which-wefe 40 mils thick with
a 1" gégé length, a 1/8" gage width and l/4”vdiameter pin holeé. Three
tensile'épecimens for each aging time Qefe.testéd at room température,
and all spécimens wére‘puiled at a céﬁs;éﬁt stréin rate of 0.02 cm/min.
‘The yield stressIWas measured at 0.2% strain offset, and the total
elongatién to fracture was determined by the change in spacing of two
‘indentatioﬁé made on the gage iengﬁh. .The ﬁofk hardening rate (i.e. the
vslope of thé stress—strain curve) was'calculated at 27 stréin for all
.specimeﬁS-tested. A_scanning electron micr08cope was useﬁ in examining
the fracture surfaééé to determine fhe'mode of fracture.

To détérmine the compogifonnof the Ni-Fe rich phase, the Cufie tems
péntﬁrés'pf the agedISpecimens were measuféd using appératus developedﬂ
at LRL Livérmore for the étudy of high témperaturéﬂﬁagnetic phase changésgl4)
This apparétus ié essentially'a tfanéformer.iﬁ whiéh ﬁhe specimen is tﬁe.

‘: core betﬁeéﬁ thé‘primafy.and secondary.coiis. Be@ausgrﬁhe apﬁaratusgié'sifi
made of.boron nitride, qﬁartz tubing and platinumvwiré;'if can be heétéd
inside affurnaée to températures.nét exceeding_SSoéc. An X—Y_recbrder..:"

" was usedrto ﬁeasure fhe change in;iﬁducea volgage of the secondary cqil
as a fqnction of_temperatufe. Two heating aha coblingvcycles were'runvr
for eaéh specimen, and the average value of the meaéufed tempgfatures
'was taken as ﬁhe Curievtemperature. The specimens used_foruthis measure-
" ment wére 1" x 1/4" x 40 mils. |

The Aeat treated coﬁpons used to prepare thin foiis for traﬁsmissiOn

electron microscopy measured 1" x 1/2" x 8 mils. The coupons were first
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thiﬁned chemically with the following polish.
20 ml acetic acid |
10 mi nitric acid
4 ml hydrochlo;ic acid
This chémiéal pélish, diluted with an equal_amount of wateér, was also
used to remove a black oxide which sémetimes formed on the specimens
during eiéctrﬁpolishing. Thin foiis-were obtained Qsing the following
electrolYfe and poiishing éonditions; |
SOng Cf03
260 ml'acetic acid
8 - 10 ml H20
'Témpérature: 10°C
Voltage:‘ 14 - l9FV_dc.
Siow,stirring of the eiectrolyte
The best pbiishing voitage vafied with fhe_hgat t?éat;ent of the specimen.
.  Thé Qavelengths () or particle spacihgé of'heat'treated Specimgns-.
were méasufed directly from enlarged prints 6f.mi¢rogfaphs; All micrOf :
graphs were taken in the <110> oriéﬁtéti§n wi;h a Strbng'ZOO reflecfion =
operatiné. ‘At least one.hﬁndred'measurements, taken from five differentv
areas, were made fo determiné the averaée wavelength for_eéch-aging tiﬁgg;i
Becausg a 157 magnification error can oécuf Qhen‘using a doﬁble tilt -
- specimen sEage, a carbon replica of a;ruledAgrating was used to calibrété*r
the magnification for different 6bjecti§e lens cﬁrrents at fiied sét;iﬁés
of the intérmédiate and projector lenses. Féf»specimens with ) < 1?02;
‘the sideband spacings on 400 refleétions were‘aléo.used to -calculate A

from thevformulé(lo)
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| ) = " h tan 0

a
@2+ %+ 9858 ©

where 6 is the Bragg angle for the hk¢ reflectiqn in a crystal of .
lattice'ﬁaraméter a, and 68 is'the angular spécing between sideband
and main reflection. 'Fdf the 400 reflection in these Cu Ni-Fe alloys
this equétion ;educes to

| -
A= 0.89

.where r and Ar are the distances 'from 000 and the sideband to the 400
reflection. A Joyce-Loebl double beam recording.microdénsitometet was
used to measure these distances directly from the diffraction patterns

élong a tface parallel to'the [1@Q]>direction'on the pattern.
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 EXPERIMENTAL RESULTS
The experimental results for the two.alloys studied are summarized
in tables 1 and 2 and in the graphs shown in figurés 3 and 4. For

(11)

comparison, Butler's results for the CuFNi—Fe,alloy of symmetrical

composition aged at 625°C are given in figure 5. The compositions of the °
Ni-Fe rich phase were determined from the Cﬁrie temperature measurements
using the information given in Butler'é reﬁort (see figure 2); Distinct
sideband peaks were not.observed on the micrédensiCOmeter traces, but
rather a géneral flattening of the main diffracted peakvwas observed to
occur over some finite distance on the diffrécticn pattern (see fig. 6).. -
Thus, the ﬁalués of A calcuiated.from the sideband.spaéings represent
some average wavelength in the miqrostructufe, Tﬁé wave1ength Qalues
déterminea from the sidebands give é more aécﬁrate measﬁrémeﬂt‘of the
actual WAVéléngths than the micrograbhsAbecéﬁse'a diffraction pattern
reﬁfesents a 1érger statistical éampling of the spécimén thah éhe one
_hundred measurements taken from micrographé; Aléo, there-ié no'possiblet 
magnification error in fhé sideband measurements.

Thébchanges in microstrucfure with aging‘ti@e fot alléy;2 are shdwn v
in tﬁe traﬁsmission eleétfon micrograéhé of figufes 7a-e aﬁd 8a-b. Allcj‘lf
showéd a similar development of microstructure, For X\ < 1563,-;he micro%
structure consists of wavy, irregular’pi&tes or.tods lying primarily along
‘(100).p1anes. Even in the Speciméﬁ.aged ten hours,viﬁ is difficult to dis-
cerﬁ avdiépinct interface between the two decomposing regions. = The lastvﬁwojib
micrographs of specimens aged 100 and 1000 hopfs show that definite, cohéreht  :
inferfaces.parallel'to (100) planes have deveioped.betwegn the Cu rich‘

and Cu poor phases. The fringes observed on the micrograph in figutéEBa
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are thickness fringes resuiting from the preferential polishing of the

Cu rich phase. Micrographs of alloy 1 and thg symmetrical allby are élso
given in figure 8 for comparison of thelthree microstructures and to show
the interéonnectivity of the fwo phases.

(15)’studied the contrast in the electron -

Cadoret and Delavignette
microscépe'df spinodally decomposed Cﬁ—Ni-Fe'alloys‘and concluded that
the contrast results from atomic displacements in the diréction of the
composition fluctuations or.waves. They experimentaily verified this
contrast mechanism by showing that the contrast reversed with a change in
the sigﬁ of -the - diffrac;ion veétor, g.' As indicated by the Curie temper-
- ature méasﬁrements,vthe as qﬁeﬁched'specimens had partially decomposed.
But bééausé the amplitude of the compoéition fiuctuations was small, the-
atémic diépiacement betweeﬁ the Cu rich and Cu poor regions was small.
Thus thé contrast in‘the as éuenched specimen.waé,wéak (see fig. 7a).
For spécimens aged up to one hbu:, the oﬁéerved contrast became Stronger
with incfeased_aging tiﬁe as the coﬁpositionuémplithde incréased (séevfig—.
ures 7de).- / |

A comparison of . the measured Curie temperatures and the wavelengths

show that the wavelength did not grow significantly until the equilibrium

tie-line compositions were reached (¢f. tables 1 and 2 with fig. 2). Then

particleidoarsening oécurréd as shown in"figureé 7e and78a—b, and_the two
phases femained coherent after aging for 1000 hours at 625f§.  Optical |
metallograbhy revealed some diécerﬁible grain SOUndary'preéipitation aftef
aging for 10 hours, a few discrete gréin bouﬁdary precipiﬁates after 100'
hours and some continudus‘grain boundary precipitation after 1006 houré

(see fig. 9).

K
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Tﬁe yieid stress of the‘é@inodélly'decomposed alloys increased
threefoid with 1onger’aging times until_tﬁe gquilibrium tie—line
compésitqné were reached; and there was a céfresponding 757 decrease
in thehfdfal strain to frécture. For alloy i; the yield stress decreaéed"»
slightlyifor specimens aged longer than 10 hours; whereas alloy 2 shoved |
no chanée in yield stress for specimens aged,lO hours up to 1000 hours.

' The work hardening rate (dg/de) measured at ZZ.strgin increased with

aging time for bo#h alloys tested.” While alloy 1 showed a twofold increase
in the work hardening rate, alloy 2 had only a 252 incfease after aging

for lOQGihours. Fractography revealed that thé as éuenched?spetimenfand'
the specimen éged one minute ffaéturedvin afcomplétely ductile manner.

-With increésed agiﬁg time, the fracture mode becameJiﬁtergranular'withHSbme

small regions of ductile failure (see fig. 10).
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DISCUSSION
The rates of spinodal decomposition for the symmetrical and asym-

metrical‘Cu-Ni-Fe alloysvwere foﬁnd to be significantly different; and

a comparison of ihe present results with Butler's results for the
symmetrical ailoy on the same tie-line shdws-thisvdifference'(see figures
3, 4, and 5). Butler foun& that the asAquenched s&mmefrical alloy showed
no evidenée of decomposition and that thg equilibriﬁm compositions |
~were reaéhéd after aging for ome hour at 625°C. But for the asymmetrical
alloys, fhe as quenched Speciméns had partially decomposed and the equi--
librium compositionsrwere reached after aging f6f>ten hours at 625°C.

Thié'rate.differénce‘can bé understood physically by considering

;the free'enérgy curve and thg drivingvforcé for Spinodal decompositibn;
‘The.rea¢tibn raﬁe is proportional tovthe magnitude of the driving foréei;
which'ié thé second derivative of free energy with,;éspept to compositi¢nk
(dzf/dczj. Because the d;iving force is'greatef fqr.the éymmetrical allby
than for the asymmetrical alloys, spinodal decompoSitién occurs more_rapidly
in the.syﬁmetrical-alloy. The difference in thé és quenched structures was
probabl&vdue to a difference in the quenching rateé;

| Onéélthe asymmetrical alloys reéchéd the equilibrium tie—iine coﬁﬁoé"
_sitiong, particle coérsening qccurred (figures 3 and 4). A 1og—log'plot

.of wavelengﬁh vs. aging time gave a timé dependence exponent of ~0.37.

| 0.7 I .
That is, the observed rate law was A « Kt 37. However, this value is

only approximate because of the small number of data points plotted and.

‘the scatter of the data points about the straight line with slope of 0.37.

(1D

For the symmetrical alloy, Butler found that particle coarsening

1/3

could be described by the rate law i « kt , which is consistent with
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the theories\of diffusion controlled coarsening where large spherical

particles grow at the expense of small ones.

A cemparisdn of the Curie temperefhre deta (tables 1 and 2) with the
pseudo-binary diagram (fig. 2) indicates that the:as.quenched speeimens
of both alloys had partially decomposed to the 3p1nodal composition, as
given by the t1e—11ne, that was nearest to the orlglnal alloy composition,
Note tha; for both as quenched alloys; the measuréd compositionsvof the
Ni-Fe rich phase were.i.8% Cu from the original eompositions. Thus, during

the quench,lthe fundamental composition‘wave develeped. The fundamental

can be described by s sine wave form and " igvsymmetrical about:-ghereriginal

composition. As the fundamental grows in amplitude upon aging, the non-
linear'terhs in the solhtlon of the diffusion equation for spinodal
Eecompoeition become important and ehey produce harmonic distortions l;,
of”theffundémémtamecdmﬁasitﬁaanaves.

(16)

- As discussed by Cahn, :the amplitudes of these harmonic distor-

tions are proportional to the square or higher power of the fuhdamental

amplltude- and when this amplitude is 1n1tlally small these distortions
are not 1mportant The even harmonics, whlch have non-zero amplitudes
only in asymmetrical alloys, distort the fundamental'sine wave to conform

to the lever rule by increasing the amplitude»ofrthe minor'phase while

vdecrea31ng its spatial extent and vice versa for. the maJor phase (see

fig. 11) This effect of the even harmonics is clearly shown in. the Cefie_

‘temperature data for alloy 2 aged from one mihute up to teh hours. The h"

odd harmonics convert the fundamental sipe wave into a square wave, i.e

a composition profile more characteristic of a two phase structure, by
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flattening the peaks of the fundamehtai“aﬁdLsharpening the gradien; between
the extremes in composition. AS the gf;dient at the'interface increaseé;
the contrast between adjacent particles also_incfeases and the interface
becomes more distinct, This effec;Ais qualitativeiy seen in.the series of
electron micrographs of the aged specimens (fig. 7a-e).

This simple explanation of Spinodai decompositon deSCribes the
average or OVérall.decompositon process occurring throughout the speci-
men. Buﬁ within a localized regioh the actual deedmpositibn process is
more com@licated tﬁan'suggested abéve because there are several wavelengths
present and the effects of the harmonicsé on the fundamental wave cannot
v be so precisely deééribed. The microdeﬁSitometer_trace of a 400 diffraction
spot given in figure 6 shows three distinct éideband peaks to the right
of the,méiﬁ peak. Thus, the crystai contained a spéctrum of wavelengths
cénterediabout the dominant wavelength that receivéd-mékimum amplificétiéhﬁ.
Also, dur?ﬁg the initial étages of Spiﬁodal decompoéiﬁonlwhen thé wave
amplitédes are small, the elastic strainvenefgy ferm is not very large
for Cu;NifFe alloys. Cdnsequently,'thé crystai can be considéred elaSti—
cally isbtfopic du;ing the early stages and the cémposition waves may not:
necessarily be along the cﬁbé di#ection§;

The wavy éppEarance of the particlés dhring:thé fifst ten hours of
aging_cah be understood qualitatively by consideripg the changes in
microstructufe during spinodal decomposition of Cu-NiﬁFe alioys.

(17)

Khachaturyan has done an elastic enéfgy analysis of a hqmdgeneously
decomposing solid solution and has showr. that the distribution and shape

of particles {3 determined by the minimum elastic energy associated with

the difference in specific volumes of the precipitating phases. This

elastic energy mechanism differs from Cahn's theory which is only valid
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when tﬁe compositioﬁ waveleng;ﬁ is'commensurate Qith the correlation
length-(i.e.vthé measure of non-locality of free energy). Since the
correlation length is the same order of magnitude és the thickness of the
transitioﬁal boundary laver, Chhn's theoty is oniy valid during the
early_stages of spinodalvdecompositioﬁ.

In“é face centered cuBic solid solution thag decomposes_along the
cube axeé, Khachaturyan has described the following steps in the develop-
ment of:thevparticle morphology, starting’with the distribution of the
highest ehergy and progressing to that of lowest energy.

1) Three—dimensional distribution described as a primitive

hcubicllattiée the sites of which are cuboidal incluéiéns of
the equilibrium éhasés and of partially decomposed matrix.
2) Two—dimensional.distribution described as a planar square
lattice formed by rod—shaﬁed particles.
3) Ohe—dimensibnal distribution of pérallel 1ameilar particles
.thaf are regularly épaced. | |
Initially during the decomposition procéss,vcompésitioﬁ wavesvfarm;in alli

(3 But this

three dimensions along the cube axes as noted by Cahn
partlcle morphologv transforms to the energetically favored two- dlmens1ona1
distribgtion and then final;y to the one-dimensional distribution. The |
;otal f;ee eﬁergies of thé multi—dimemsional distributions ére,greater
.than that of the one—dimensiénal distribu;ion because of differences in
elastic energy and also in chemical free energy since the one-dimensional

distribution contains only the equilibrium phases but the multi—dimensignél.

distributions also contain some partially decomposed matrix.

For the asymmetrical alloys studied, the equilibrium compositdons
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were_reached.after ten hours of aging”(cf. tables 1 and 2 wiﬁh fig., 2).
Thus, in sﬁecimens aged less than ten‘hours; partiéily decamposed matrié'
was still bfésént and the microstructure consisted of multi—diménsidnal
distribu;ibn of particles. Because the particle mbfﬁhdlogy Qas trans-—
forming.t§bthe one-dimensiénal distributiop; no'distinct (100) habit plaﬁes
developéd until the specimens had been aged 100 hours. Conseéuently, the
microstruétﬁre had a wavy appearance as observed inithe electron micro-
graphs (éee”fig. 7a-e). |

The asymmetrical alloys have age—hardening respoﬁses similar to the
symmetrical aﬁby,.i.e. the yield stress increased rapidly with aging.tiﬁe
and then became COnétant for aging ;imes greater than ten hours. Howeﬁer,
there is one significant difference.betWéen the two cases.’ Fof the aSymj.
metrical'éiloys, the Qavelengtﬁbinitially remaiﬁed-constant while the |
yield stress ddﬁbled, ‘But for thé symmetrical alqu; the ﬁavelength’gfeﬁ'
initally as_the yield stress increased (cf. figures 3, 4, and 5). Then
~as the wayelength,increased.fof aging timés greater;than ten hoﬁrs, fhe
yield stress remained constant. Buf the variatiéﬁ of yield stress.fof
the.asyﬁﬁetrical alloys'foilowed appro#imately.fhe.change in Curie fem_
peraturé (i.e. compositon) éf the Ni-Fe rich phase.(see fig. 12). Assuming
that the lattiée paraﬁeter ié proportional to the éomposition, hheaﬁiéﬁaf_
stress of the épinodaliy decomposed, asymmetrical Cu—Ni—Fe alloys is
directly proportioﬁaljto the difference in cubic lattice pafamete;s of-
the two-céherent phases. and is indépendent of the wavelength. Also,-the
Symmetricﬁl and asymmetrical alloys aged at 625°C a;téined about the same' -
maximum yiéld stfess.(35—39 kg/mm?).  Theref6re, the yield stress is not

a function of the volume fractions of the precipitating phases for the

case when the volume fraction of the minor phase is not less than one-fourth.
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‘The &iéld étreés depéndence on the. various ﬁicrostructufalvparameters
observed in this study agrees coméletely wifh the coﬁclﬁéionsvreached By'>
Dahlgren(6) for his theoretical calcuiationlpf thévyield stress of alloys
With coherent lamellar microstructures. Déhlgren's theory was based on
the intérnél coherehcy strains résulting from the diffefence in lattice
parameters of the two precipitating phases.. He calculated the internal
stress field for the lémellar microstructufe and then resolved these

stresses along the slip plane in order to determine the applied stress

requifed for the initial passage of dislocations through the microstructﬁre,

Note that the physical basis for this calculatién was the same one as

(18)

used by Mott and Nabarrd .to‘derive thé_follbwing expression for the
average iﬁﬁernal stress due to spherical, coherent precipitétes.

oy ~ 2Gef'
In this éxpression,_G is the average sﬁear moduiué; efis ;he misfit:

parameter between solute and solvent atoms and f is the volume fraction

" of the precipitating phase.

Asba result of hiS'calculétions; Dahlgreh chciﬁded that:
'_1):The vield stress is independent of the Wavelength;'A(>
-2)'Tﬁe yield stress is nearly independent of the volume fractiods
£, and fz if the elastic cbnétants do not_diffe; aﬁpreciably in;

the two phases and if for an isotropic material the condition

1/3,j_f1 < 2/3 is satisfied.

3) The.yield stress is directly proportional io tﬁe différénce ih "
cubic lattice parameters.of the precipitating phases when the
same,condi;ions as in (2) aéply.

Because Cu-Ni-Fe alloys are anisotropic ‘and the elastic constants of
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the precipitating phases differ by a small amount, the limits givén
above for the volume fraction are only approximate. In this present
study of asymmetrical alloys, it was found experimentally that the limits .

on the Volﬁme fraction are 1/4'§_f < 3/4 for the above conclusions to

1
be valid.

Aé long as the miﬁor phase remains interconnected, it is physically
reasonable to expect the yield stress to be independent of the volume
f raction. Because given tBe interconnectivity of- the minor phase, the-
dislocatiéns must pass through the coherent interfaces and cannot cross

(19) did a coﬁputer simulation for the

slip around the partiéles. Cahn
spinodally decomposed microstructure of an isotropic material and founa
that with.Q.Zé volume fraction the minér phase réméined interconnected. -
The trénsition to isolated particles was found to océur in the voiﬁme
fractioﬁ.tange_of 0.15 i.o;Q3. The electron micrographs in figures 7'
and 8 show"that tﬁe miﬁqf phase in the Cu-Ni-Fe alloyé,was interconnected
at ‘a volume fraction of.0.25.

Thé Qork hardening rate (do/de) of both ailb?é studied increased
with aging time (seebtables 1 and 2); and'alloy 1 showed a 1arger‘inCreASe.

(8)

than alloy 2. Carpenter has proposed a model for the work hardening -
rate of spinodally decomposed alloys based on the lattice diSregiStry
. shear strain resulting from the passage of dislocations thrqugh.thé

coherent particles. The derived total flow stress for the alloy in'

the plastic region is

where oy is the yield stress, Aa is -the maximum difference in lattice
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'par;meters“of the decompdsing'régions, a, is the lattice parameter of -
tbe quenched solid solution, G is the shear modulus, n is the number of
dislocatipns whicb have passed. through the @atrix, b is the Burgers
vector and ) is the wavelength. |

Caréenter noted that for fixed plas;ié stfain (i.e. n constant) aﬁ
increase in’X will cause é decreése,vrather than an inérease, in the
work har&ening rate. But the experimeﬁlal results fbr alloy 1 show a
sigﬁificant difference between the work hardening rates for the specimen
aged 10 hours and the one aged 1000 hours where X increased bv a factor
of eighﬁ and Aa fgr the two specimens remainedbabout constant. This
discrepancy between the derived equation and experimental results
'indiéates that Carpenter's model may only be valid for small plastic
strains (i.e. less than 2%) before the coherent microstructure has been
gréafly-distortéd by the passage of dislocétigﬁs through it. The observed
differénces in the work hardening rates of alloyyl and alloy 2 suggest
'thatvtherejmay be other factors not consideréd in Cérpenter's_model‘
which'infiuence the work hardening‘rate df,SPinodally &eéomﬁosédvalloys.x:
For examplé; the‘work hardeniﬁg'rate may‘depend on the.relative volume ‘
fraccions-éf the precipitatihg phases and §n the diffefence in shear

moduli of the two decompoéing regions. Aiso, the functional dependencé‘

of d&/de én X is probably different than that derivgd'by Garpenter.
The fractography resUlts~shoWed“that thé aquuéhched.specimen'nf
and the specimen aged for one minute failed in‘a”#ransgrénularvduqéiié:% 'f
- manner. Howéver, the specimens aged sii minutes and longer_fai;ed
intergranularly with some areas of ductile ffacture;’ Using opfical ﬁetalf

lography, no grain boundary precipitates were detected in specimens
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agéd fér'tiﬁes lesg‘than 10 hours. This chgnge in fracture mede is
probably éxplained by the‘increase in yield.stress and work hardening
rate Qith aging time. The grain boundaries have some_given fracture
strength that is not strongly dependent on the'micréstructure'of the
matrix, In the as quenched épecimen and the oné aged for one minutg,
the ffécture stress of the matrix was less thaﬁ the fracture stress of
the graiﬁ boundaries. But in the specimens aged six minutes and longer,
just the feverse situation occurred and the fracfute stress of the grain
boundaries was reached before ﬁhe matrix failed. However, this explana-
tion is fentati?e as there are other microstructﬁrél factors (e.g.

grain boundary segregation) that may‘be causing the intergranular frécf

ture of the aged specimens.
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SUMMARY

In this experimental study of spinodally decomﬁosed Cu-Ni-Fe alloys

of asymmetrical compositions, the following results were obtained.

1)

2)

3)

-8

The as quenched specimens contained the fundamental composition

-waves which formed during the quench.'>With aging, this initial

sine wave, or first hafmonic, waé distorted By higher order

hafmonics which resulted in a square wave profiie for the com-
positibn fluctuations. |

The qdenched—in fundamental wavelength did ﬁot grow until the
eduilibrium tie-line éompositioné were reached. Note that this

result differed from that for the_symmetricalvalloy in which the
waveléngth began growing immediately upon aging before the
eqhilibriuﬁ tie-line compositions were reached.

The feaction rate for spinodal decomposition.éf_ﬁhé asymmetrical
allo&é was one order of magnitude slower than for the symmetrical
alloy.

For phis coherent ﬁicrostructure in the'spinqdally decomposed ailéysi K
of asymmetrical compositiéh; the vield Stress‘is diréétly proportioﬁ;i
fo the»difference in cubic lattice parameters of ‘the two precipi-
tating phasés and is indepéndént of the wavelength and the reléti&e'.

volume fractions within the limits 1/4 j_fl < 3/4.
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ALLOY 1:

TABLE 1

EXPERIMENTAL DATA FOR
32.0 Cu - 45.5 Ni - 22,5 Fe

UCRL-19189

AGING A IN A A IN A CURIE % Cu IN  YIELD STRESS TOTAL % do/de
TIME  (MICROGRAPHS) (SIDEBANDS) TEMPERATURE  Ni-Fe PHASE (kg/mm®) ~ ELONGATION  (kg/mm?)
| AS QUENCHED 65 + 8 -— 420°C 24.3 13.2 + 1.8 |42.0 +0.2 164
1 MIN, 56 + 7 66 440°C 21.8 15.6vi_0.3 32.6 + 2.4 | 122
0.1 HR. '[ 7§j' 7 67_ 450°¢: 20.3»_' 18.9 + 0.7 [17.8 + 2.9 | 128
1 HR, 65+ 7 .62‘ 470°C 17.2 27.0 + 1.1 |16.0 + 4.5 | 144
10 HRS. 106 + 7 138 ‘505°c 11.5 36,0 + 1.0 {11.1 + 4.0 | 122
100 HRS . | 471;  17 | -  496°C '13.2 33.5 + 0.6 | 9.7 + 0.4 | 178
1000 HRS. Te27 1 51 - " s05°c 11.5 33.4 + 0.9 | 9.1+ 1.9 | 218
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TABLE 1I

v EXPERIMENTAL DATA FOR
ALLOY 2: 64 Cu - 27 Ni - 9 Fe

AGING . A IN Z A IN Z. CURIE % Ca IN YIELD STRESS TOTAL % do/de
TIME (MICROGRAPHS) (SIDEBANDS) TEMPERATURE Ni-Fe PHASE ~ (kg/mm’)  ELONGATION (¢g/mm?)
AS QUENCHED | 71 +10 | -~ 148°C 56.2 13.3+ 0.7 | 30.6 + 1.8 148
1 MIN, 4+ 5 68 . 216°C 1.6 17.9+ 0.1 | 19.3 + 2.7 | 164
0.1 e, 80+ 9 75. | omoc | 8.5 | 23.8 +0.4 | 1.2+ 1.1 164
1 HR.-‘ | 62 i 2 | 18 338°C 36.0 34.5 +0.3 | 8.8 + 0.4 132
10 HRS. 124 j; ia_ | 140 |- s19%C 24,3 37.8 i‘ 70.8. 7.5 + 1.0 154~
100 HRS. | 577436 | - | usecc | 13.9 13900+ 1.2 | 7.1+ 1.9 188
1000 HRS. | 897 cuh | BT 32| a6 +0.6 | 10.8+ 1.2/ 188
I , - S '
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Fig. 1. Ternary eQﬁilibrium diagram for the Cu-Ni-Fe system showing

(12)

the tie-lines with the 625°C solvus line and the compositions .

of alloys 1 and 2. _Alloy A'is‘the symmetrical alloy studied

by Butlergll)

Fig. 2. The pseudo binary section of the Cu-Ni-Fe system used in this
investigation. X and Y are the expected equiiibrium tie~line
compositions ofAthe decomposed phéseé when the allovs are

aged at 625°C§12) The chemicalvspinodal was calculated by

1D

Butler usiﬁg T, ~ 825°C and Ccv~ 0.50 from ref. (13). Thé.

Curie temperatures of the quenched alioys were taken from

‘ref. (12) egéept for the open circle which was measured by

Butler for alloy A.

Fig..3:. Summary of the bhanges that éccur in yield stress, Curie
temperature and wavelengthxfof éiloy 1 éged at_625;C.

Fig. 4. Summary of the changes that ochr*in vield sfress, Curie
tempefature and wavelength for élloy 2 aged at 625°C.

Fig. S;. Summary of the changes that occué in yieid stress, Curie
temperature and wavelength for allov A aged at 625°C takeq
from ref. (11). |

Fig. 6; Electfon diffraction pattern of alloy 2. aged' 1 hour at 625°C ' 7
with microdensitometer trace showing the Sidebands on the *‘:  ; o
(400) reflection along the [100] directiop. Note the three |
éideband peaks on the right which correspond to ﬁhree wavelenghhs.
in the crystal.

Fig. 7. Transmission electron micrographs of alloy é (a) as quenched

showing very faint contrast of the decomwposing regions and aged
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Fig.
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at 625°C for (b) 1 min. A - 754, (¢) 0.1 hr. A ~ 754, (d)

: lihr. A~ 75&, and (e) 10 hrs. X - lSSR. Diffracting

conditions are the same in all micrographs with g = (200)

operating from left to right with foil orientation <110>
as shown in the difffaction'patterh ().

Electron micrographs of alloy 2 aged at 625°C for (a) 100 hrs.

% - 575A and (b) 1000 hrs. A - 900A. Micrographs of alloy A

taken from ref. (11): (c) aged at 700°C for 16 hrs. X ~ 500%,
(d) aged at 775°C for 16 hrs. A ~ 975A. Micrographs of

alloy 1 aged at 625°C. for (e) 100 hrs. A - 470A and (£) 1000

’Hrs. A ~ 825A. The copper rich phase was preferentially

-electropolished, and in some foils this phase W?S completely

removed as shown in (f). Note that mo preferential precipi-

- tation occurred along the boundary shown in (£f). These

micrographs of the three alloys show that'the two phases remained

. ' i
interconnected.

Optical micrographs of alloy 2 aged at 625°C for (a) 10 hrs.

and (b) 1000 hrs. showing that grain boundéry precipitation

occurs after aging for 10 hfs, and forms a grain boundary
network after 1000 hrs.
Scanhing electrdﬁ fractographs of alloy 2 (a) aé,quénched~aﬁd’;

aged at 625°C for (b) 1 min., (c) 0.1 hr. and (d) 1 hr. showing

the abrupt change from transgranular, ductile failure to

intergranular fallure after aging for 0.1 hr.

. Effect of lever rule harmonics on the fundamental .composition

‘wave (from ref. 16):




| e UCRL-19189
(a) 1. Thenfunaamental <100>.
2. The seéond harmonic <200>.
3. The harmonic distortion produced by.addihg the
<200> in phase with the fundamental leads to a
- lever ;ule correctién.
(B)‘Einal shape‘bf composition'ane for asymmetrical alloy.
Fig; 12:.Plot of yield stress vs. change in % Cq of the Ni-Fe rich phase

as determined by the Curie temperature for alloys 1 and 2.
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

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

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

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