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STRUCTURE AND PROPERTIES OF SPINODALLY 
DECOMPOSED CU-Ni-Fe ALLOYS 

"* Ernest Paul Butler and Gareth Thomas 

Inorganic Materials Research Division, Lawrence Radiation Laboratory 
Department of Materials Science and Engineering, College of Engineering, 

University of California, Berkeley, California 

ABSTRACT 

This investigation is concerned. with the structural spinodal decom-

position and accompaQYing changes in properties of a 51.5 Cu-33.5 Ni-

15.0 Fe alloy after solution treatment and fast quenching. Transmission 

electron microscopy and diffraction, and magnetic analysis were the 

principal techniques employed. During aging the two-phase microstructure 

coarsens such that the mean wavelength is determined by a (time)1/3 law. 
o 

Eventually, coherency is lost when f... - 1000A, interfacial dislocations 

with b =a/2 (110) are created and the coarsening rate is accelerated. 

During loss of coherency there is a change to tetragonal symmetry and 

then cubic again once the interface consists of a complete network of 

dislocations. Magnetic measurements show that the changes in composition 

during the spinodal transformation occur very rapidly and are best 

described by square wave fluctuations along (100} Results of mechanical 

testing, Curie temperatUre and. wavelength measurements indicate the 

age hardening response is controlled principally by the difference in 

lattice parameter of the two phases, in agreement with the internal 

stress theory of Mott and Nabarro. A discussion of other theories of 

hardening in spinodals show that they are unable to explain the measured 

yield stress or its variation with aging. 

* Now at the Department of Metallurgy, The University of Connecticut, 
Storrs, Connecticut, 06268. 
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STRUCTURE AND PROPERTIES OF SPINODALLY 
DECOMPOSED Cu-Ni~FeALLOYS 

Ernest Paul Butier * . I .. 

. Inorganic Materials Research Division,Lawrence Radiation Laboratory 
Department of Materials Scltence anci Engineering, College of Engineering, 

University.of California, Berkeley,' California 

AB3TRACT 

ThiS investigation is concerned with the structural spinoda~ decom
I 

position and accompanying c.mnges in properties' of a 51.5 Cu-33!15 Ni-

15.0 Fe alloy after' solution treatment and fast quenching. Transmission 

electron microscopy and diffraction, and magnetic a.nalysis were the' 
•. 1; 

principal. techniques employed. During aging the two-phase microstructure . ,~ '.' 

coarsens such that';themean wavel~ngth is determined by a (time)1/3 law~ 
o , 

Eventually, coherency is lost when f.... - 1000A, interfacial dislocations 

with b = "a/2 (110). are created and the coarsening rate is accelerated. 

During loss of coherency there is a cha.nge to tetragonal symmetry and. 
. . . 

then cubic again once, the interface 'consists of a complete network of 

. I dislocations. Magnetic measurements show 'that the changes in composition 

dUring the spinodal transformation occur very rapidly and are best 

describ~d by square wave fluctuations aiong (100'). Results ofmechaUical 

testing, C~ie' temperature and wavelength meaSurements indicate the 

age hardening response is controlled prinCipaliy by the difference in 

lattice parameter of the two pha,-ses, in agreement with th~internal' 

streSs theory of Mott and Nabarro. A discussion, of' other . theories of 

hardening in spinodals show that they are unable to eXplain the measured 

yi~ldstress or its variation with agiI'€ •. 

* . . 
Now at the Department of Metallurgy, The University of Connecticut,. 
storrs, Connecticut, 06268. 
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1. INTRODUCTIOO 

Most 6 f the advances in our understanding of spinodal decomposit ~on 

have came through the theoretical work of Hi11ert, Hilliard, and Cahn, 

and. the important features of the transformation are reviewed in a recent 

paper by Cahn. 
(1) 

, In cubic crystals spinodal decomposition ,occurs along each of the 

'three elastically "soft" cube directions,whereasin tetragonal systems 

such as Ti0
2

-Sn0
2 

(2) 'onlY Unidimensional ccmposition fluctuations along

[001] are involved. As a consequence of the elastic anisotropy, periodic 

structures are formed in spinoda1s which produce side bands in dlffrac-

'tion patterns and these have been widely studied by X";ray investigators. 

However, side bands can also be produced in alloys whose composition is 

not inside the spinodal curve if periodic structures develop by selective 

th N'· A'l (3) .' th ' f; d· rt' h grow , e.g., l";' or In 0 er cases 0 perlO lC arrangeme ssue 

as occur ,in, certain ordering systems.-. Spinodalde'composition alsO occurs in 

ela stically isotropic systems such as A1~Zn (4? and Na
2 

O-Si0
2 

(5). 
- ' 

The side band phenomenon in Cu.,.Ni-Fe alloy~ was discovered by Daniel 

and Lipso~ (6) and was the subject of later : X '-ray investigations by Har

greaves', (7) Bie~ermannand Kneller(8) and Hillert et al. (9) Some elec-

trim microscopy work on Cu-Ni-Fe has been published by Nicholson and 

" (10) 
Tufton ' ~nd some observations related to fatigue have been reported 

by Ham et a1. (11) Villagrana (12) utilized Lorentz electron microscopy 

in a study of this s;vstem. However, a detailed metallographic investi-

gation has not yet beenreporlied. ' 

The inicrostructure, of the alloy at any stage of its decomposition 

can be-defined by three m~in parameters: 

(1) Volume fraction of the two phases. 
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(2) Wavelength,,,-

; (3) Amplitude of the composition fluctuations, A. 

The purpose of this investigation wa~ to follow in detail the changes 
I 

in thE1se parameters during decomposition ofa Cu;..Ni-Fe alloy whose compo-

sit~o,n was close to that corresponding to the center of the miscibility 
1 I I I . 

gap. :The changes in microstructur'e, vo'luine fraction of phases and 
• • J , • 

wavel,ength were: followed by electron microscopy and diffractio~. The-

composition flu~tuations were deduced by measuring the Curie temPerat~e, 

e which could then be directly related to the changes in composition. c - -
, , 

Finally, the relationship between the above parameters and the age-:-
,-

hardening behavior of the alloy was investigated. 

Figure 1 shows-the ternary Cu-Ni-Fe equilibr'ium diagram. The 625°C 
I ,.' 

and 775°C solubility limits and the tie-lines are:taken from the work of 

Kaster 'and Di3,nnOhl:ci3 ) • Decomposition of:the high temperature fcc ~ 
ii: 

p:Ha.se gives a paramagnetic CU.-rich phaseo" and a fer:r;-omagnetic Ni/Fe-

rich phasE both having fcc structures. The dotted tie-line' which 

-passes through alloys land 2 was _ used by Hillert et al (9) 'and joins 

the copper corner of the diagram to the, compo~iti~n Ni
O

• {e
O

•
3

• The 

tie line X~Y used in this investigation joins alloys which have the 

same Curie te~perature (530°C )(13) after equilibrium slow cooling. 

, Figure 2 is the pseudo-binary section along X-Y~ The solvus curve 

and va:t;iation of Curie temperature with composition for quenched alloys -

are again taken from K(jster and Dannohls work. The position of the 

,chemical spinodal curve was calculated from the formula' derived by Cook 

, (14)' -- ' - 2 2 
and Hilliard' -. This curve is' the locus of points where: 8 F 18c == 0 

and does not include the effect of coherency stra ins. 
i' . 

How:ever these 

are expected to be smallin,Cu-Ni-Fe (as was subs~quently ~onfirmed by 
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electron microscopy), probably less tllan the uncertainty in theposi

t ion of the phase boundary" .. 
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y' 2. EXPERH1ENTAL PROCEDURE 

2.l,Materials and Heat Treatment 

The alloys were prepared by vacuum melting 99.999% purityCu, 99.85% 

puri ty Ni, and 99. 6% purity Fe, followed by chillcas'ting into co:pper molds 

to minim~ze ,segregatio.n. The co.mpbsitions,in at.% found by chemi;al analysis 

, t", ,', 
were: alloy 1, 51.5'Cu-33.5 Ni-15.0 Fe; alloy 2, 70Cu-21i'H-9Fe •• After 

; 

, 
homogenization, slices were cut from the ingo.t and cold-rolled with inter-

mediate annea.ling until a final thickness of300~ was reached., Strip 

material,for electrol) microscopy was further reduced. to '200~ thickness. 

The specimens were solution-treated at t0500Cfor two hours in'evacu",,:, 

ated quartz tubes and then quenched by breaking the tubes under water. 

Af'ter a further heat i;reatment at 'lo'50oc for 15 m. in purified argon the 

specimens were drop quenched into stirred iced brine~ The average quench 

rate measured with a'chrome-aluIriel thermoco.uple attac,hed to the specimens 

ano. having a bead diameter comparable with the specimen thickness,was 

6000oC/sec, at the spinodal temperature (",825°C),' After ,this hea't tl"eat-

ment the specimens had an average grain size of about 0',06 rom. 

, After aging iIt purified argon at ,the stated temperatures, the 'speci

mens were ,water quenched. Aging times were from 1 m. up to. "'1000 ho~s 

and all included about an additional 1 min. warm-up period. Because of . 

this eXperimental limitation, .aging times less than 1 min. could not' "De 

use6.. The agingtemperattires-were controlled to .:!:,3°C. 

2.2 ' Electron Microscopy 

The strips were thinned initially to foils in 'a chemical polishing 

S~lution of 20 ml acetic acid,' 10 ml nitric acid and 4 ml hydrochlQric acid,' 

, Any surface deposit could be' removed' "oy immersion in this solution diluted 

• 

" ' 
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50/50 with water. Final electropolishing at 20 V potential was ~;,o:::;sible 

in a chromic-acetic acid so:J,.ution (50 g er0
3

, 260 ml HAC and 8-l0ml !120) 

kept at "'10~C. Some preferential pOlishing of one of the twopr.ases alvlays 

occured. . 
, ' 

" Foils were examined in a Siemens ,Elmiskop IA operated atlOOkV. "The, 

magnification was calibrated by taking a series' of photographs oJ.~ a (!arcior. 

grating of known spacing at different settings of the objective lens. The 

objective lens current measured with a digital voltmeter was then plotted, 
, , 

, ", . 
. I . ", 

'against the true magnification to give a calibration curve for any parti':" 

cular setting of intermediate and proj ector lens currents. ~ Micrograpr.5 

,.,ere always taken using the same intermediate and projector lens setti:lgs 

and in' this way the magnification could be determined" to within 1% ir,ae";' 
.' ,-:." 

'pendently of stage position or specimen. holder characteristics. Ift;.i3 

check' is not made, errors in magnification can be appreCiable (20%)-whey. 

using double tilting specimen devices. 

Spinodal wavelengths ,were generally measured directiy along a (lOC) 

direction on enlarged prints of micrographs taken in (hkO) 'orient,ation. 
, , 

The, average wavelEfngth and mean square deviation was, calculated from a 

total of 100 measlirements taken from at least five different areas. :r.cw~ 
I ' ' 

. '. . . , . 

eyer, the most accurate mean value for tne wavelength was obtained from 

rr.easurements of side band spacings along (100) in the elect~on diffracti'or. 

patterns, sirice'these results, do not depend on knowledge of the magnificllti'on. 

(See Table 1). Side bands in electron diffraction patterns have also 

b : d' C 'T·(15) , d Aln· i"'o' (16): II' " een reportefor u- ~ an ..' a qys. 

2.3 'Magnetic'Measurements 

Curie temperatures were m~asured us ing equipment which has been, des- ' 

cribed recently'}17)' The specimen serves as the core between primary and 
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:secondar'y circuits and output 15 obtai~ed in the form of an ind.uced 'fol tage 

,~hich' is proportional to the magnetic permeability of the spec::'men, ~\;ormally, 

the absolute values of permeability are not important and the Curie tempera-

ture ca:n be 'determined directly by-following the change.in induced voltage ,~:; 

with temperature. 

Specimens sized3.5cm x 6mm x 0.3 mm were used and gave amplified 

induced voltages of' the order of 0.5 V when ferromagnetic" The coil 

assembly was heated by placing it .in a 2" diameter tube ':furn,ace :::ea. vii tr.l, 

60 V AC power. Temperature- changes were measured wi th a therr..occn;.ple attached 

'~the specimen and both thermocouple and induced voltage outputs were 

connected to strip re,?orders. The'Curie temperature was the average value 

. Cfo,tainedfrom two separate h~ating and cooling cycles and the, error ir. 6c 

A specimen of pure annealed nickel was ',used to calibrate ar.d.. 
.;', 

check the performance 'of the 'apparatus. 

2.4 Tensile Testihg 

Specimens: were 8.5 rom x O. 3mm with a 2.5 "em gauge length and. we!'e 

pulled to'fracture in an Instron testing machine using a strain rate of 

.02 cm/mi~. 

',' 

," ~ :. 

.. ' 
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3. RESULTS 

3·1 Microstructure 

3-101 General Features. Figures 3 and 4 shew the development .of the 
o 

spinodal microstructure which is coherent up to A. ~lOOOA (Fig. 3 (b), 

4(a-c) and then loses coherency by generation i ofinterfacedislocati~ns 

(Fig.4(d-f)). ,No evidence for transformation was ,obtained in fast 

quenched specimens either by microscopy (Fig. 3a) or by diffraction 

(i.e., no side band structure was observed, see Fig. l6a) •. The con

trast which allowpthe two phase coherent mlcrostructure to be distin-

. I 
guished results mainly from the differences in thickness and relative 

ab13orption between the. copper rich and Ni/Fe rich phases. The copper. 

rich phase is preferentially thinned during electropolishing and:,app~ars 

as the lighter colored, regions,e.g.,.Fig. 4, 5, 9 etc. That these 

are the Cu rich regions is confirmed by comparison toFig. 9'which is' 

from alloy 2, viz.70Cu/2lNi/9Fe in which the Cu rich phase is the 

dominant one (volUme' fraction ~8Cf/o). Under dynamical diffraction con

ditions the interfaces shew;'$';" f;ringe.contrast when inclined to the 

foil normal (e.g., Fig. 4(c), 10) because of the lattice parameter 

differences. (18) When loss of coherency oCc:ill's,the resulting dislo-' 

cation structure is revealed under the usual diffraction conditions. ,.' 

The interface plane is not rigidly confi~ed to (100} even when 

the microst:ructure is coherent, as canbe.seen in some a~eas of Fig •. 

4(c). Imperfec'tio~s in the pe~iodicity of the spinodal st~ucture are 

present at all stages and can be seen for example at A. and B in Fig~ 

5~ Even though the volume fraction 'is -1/2,- the microstructures 'dO, 

hot appear to be continuous;, the Nl/Fe rich phase s~eins to be embedded 

\ 
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in the copper rich phase. 

Under the usual contrast conditions (viz.~ g.i3 = 1) matrix disloca-

tions are not easily visible when the wavelength of the spinodal is qf 

, ° 
'the same order as that of the dislocation image width C,·lOOA).. Figure 

" ° 
6(a), shows three dislocations (arrowed) in a structure with A - 100A. 

The dislocations in Fig. 6(b) are imaged with a g,.,b product" of 3, and 

so appear wider than the dislocations in Fig. 6(a). Figm-es6(b) and 

6(c) show dislocations in alloy 1 aged at 775°C for 30 mins. (A "~ 30oA' 
, 0 

and 5 hours (A - 635A), respectively. _ The dislocations tend to lie 
,"" 

along' (110) in the fOOl} interfaces between the two phas€sand hence 

are ma~lyscrews. These dislocations a'dopt a wavY shape when they' 

cross the two phases (e .. g., in Fig., 6(b) and "at A in Fig. 6( c}). 

-: 
','. 

; < , ~.. \ 

Another ,:important characteristic of the coherent spinodal iathe 

absence of heterogeneous precipitate morphology so typical of many 

aluminUm alloys" especially at grain boundarl,.es. In fact, the absence , 
, ' 

of gram boimdary recipitation and precipitate free 'zones is a good 

indication that decomposition is homogeneous (spinodal), This can be 

, seen in Fig. 7 where gram boundaries cross the micrOg;aphs. The 
.- " " 0"" '0 ' ' " 

wavelength is -150A in Fig. 7(a) and 970A in 7(b). ,Even :in well 

coarsened structures such as Fig. 7(b), the two Ihases appearcorrtinu

ous right up to the boundary with no change in their spacing." However, , 

grain boundary precipitation can be produced ~n these 'alloys by long 

aging treatments close to the spinodal temperature. Figures 8(a} (b) 

and (c»show optical micrographs ,of alloy i rged at 775°C for (a) 17 
. . '. , 

.... , ... , 

hours (b) 40 hours and (c) '500 hours. Gra,inboundarypreCipitation is 

barelydi'scernible in (a), quite evident in (b), and a~ost a continuous ' "' 

~in boundary network in (c). 

". 
'., -
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Figure 9 shOws the microstructure of, alloy 2 aged at 625°C for di;ffe-

rent times. Initially the microstructure cOI).sists of cubes, with rcunded 

corners which are not strongly aligned along the (100) directions, Fig~ 9(a). 

Aging for longer times produces distinct alignment albng (100) and a more 

pronounced cube morphology as in Fig. 9(b). 

3.1.,2. Loss of, Coherency. Interfacial dislocations were'not, observed 

in alloy Laged at 625°C even after 940 hours when 'A. ~ ;W80A. 

'!hterfac:lal dislocations in specimens aged at 700°C were first ob-

served in a few areas after 40 hours. These dislocations occurred as 

single parallel sets lying in the interface along (lOO),as shown in Fig. 

10. Contrast experiments using a variety of reflections showed that the 

most probable Burgers vector of these interface dislocations is a/2(110) 

(e.g., Figs. 4(d), 10,12). As aging is continued and 'A. increases, the 
,0 

number of dislocations increases but, their spacing (~300A) is roughly 

constant. During this stage the diffraction patterns show splitting(19) 

along the interface'normal (Fig. 11), which proves that a transitional 

tetragonal stage occurs as coherency is initially lost. Cubic symmetry 

Is regained only when the interf~cenetwork is '. completed by format ion of 
~ -

the second set of dislocations (e.g., Figs. 12, 13). In Fig. 12(a~"all' 

of the dislocations are visible using the (002) and (Ill) reflections. 

Tilting so thatg = (002) or (IiI) makes one set of the dislocations 

invisible. This is consistent with the network being composed of a/2, 

(110) dislocations of edge character with (100) long directions, although 

,this example does not rule out the possibility that one\ set of the disloca-

tions has 1)= a(lOO). 

Figures 13 and 14 show exampies of tpe microstructure after cubic 

symmetry has been regained. The dislocation network i;r1 Fig. 13 has one 
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set of dislocations out of contrast with the (Ill) reflection operating. 
, , 

In Fig. 14 a definite change of habit plane from (100) tawa.:rds{llO} has 

occurred,as can be seen from the trace analysis • However, in many other 

areas the int'erf~ce was still {lOO} or had become comple'te'ly irregular 
. ',' 

as in Fig. 4(f). On many occasions curved dislocations were observed 

joining one dislocation network to another and passing through one of the' 

phases~" Several examples' are' arrowed in Fig. 14. The similarity between 

this two phas~ partially coherent microstructure to a well recovered 

single crystal single phase structure is remarkable. 

3.1.3. Effect of Deforrration. Foils prepared from specimens that had 

beeh deformed showed that slip dislocations generally sheared through 

the two 'phases. In' deformed specimens with coherent phases, bahds along 

(110) containing a high dislocat~on density were observed, which separated 

regions that were relatively dislocation free. In Fig. 15(a) many of 

the dislocations produced during deformation appear to lie along the, 

interface between the two phases,e.g. at Awhile other dislocations appear 

curved. 

Observat;ions with thin foils of deformed specimens which were losing 

coherency showed that treinterfacial dislocations did not take partin 

the slip process, but there was ev:i,dence for some interaction with th'e' 

slipdislocai:;ions. ExamPles of interactions are arrowed in Fig. '15(0). 

3.2 Measurement of Wavelength, 
, ,,0, 

Diffraction patt.erns taken of decomposed structures wi th A. ~ -l50A 

exhibited satellite reflect ions (or' so calleds ide' bands) along' (lOO>~ 
Examples are shown in Fig. 16. The side bands spots are distinguished 

. " ",- . 

from the "split" spots due to transformation to tetragonality (Fig. 11) 

since, the spacings of, the side bands depend only on A. and not on Bragg 

angle along (100). 

.',' 
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In Fig. 16(a) no satellite reflections are present in the quenched 

alloy while in Fig. 16(e) second order satellites are resolved at (400).' 
I 

," The satellite spacing decreases gradually with aging time until the satel-

lites cannot be distinguished from the main reflection. 

The wavelength was calculated using the relationship(6) 

A. -
h tan e a 

where e is the Bragg angle for the (hkl) reflection in a crystal of lattice 

parameter a, and 5e: is the angular spacing between sideband and main 

° reflection. For the (400) reflection and using a ~" 3.58A this reduces to 

A. = 0.89 

where rand D.r are the distances from (000) and satellite to the (400) 

reflection. In the table below values obtained by this method from Fig. '16 . 
, , 

are compared with the wavelengths measured from n1llJlBrous micrographs' 

s imilarto those of Fig .3 (b), 4( a -c). The results are in good agreement. 

,Table 1. Measurements of spinodal wavelengths 

625°C from'side bands in ** Aged at * from micrograp.hs ". diffract ion patterns 

1 m. 61 ± 2 60 ±,6 

.. 
5m. 82 ± 3 95 ± 10 

15m. 110 ± 5 110 ± 14 

60 m. 163 ± 5 150 ± 14 

** 
*, . I 

Independent of magnificat ion errors due only 'to measurement. 
,Depend'S Qn magnification, precision of defining interface. 
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. 0 

For A> l50A the satellite spacing could not be used and measure-

. ments were taken directly from enlarged prints. The mean square deviation . 'I . .• . . ° 
was calculated for each value of A and was typically ±6 at A == GoA and 

° ±75 at A == 667A • 

Measurements from specimens which were .los ing coherency gave two, 

different ,values for the wavelength. For example, in specimens of alloy 

1 aged for 17 hours at 775°C there were some areas with A'~ 970~ which were' 

still fully coherent and contained no interfacial dislocations, e.'g.:,. 

Fig. 7(b). However, in the other areas where interfacial dislocations 
'. . . ~ . .... ° 

were present, the Wayelength was measured as ~1850A. 

It was found that the va:datioi-l of waveleUgth with aging time for 

coherent phases at the three temperature considered could best·· be expressed 

by the rela'tionship "" cc kt
l

/ 3 as ilO1 shown in Fig. :n. Evaluation of the 

rate constant, . k, for the thr,ee temperatures enabled an activation energy 

for grcwth to be calculated. A plot of log k3 v liT gave a straight line 

whose slope corresponded to a11 activatio~ energy of ~50 kcal/moleo 

:3.3 Measurement of Curie Temperature and Mechanical Pr<?E,ert ies 

Typical results obtained ·from the magnetic analysis apparatus are 

. shown in Fig.18. 'Curve (a) shows the variation of induced voltage with 

'temperature for a quenched specimen of alloy l;e c is obtained byextra~ 

polation as ~37°C. The curve obtained from a specimen of pure nickel 'is 

.plottedfbr comparison and: gave e ~ 358°C. Curve~ (b), ,(c)'and (d) .. ·. 
c . 

illustrate the rapid change 'that occurs in e 'as the alloy is aged at 
. ~. . , 

625°C. Within 1m. at 625°C [curve(b)]e
c 

has increased to ~454°c,but 

changes only slIghtly with further aging for 15 m [curve (c) land 5 hbiirS 

[curve (d)]. The corresponding compositions ~f the Ni/Fe-rich regi6ns 

can be found directly fran the variation of Curie temperature .plotted in 
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Fig. 2. It can be seen that over 8Cf'/o change in comp~sit ion ha s occurred 

after 1 min. and the structure consists of Ni/Fe rich,regions containing . ':' .. 

~20 at.% Cu. 

The 0.1% yield stress of alloy 1 after quenching 'was ~10 kg/mm2,", 

2 
and increased rapidly onaging reaching ~35 kg/mm. ' after 200 hours at 

625°C and ~25 kg/rrrrn
2 

after 200 hours at 775°C. Elongation values for 

decomp()sed alloys were in the range 7 -lCf'/o and fractures were pre'domina'ntly 

intergranular. During aging the work ,hardening rate measured at 2% strain 
, 2 . " 2 

increased from~120 kg/rrrrn in the quenched alloy to ~180-190 kg/rom and 
.. ' 

remainedapprox.:i1nately constant throughout the aging seque~ce, i.e., 

independently of, whether the phases were coherent or semi -coherent. 

Figures 19 and 20 summarize, the changes that occur in yield stress, 

Curie temperature and wavelength for alloy 1 aged at 625°C and 775°C •. -

Comparison to Fig. 2 shows that::the compositions (as indicated by Curie 

temperatures) of the phases exceed that of the chemical spinodal limit' 

within the first few minutes of aging. Beyond this theqomposition changes 

more slowly to app!,oach the solvus limits' corresponding to the tie lines 

at 625°C and 775°C.' Thus, the comp'ositionsof the phases on attaining 
, , 

I '" • 

partial coherency (A; ~lOOOA)' lie, Jutside the spinodal region' indicated 

in Fig. 2. The plot of log (A; '- A ) v. log aging time has a slope of 1/3 
, 0 

,as expected from the results of Fig. 17. A; , is the wavelength at zero 
o 

't:i1ne. 
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4. 'DISCUSSION 

4.1 Partial Coherency 

Matrix dislocations in the spinodal are confined to the interface 

over much of the ir length [as in Fig. 6 ( c) J:, arid since the int erfa ce 

planes are {001} it is clear that only screw dislocations should be 

,capable of this res'triction and still remain glissiJ:.e. The effect of 

forces due to internal stress and compositional gradients on dislocation 

, behavior in spinodals has been discussed by cahn)20 ) He calculated 

that the stress field should cause alignment of the dislocations particul

arly at largecoIl:lPositional amplitudes or at long wavelength.s., His 

calculations provide two convenient 'extremes for the dislocation behavior. 
, .' 

If AT} bE 
, 'Yt3 < 1 the dislocations should be almost straight while if this 

expression is > 1 the dislocations sh ould be able' to flex around the 

obstacles. ' 

In this expression A is the aIJIllitude of thecompositiomH fluctua-

tion, T}is a parameter describing the compositional dependence of lattice 

parameter, E is Young's modulus, t3 is 27r/'A. and'Y is the self energy of 

"the dislocation (~Gb2). 

For an' alloy which has symmetrically decomposed, A i !Jc/2, and 

using G ~,3E/8 the aboVe ratio reduces to , ~ 28'A./37i6 where 8 is the mis

match parameter which can be obtained from dislocation spacings usirtgthe 
- . . . .' 

well 1mown Brooks formula,8 = bid. In Fig. 6(c)8 ~ .006,' 'A. - 63~ and" 
o 

,usingb = 2.53A gives ~ 0.3 forthi,s expression. .KliSnment'$ of dislocations, 

is thus observed at an earlier stage than Cahnpredl.cts, although the 

evidence of Fig. 6(a) indicates that when the waveiength is small, ~l~gn-

menteffects are not important. 

There are two pOssibilities for the character of the int:~rfacial 

diSlocation if they have a/2 (110) Burgers vectors • For exaIl:lPl,~, ,~is-
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locations whose long direction .is [lOOJ in an (001) plane can be either 

pure edge with b = ±a/2[OIl]or± a/2 .[OllJ, or can be of mixed character 

", I 
, with b ± a/2 [lOtJ or ± a/2 [iOlJ at 45° to the di!310cation line. The edge 

dislocation is expected to have the 10wefTt overall energy and contribute 

most to. the relief ofmismathc. The mismatch. direction is [001] for an 
" 

(001) plane and s'o in any calculations the resolved, edge component, b sine 

L~5 must be used. 
, 

Dislocations of the form a(lOO) may be expected for the most efficient 

relief of mismatch. This could then be achieved by half the number of 

dtslocations if these were of the form a(lOO)rather than a/2 (110) 

with b at 45° to the misma,tch direction. ,However, even if the nucleation 

cf interfacia'l dislocations with such a large Burgers vector were energeti;':' 

cally favorable, they are not expected tg be stable in CUNiFe alloys 

becaus.eof the high anisotropy ratio. 

o 
The average dislocation spacing at A in Fig. 101s '..;20OA which when 

corrected for the 40,...50° inclination of the mbit plane at'A gives a 

true spacing of .;.280A. Using the formula of Brooks, (1 = Bid, == 
, 0 

b sin 45 
d 

and assuming ~( ) ==2.53AgivesC1 .;. 0;64% • The average dislocation " ' av 
° l:p ac ing near the top of Fig. 4( d) and (e) was measured as -300A, giving 

C1 - 0.60%. This value of mismatch was ohecked frem the [OOlJ diffraction 

pattern shown in Fig. 11., Measurement of the split in (440) reflection 

gaveC1' -'0,. 7<9%. For an alloy whose composl tion was close, to that of alloy 

1,Hargreaves(7) rep of ted if - 1% from his x-ray work after aging at 800°C 

for 24 hourlil. An interesting result is toot 10SB, of coherency occurs 

first by the generation of parallel dislocations to. relievemisnatch 

but with the Burgers vectors at 45° to the m:tsmt6h direction (Fig. 10).' 

In. such an event, the structure must becon:e tetragonal (at least locally) 
',-

in one (or both) of the phases~ This wa.s proved to-be the case, by the 
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diffraction patterns,e.g., Fig.'ll. A return to 'cubic symmetry occurs 

only when a second set of dislocations is created to relieve the mismatch 

completely. 

Figure 11 was taken using selected areardiffraction over a small 

region in the foil containing just one set of (010) interfaces. The 

direction of splitting is perpendicular to these habit planes, h'e., is 

along the mismatch direction expected for cubic-tetragona~ interfaces~ 

There is no splitting in the [100] direction,so there is no mismatch 

in the plane of the interface. This result is in agreement with the'X~ray 

work of Hargreaves (7) who detected tetragonality after 24 hrs. at 800°C" 

in a 50 Cu-35 Ni-15 Fe alloy. As coarsening continues, the number of 

dislocations at the interface' increases (although their spacing remains 
, ' , 

approrlmatelyconstant) until eventually dislocation networks are developed 

{Figs.' 12 -14) .' These 'networks' are orthogonal with the long direct ion 

of thedislocatiolJ,s generally in (100) althou€l;h,there are some deviations 

from'this as the interface rotates or becomes,irregular~ 'The networks are 

probablY a result of the interactions of thea/2 (110) interfacial disloca

tions. For example, 6n the (001) plane, an a/2 [110] dislocation may be 
, , 

formed fran the a/2 [011] and a/2 [lOll of edge' character that already 

exist. This resultant dislocation can have either an [010] or [100] 

long q,irection and so is of mix,ed character with ih b in the plane of 

, the interface. When the phases ,are cubic, there are three directions of 

mismatch, two in the, interface plane and one along the plane normal. 

With a network of a/2 (110) dislocations,each b wogld make an angle of 

. ~5° to two of the three possible mismatch di:rections. 'This, arrangement 

. is expected to provide max,imum relief of mismatchconsistant with Illirii~ 

,mum overall energy~ It appears likely, therefore, that the formation of 

such complete networks of interfacial dislocations' is a result of the 
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tran~form.ation from tetragonal back to eu'bicstructures. The x-ray 

'work of Hargreaves confirms this suggestion, e"g.; he found cubic phases 

, 0 -0 
after 240hrs .. at 800 C compared with the 200 hr. 775 Cheat treatment 

" I 

I 

considered in this analysis • 

In summary, t~ephase transformations in this system may be written 

,""f"c'c' -+ [""I + ""2]fCC' >~ ["" + "" ] ~ ["" + ""] , , , " '1' '2 tetragonal' 'I ,'2 equil. cubic 

coherent partial 
coherenc;y . 

partial' 
coherency 

o ' 
Loss of coherency occurs around A - 95OA. during aging at 775°C and 

0' 

somewhere between 800-i350A during 700°C aging~Aging at 625°C for 940h 
, '~ , 

(A - 1080A) did not produce interfacial dislocations. 

Possible mechanisms' for the loss of coherency in several precipitate 

, sYstems have been investigated by Weatherly ,and Nicholson. (23) They 

found that spherical precipitates of "It in a Ni- base alloy and needle-

, shaped ~r and S precipitates in AI-Mg-?i and AI-Cu-Mg alloys all lost 

coherency by the attraction of mtrix dislocations to their interfaces. 
, I' , , ", [ 

Weatherly and Nicholson also found that et pla t~s in a AI-Cu alloy ,lost, 

eoherencyby the nucleation and growth of small dislOcation loops inside 

the prec,ipitate. Another mechanism whereby precipitates can lose cohe-

rencywhich is independent of particle size and depends only on the mismatch 

exceeding a criticat value is the punching of dislocation loops. (21) If 

loss of coherency depended on exceeding a critical value of mismatch in 

CuNiFe alloys then decomposition at 6250 should prod.uce loss of coherency 

before decomposition at' 775t>C because the mismatch between the two phases " 
I' ' 

decreases with increasing temperature. However, the exact opposite of 

this is 9bserved which is also in disagreement with the calculations o:f 

d F " t· (22) , 1 ' e on alnewhich suggest that the maximum average wave "ength before 



.; 

. ' ~ .. 

-18- . UCRL-18840 

. . . 

coherency is.lost should be iilVersely propciritcinal ·to T} the· fractional 

change in lattice parameter per, unit change in compol'l1.tion.For de 

Fontaine f s calcul,ations 'to agree with the observations made in this 

investigation, T}Inust be larger at the higher aging temperature, and 

this cannot be the case • 
I 

Thus the mechanism involved the nucleation and growth of dislocatidn . , . , I 
i 

IbOpS or the p.unching of dislocation loops, ,then the maximum wavelength 

attained before coherency is lClst should be smaller at the lower aging 

temperature, which it is not. It seems probable that some interfacial 

dislocations must be spontaneously nucleated at the interface when the 

wavelength reach$s '. a certain value. There will be an activation energy 

\ for this ,nucleation process which will be temperatUre dE7pendemt and this 

might explain why ~pecimens agedat 775°C lost coherency at a shorter 

wavelength than at 625°'c. Same support for this suggestion camesfrom 

the direct evidencefClr spontaneous nucleation of interface dislocations 

during' growth obtained by .Hren and Thomas (24)in AI-Ag ailoys. 

The absence of precipitation on dislocations or at grain boundaries 
, . 

is confinnation that nucleation is homogeneous as expected for an alloy 

, within the spinodal. Grainbounda.r:y preCipitation in alloy 1 aged at 775°C· 

was however detected after - 17 hours (Fig: 8(a)) and after "" ,500 hours 

lad' ?-eveloped into networks. This process is consequ~nce'of the growth 

• J 

of the phases that are adjacent to the boundary and coincides wi th the 

loss of coheregcy in the structure. Once,coh'erency is lost, growth is no 

longer restricted tCl the (lOOl plane and phases located near the boun-

daries can coalesce. '. A possible reaSon for the: accelerated rate adjacent· 

to the ,boundary could be the easier nJcleation or climb of the ,interfaCial 

dislocations or enhanced gra·inboundary diffusion. Similar grain boun

dary precipitate has been observed tn Au-pt alloys by Tiedema et al (25) 0 

.> 



""" 

,1Ji, 

,. 

UCRL-18840 

4.2 Mode artd Kinetics of DecoIr!Position 

The composition of alloy twO is very close to the spinodal curve at 

625°C(9) and aligr;unent develops by selective growth. The cOlmectivity 

of multiphase structures has been treated theoretically by C9-hn • (26) 'He 

found that a high degree of cortnectivityis expected for phases whQse 

volume fraction is greater than -2C1'/o (alloy 1) iwhereas at volume f'r·a.ctions 

less than this isolated' aggregates or holes of the minor pmse should be 

formed (alloy 2). The change in morphology goinf?; f:r;'om alloy 1 to alloy 2 

(coIr!Pare Fig. 9 with Figs. 4" 5, etc) i~ thus a consequenc,!:: of the change 

in the relative volume fraction of the two phases. However, even in alloy 

1 the structure appears to be that of the Ni/Fe phase embedd.ed in a Cu-

,rich matrix rather than an idealized continuum. 

Alloys of different composition along a tie-line .decomposeat any 

temperature to give structures differing only in the relative volume 

fraction of each phase. For alloy systems where tJ?e effect·:of coherency 

strains are small, the coherent: spinodal and chemical spinodal w:tll be 

in apprm{,~mately the same position. The chemical spinodal curve can be 
. . 

! . .•.•• (14) 
calculated by the formula of Cook and Hllilard, .' 

c - c -(c - c )[1 - 0.422 (T/T )] 
s c e c c 

where c and c are the spinodal and equilibrium compositions at tempera-
s e 

tureT, artdc is the critical com:positionat the critical temperature T • 
'c ". . c 

Assuming the phases reach the equilibrium tie-line cOIr!Positions the rela-

tive volume fractions of the 2 phases at the spinodal. composition are 

== 
c - c e s 
2( c· _ C )m . 
'e' c 

if the decomposition is' symmetrical. Rearranging Cook. and Hilliard r s 

formula gives fl/f1 + f2 == 0.21 T/Tc ' so withT/Te~ 0.8, f/f l + f2 -.17 
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and as T -+ Tc' fl/ft + f2 -+ .21.· Hence, the microstructure of alloys 

located inside the spihodal should consist of decomposed phase~ with 

volume fractions l¥ing between .2 and .8. Isolated particles which align 

by selective growth are expected in decomposed structures with compositions 

either. outside or lying close to the spinodal curve. As the alloy com-

position enters the spinodal the relative volume fraction increases and 

the critical size for alignment should decrease.(27) The structure should 

be rod or plate like and become more and more interconnected. For alloy 
; 

'compositions 6utside the spinodal, preferent~al nucle~tionon dislocations(3) 

or on other defects is expected because the· free energy for nucl eat io,h . is 

not zero· in this region. 

T,he values of wavelength reported by Hillert et al.(9) are in good 

agreement with those obtained in this paper. Hillertet al. found fran 
0' 

x-raydiffradion that A. was -179A for a 56 Cu ... jl Ni-13Fe alloy aged 

6 
0 . 0 

at 25 C for 1 hour" compared to A.-15OA found in this inVestigation. 
, . 

The discrepancy is probably due to the fact that in Hillert'swork the 

alloys were not quenched from the solution treatment temperature but 

were isothermally transformed. Decompositiori would be expected before 
" . " .", 

the aging temperature were reached as soon as the specimen temperature 

crossed the spinodal, resulting in structu~es with a slightly greater. 

wavelength. 
" 

Initial detection of the side bands appears to depend largely on the 

x:l;'ray technique used, (28) and so. it is ,clear that x-rays along should· 

not be used for measuring the wavelength in spinodals because decomposi-

tion can take place ,before the intensity· of the side bands is sufficient, 

'. . . (25 28) 
.for them to be observed.' A further limitation is that the side 

band spaCing decreases with aging time as the wavelength graws" and even-
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tually cannot be measur.ed.The results on the correlation oflos~ of 
. . 

coherency and formation of interface dislocations with· changes francubic 

tetragonal synnnetr:,> areiI1 agreememtwiththe: Suggestions, of Hargreave~. (7) 

The kinetics of growth of the wavelength at the three temperatures 

studied obeyp the law A. 0:: kt 1/3 , consistent with the theories of coar~ 
sening where large particles grow at theex.penseof small .ones by a 

. . 

diffusion controlled mechanism. The theory of' particle coarsening was 

developed by Lifshitz and Slyozo)29) and wagher(30 ) for spheres spati-

ally distributed at random coarsening at constant volume fraction in a 

fluid system, but has been shown. to apply in several. non -ideal solid . 

. systems.' In the Fe-Cu system,8pEdch and Orian:L (31) found tha't the devi-

ation in shape and the internal stresS fields of 'the Cu particles did not 

affect the validity of the theory and a t
l
/ 3 law was obeyed. This was 

also "found to be the case in Ni':'l\l alloys (3) where there are alignment 

effects due ,.:to the selective growth of the "I' • . The activation energy . 

for coarsening Was found i]1 this investigation.tobe -50 kcal/mole. 

Hillert et al. (9) has calculated that an additional -10 kcal/mole . is 

necessary to take into account the ,temperatUre dependence of the free 

energy change. The resultant -60 kcal/moleis then in agreement with " 

the activation energy of diffusion. of ..;66 kcal/mole reported by Daniel 

and Lipson and .Hillert et ale 

The main driving force for the coarsening process is the reduction 

in interfacial energy. A distribution of wavelengths exists at all stages 
~ I . 

. . . . ' . '. ~ 

and by dissolution of smaller particles in. selected areas, adjacent ones,. 

can grow. Growth is assisted by the presence of nUmerous discontinuities' 
, ,-

in the periodicity of the structure. These imperfections have been reported· 

in Alnico alloys by deVos (:32) who noted that they give a visual impression 
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of dislocation 'lines. An increase in wavelength would thus result if· 

these "dislocations" were to "climb11
• In Fig. 5 imperfections are visible 

at A and B where dissolution has occurred resulting in a thickening of 

the adjacent particles. The coarsening rate is accelerated as coherency 

is lost, (when the driving force is now largely elastic) but insufficient! 
. ! 

data is available to say whether or not the t l / 3 law still applies, b~t 
with just a different rate c.onstant. An increa1se in rate constant might 

be produced by a modification of the interfacial energy due to the pre-

sence .of the dislocations, or an entirely different process may exist' 

'controlled by the rate of climb of the dislocations .. 

The wavelength of the first transformation product can be calcu

lated from spinOdal theory and has been defin~d(33) as the wavelength 

which maximizes the ratio of the free energy change tq diffusion distance. 

Hillert etal. extrapolated their data to zero time and found values of 

initial wavelength which were larger than their 'Calculations predicted. 

Typically at T/T
c 

-0.8 (c.orresponding to the 625°C aging temperature) 

, ° ° 
they extrapol~ted "0 as ~93A against a predicted "0 of -43Afor a 56. 

, . 
Cu-31 Ni-13Fealloy. When. extrapolated, the coarsening plot, from' alloy 

1 shown in Fig. 17 indicates that the initial wavelengths are about '30 
.0 

to 35A. 

The results of the magnetic measurements show that the cOlllIlositic5n 

changes in the CuNiFe spinodal ·.occur at' a rapid rate, .. wi th about 82% of 

the composition changes taking place within 1 min. at 625°C, and abol,lt 

98% change after 1 hour at 625°C •. The changes. in e ccan be accurately 

related to the changes in composition by Fig.2"whe~e a ±7°C' error in the 

measurement ofe .' reflects a change of only ±l at.% Cu along the tie-
c . . . .'. . 

line. From Fig. 2 the equilibrium ccmpositions 'at 625°C and' 775°C should 

hive Curie temperature of -508°c and _435°C respectively, which are 'in 

.. 
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good agreement with the measured values. The Ourie temperatures are sharp 

and hence correspond to a unique composition of the Ni/Fe rich phase after 
i 

arry particular heat treatment~ This evidence indicates that the catipositior, 

fluctuations are best expressed by a. square rather than sine wave as 

indicated by the micrographs and sid.e qand patterns. This conclusion was 

also reached by Nagarajan and Flinn (34) . who used MBssbauer spectroscopy 

to detect early changes in composition when CUNiFe alloys were aged. 

They also found an initial rapid increase in the volume fraction of non-

magnetic (Cu-rich) phase by this techniqlle. It appears likely, . therefore, 

that the volume ·fraction of the two phases changes in a similar manner 

to the. composition, becorningapproximately constant after an initially 

sharp increase.' 

4.3' Age Hardening 

Th~ . low yield stress of the quenched alloy isadd.itional evidence 

together with the results of Figs. 3(a) and 16(a) that decompositio~ has 

not occurred during the quench. The majority of the dislocations in de-
. ,'. 

formed specimens with coherent micrbstructuresappear'ed in dense· bands. 

Some of the disl'ocation8 were aligned.', alcngthe. interface, while others I 

flexed around the interfaces •. The decompbsed structures is highly inter-
'.' \ '. 

connected, and slip ,dislocations have no choice .but to shear through 
, , 

both'phases, producing no noticeable change in work hardening ,rate when' 

the structure becomes partially coherent. Defamation of microstructures 

which contained interfacial dislocations again showed signs of shearing 

wi th the interfacial dislocations playing no part in the slip process. 

The interaction between slip and interfacial dislocations is a minor effect 

and for any particular slip system pr~ba bty only exists for certain 

orientations of the particles. 

Figures 19 and 20 summar:l.ze ·ther'esults· and. allow t,he following con-

clusions. to be ,drawn: 
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(1) The yieLd stres scan increas e with increas ing wavelength at 

approximately constant Curie temperature, e.g., 2-5 m. 775°C, 40-200 h • 

. (2) The yield stress is approximately constant even aftertthe onset 

of partial coherency although, thewavel.erigth is' 'st:LllincreasiI}g.,' .e;.,g., 
I 

. I 

I, 

i 

These conclusions do not suggest a simple relationship between y;ield 

stress, wavelength a~d Curie temperature (composition). Usirg 'A. and e
c 

as parameters, various relationships were tried to explain the variation 

in yieidstress but none. were very successful. The most satisfactcry 

results were obtained by a plot of yield stress v. Curie temperature, 

shown in Fig. 21 which gave a straight line through most of the data but 

with some deviations, noticeably at small wavelengths. A straight line 

coUld also be drawn just through the 625°C points in Fig. 21,but the 

majority of the data would then not be in agreement with such a plot. To 

a firstapproxirration the yield stress 1.s thus proportional to the 

amplitude. of the composition fluctuations, A. However~ this result is 

still riot conclusive Since changes in composition will produce changes 

in both lattice parameter and shear modulus of the two phases, and either 

(or both) ,of these parameters may control' the hardening mechanism. 

Any theory proposed to explain the age hardening mechanism in 

CuNiFe alloys must apply at both the aging temperatures studied and 

should be capable of predicting approximately correct -values of yield 

stress for other' spinodals such as 'Au-Pt .(35) The theories that have 
'. . " '. '. . . . ". (20 35-40) , . 

been proposed and can apply to spinodal ~ysteins '. .... have been 

considered using 'A. and e as varying parameters and bearing in mind ·the 
c 

conclusions of the previous. section. In order to test the theories the 
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assumption was made that the composition changes. deduced from the measure

ment of e were fai thfullyreflected as a difference in lattice parameter c '. 

or shear modulus between the two phases. Estimated values of the max.imum 

possible difference in these two parameters in the CuNiFe and AuFt systems 

which were used for analysis are listed in Table 2. These values have 
. . 

been calcuJ..a:ted assuming the shear moduliiand lattice parameters vary 

linearly with composition arfdthe.pbases reach the equilibrium carrpositions 

estimated from the phase diagrams. The details of this apprai'salare 

smnmarized in the appendix. 

The theory which most closely agrees with experiment is that Of Mott 

. and Nabarro(3
6

) in which the yield~tress is determined by the internal 

stress fields.· The theory was developed for structures containing a 

small volume fraction of spherical precipitates and so is not strictly 

applicable to alloy 1. However it predicts the ob,served yield stpess 

and is supported by the direction observations of Fig •. 6(b) and 6(c) 

and theline1r dependence of yield stress wi th E. One might.expect the 

internal stresses to decrease when the tetragonal-+cubicchange occurs 

(~200.hrs. aging at 775°C, Fig. 20) so thatorilong overaging 0i is ex

pected to decrease •. Unfortunately this caimot be tested experimentally 

because on such overaging drastic precipitation changes occur at the grain 
. , 

boundaries (Fig. 8( c)) so that the me chanicaL propert ies no :honger depend 

on the spinodal characteristics. . , . 
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·.5. SUMMARy AND CONCLUSIONS 

The microstrUcture of the spinodal initially consists of rod-like 

blocks separated by diffuse ,interlaces which develop into distinct planer 

(100) interfaces as the wavelength enlarges. As the compositional 

amplitude am wavelength develop,. matrix dislocations become restricted I 

over much of their length to the interface between the two phases. Even

tuallycbherency is lostanda/2 (110) interfacial dislocations of edge 

character with their Burgers vector at 45° to the mismatch direction are 

created. Finally,dislocation networks are produc.ed andtht! habit plane 

becomes :irregular and in place appears to rotate to {:1.lo.). 

Coherency is lost during aging at 775°C when the wavelength reaches 
o 

~95oA. The Imximum wavelength attained before interfacial dislocations. 

are observed is greater at the lower aging temperature. and suggests a 

temperature dependent nucleation proce'ss fpr the interfacial dislocations 

.• rather than a nechanism controlled 'by the mismatch par!tmeter. The loss 

of cohrerency appears· to occur in a t:Wo stage J;>rocess--firstly, single 
: . ." , . 

parallel dislocation .arrays are formed and t;hestructure of the phases 
- .. . 

becomes tetragonal; secondly, a. ~id of dislocations is formed on 

iong oVeraging and the structuresbecone cUbicagam •. 
. , 

Associated with the lOss, of coherency is the obsei-vation of grain 

boundary precipitation ,which grows and eventuatlyforms a complete grain 

boundary network. 

In spinodal systems where the coherency strains are smll, micro

structures containing less than-2CPjo volume fraction of one of the pha.ses 

are not expected toIieins ide the spinodal. Such microstructures (as:1n 

l, f 
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alloy 2) should consist of isolated cubes of the minor phase which,align 

along (100 )by seiective growth. 

The.particle's· grow obeying the f... = kt
l

/ 3 law developed~or coarsen

ing in a fluid system. The activation energy for coarsening is' about 50 

kca l/mo Ie corresponding to that of mat,rix diffusion and in a~eement with 

previous measurements. Coarsening depends on a ;distribution of wave1e~ths 

and their selective growth of dissolutiori.. This is assisted, by the by 

presence of numerous, imperfections in theperiod:i.city of the structure. 
I 

" As coherency is lost the coarsening rate is accelerated. 

The initial comp os:Lt ion fluctuations cccUr very rapidly and are 

best described by a square :rather than a sine wave _ They are large in 

, amplitude (over 8'efo compositional change occurring within 1 min .. at 625°0) 
0' ' , 

but are on' a small s,cale over regions ";20-3OA in sil:e. As expected in a 
<. ..', 

spinodal, nucleation is homogeneous wi. th no evidence:of heterogeneous 

precipitation on dislocations or grain boundaries.. Coarsening takes 

place at approxima.tely constant volume fraction with the pmses slowly 

approaching and ' everttuallyreaching the equilibrium tie-line c anpos it ions • 
, , 

During deformation of the spinodal most of the dislocations remain 

nearly straight and shear, through the particles. In microstructures that 

are losing coherency the interaction between slip a.nd interfacial dis

:Locations is a rilinor: one, and does nat produce a noticeable change in the 

work hardening rate. The, age ,ha,rdening of the spinodal is oontrolled by 

the differeric'e :in lattice parameter, of the two thases and is almost in-' 

dependent of thewavelemgth. Of the theories of the yield stress that 

can be used to explain the age hardening res:Pon~ inspinocials, .theMott

Nabarro theory of internal stresses in principle explains the pres'ent 

results and can account for the variation of yield stress in both, the 

, CuNiFe and the AuPt systems .. 
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TABLE 2 

Shear, Modulus G kg/rrrrn
2 

X 103 

Alloy 

51.5 Cu ... 

33.5 Ni 

15.0 Fe 

average 

grain size 

-.06 mm 

° 
a - 3.58A 

qO Au-
'*' ' 40 pt , 

_average 
grain size 
;...07 mm 

0, 

a __ 4.02A 
-----.---.-~--

- Heat 
Treatment 

16h 625°C 

° r.. ..;. 300A" 

,40h 775° 

° r.. -133OA 

510°C 

° r.. - 160A 

Meaw red ~~i-eld 
stress kg/mm? 

-35 

~25 

-77 

* " Data for Au-Pt takenfram Carpenters work (35); 

Cu 
5.56 

Ni Fe Au 
3.23 9.67 8.8 

Estimated composition 
and shear modU;luU of 
2 phaSi;!S 

kg/mm '2. X 103 

11~56-33 G ~ 8.9 

81-17-2 G - 6.3 

, 24-49-27 G - 8.5 

78-19-3 G- 6.4 

2-98 G ',-6~3 

80":20 - G - 3.9 

Max f:::{J 

kg/rrrrn2 X 103 

",2.6 

-2'.1 

" ~'. 

-2.4 

,~ 

pt 

6.37 

; 

Ma& ~', Calcu~ted 
(A) " 41 (A) 

41 == 8.a 

-.045 ",.O30( 37) 

-.040 -.021 

I-v 
\0 
I 

n 4 ... 1) (sectio 

-.12 

--~-

§ 
~ 
I 
I--' 
()) 
()) 

g 
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APPENDIX 

TESTS OF SPINODAL HARDENING THEORIES 

Using the criteria developed in section 4.3 and the data of Table 2, 

the following summarizes the experimental tests of the various theories 

,of spinodal hardening. ' 

Mott and Nabarro (1940) 

Mott and Nabarro(36 ) proposed that because of the difference in 

atomic volume that exists between twocoh~rent phase~ there will be an 

internal stress field which will oppose dislocation motion. In a spinodal 

system this elastic strain field will have th~', ,same wavelength as the 

composition fluctuations and will produce alignment effects as.observed 

and discussed in 4.1. As Cahn has pointed out, (20) cross-slip 

of the dislocations is of no use in avoiding these internal strains be

cause the arrangement is identical on all (lll}planes. For spherical 
, .. 

'precipitates, thetheoi-ypredicts an average internal stress independent 

of particle size but dependent on the size, factor between solute and 

solvent atom, E, and the volume fraction ,of precipitating phase, f which 

is given by 

0'./ - 2GEf 
l! 

where G is the average ·sli~arzhodulus. If the elastic constants· in the 
, ' 

two phases do not differ appreciably and Poissonsratio is ~1/3, then 

E - 28/3. Substituting f _ 1/2,G - 7 X 103 kg/rnm
2

and8 - 6a/a with" 

a -3.5aA gives O'i ..; 1.3 X 103 .&: - 1.3 XI03 (k Mc) where k is apropbrtiona

lity factor. This predicted behavior is in agreement with the results of 

Fig~. 19';21. Using the values of 6a given in Table 2 ... giYE!!!' 

kg/rnm
2 

for the 625°C aging, and ";27kg/rnm
2 

for the 775°C aging. 

0'. -39 
1. ' 

These" 

Values are in very good agreement with the measured yield stresS and' 
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along with the evidence of Figs. 6(b) and 6(c) strongly suggest that the: 

in~ernal stress field controls: dislocation motion in the spinodal. 

The internal stress field can be estimated by measuririg the'radius 

of curvature of the dislocation, r, and using the formula 

cr. - Gb/2r 
1 

At ,point A in Fig. 6(c)r 
o 

230A, and using the values of G and b as be:.. 
" 2 

for~, then cr. - 38 kg/mm compared to the measured yield stress of the 
1. 

alloy after this h~at treatment of - 25 kg/mm
2

• The measured yield 

stress depends on the averaging, out of forces that alternate in sign and 

is expected to be srraller than the actual internal stress maxima at ahy 

, point. 

The theory predicts a linear dependence of yield stress with changes 

in lattice, p~rameter wht"ch is in agreement with the results of Fig.2l. 

However, theMott-Nabarro theory also predicts a'volume fraction depen~ 

dence whichwas not;o~nd by Dahlgren (37) in this system., He reported 

that alloys with compositions along a tie-line aged at the same,tempera-

tUre had approxiinately t,he same yield stress eventhcugh the volume frac

tion varied from 0.25 to 0.50. Mottand Nabarrot s theory was developed for 

a small volume fraction of spherical precipitates andthe'volume fraction 

dependence, may not exist if f is large or if there is a change' of morpho';" 

logy. 

Fleischer (1960)' 

, Fleischer (38)suggested~hat the image forces on a dislocation as, 

it approaches a region in a crystal with a different elastic modulus may 

be large enough to rrake an important contribution to hardening. In a 

, , (39) ,. 
further paper he denved a formula to estimate this effect and applied 
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'his calculations to hardening due to thin z~nes in an Al - ,'C!'/o Cu alloy. 

The stress on a screw dislocation a distance x from the' precipitate inter- < 

face is given by 

6Gb 
871"X 

(_a_) '., 
a+x 

'Where .6G is the difference in shear modulus between matrix and precipitate, 

'5 is the, furgers vector of the dislocatio{l and a is the thickness of 

precipitate measured along the slip plane. For {Ill) (110) slip in alloy 

1 where f - 1/2; a - ..[3"-/2 and a reasonable value of x of - 2.5'5 has been 

suggested by Fleischer. Using these Vctlu~s and M from Table 2 gives 

, 4' /2, 6 0 ,/2 '0 t.6G - 0 kgmm from the 25C and - 33 kg mm from the 775,C data. By 

taking x - }b values are obtained which ~re in, agreement with the measured 

values, and if the changes in M are proportional to changes in composition 

then the yield stress should be linear with e , in agreement with the c ' 

res1.l1ts of F:i:;g. 2L By suitable choice of the parameter x, the theory' 

'is also able to explain the apparent yield stress dependence, on wave-

length when "-is smal:L, and the (a/a+x) term becomes impo~tant. The 

theory 'predicts the observed results of yield stress dependent soley on 

'.6G only when a is large compared to x • 
.; , 

However, there are ~o serious c:dticisms of Fl¢ischer's theory which 

can be made. Firstly, the imge:' forces on, a dislocation increase as it 

approaches the interface and so alignment effects along the interface are 

not expected. Instead, matrix dislocations should lie preferentially in 

the phase where their overall energy is lowest. This would be the Cu

rich phase where ,the s'hear modulus is less' than in t,he Ni/Fe rich phase 

although the required. Burgers vector is slightly greater in the Cu-rich' 

phaso., Secondly, 'spinodal decomposition' in the Au-pt system produces 
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structures with yield stresses of the order of 7o-8o'kg/mrn
2 

and the theory 

does not appear able to expiain suchh:igh values. Calculations of the 

maximum possible value of /YJ, (Table 2) indicate that this is the same 

order of 'magnitude as in the CuNiFe system • 

Ca.hn (1961) 
I . , 

Cahnstheory of hardening by spinodal decomposition(20) has already 
I 

been mentioned in 4.1. He calculated that the forces on dislocations due 

to the internal stress field were the most important and other forces such 

as' due to the variation of energy of the dislocation with pos it ion or 

chemical hardening could be ignored. The tbeo:t'Y predicts that for (Ill} 

(110) slip the applied stress necessary to move an edge dislocation will 

be given by: 

* (J = 
a 

A21)2E2b 

.[2f3~ 

Where the terms are defined in 4.1 1) is defined as l/a.ba/l:,c for small 

composition fluctuations, i.e. it is the same as the rarameter E used by' 

Mott and Nabarro. For. decomposi tion of an alloy in the center of inisci-= 

bility gap A - t:J.c/2and using the relationship 5 - ba/a gives A 1) 
. , . 

t:J.c/2.l/a'.t:J.a/t:J.c -5/2. Assuming E - 8G/3 the applied stress,' reduces to 

(J 
a 
* 

2 
8GA. 

b 
- 0.2 

, 3· 2 
Using the 625°C data from Table ,2, with G- 7.6 X 10 kg/mm 

~. i3 k.g/mrn2. Using the 775°C data and G - .7. 45xlO' kg/mrn 
2 

_ 28 kg/mrn 2 ~ 

* gives (J 
a 

gives (J 
a 
* 

The theory is thus only able to account for the measured yield 

stress when A. is large, and predicts a linear dependence of yield stres~ 

on(t:J.S c
2

• A.) ,which was not found.' From Fig. 19 as' A. increases from -60A 

.' 
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° to - 600A at approximately constant amplitude the measured yield stress 

increases by a factor of -2 rather than a factor of 10. 

Cahri aiso cons idered the case of dislocations able to curl around 

obstacles and slip through· the opening between particles. This is the 

analogy of Orowan hardening and Cahn calculated that the stress for such 

a process depended on the reciproca,l 2/3 power of the wavelength. The 

sE;:paration between particles is _ -).../2 in a symmet~ical alloy and using _ 

Cahn's formula the dislocation can slip through the opening if era > 4Gb/A.. 
. 2 -- ° 

From the 775°C data with er - 25 kg/rrrm,A. must be greater than ~ 3000A 
- a . 

for this process to occur. At such large wavelengths, coherency has 

been lost· and the d,eformation characteristics of specimens are pr:obably 

determined by the grain boundary· prec"ipitat{on. 

Dahlgren - (1966) 

Dahlgren(37) investigated the yield stress of several CuNiFe alloys 

and concluded that the yield stress was proportional to the difference in 

lattice'; parameters of the two phases but appeared to be independent of 

volume fraction within certain limits and almost independent of wave~ 

length. The results of the present investigation are generally in agree

ment with these conclusions, which also enable the higher yieid stress in 

AuPt alloys to be satisfactorily explained if the mismatch is - twice 
. - -~ 

. that of CuNiFe, i.e.- .68.- .06A.- This value of !:::a is possible in the Au-

pt s§stem (Table 2) where the coherency strains probably limit the phases _ 

frc:m reaching the equilibrium tie-line compositions .• 

Ghista and Nix (1969) 

Ghista and Nix(40) used a theoretical approach with a dislocation 
. . . 

model to explain the strength of elastically inhomogeneous materials. ; The 

elastic energy of dislocations in such ms.terials will vary.with position 
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as the shear mod\ll;tls fluctuates per iodically • As suming a s irte wave 

fluctuation the theory predicts that the yield stress should ~ 6G/~. 

Using selected values of theseparameters,Ghista and Nix were able to 

ex.plain the yield stress of a .Au-pt alloy ·after a particular heat treat-
,'I:" 

mente The theory cannot go further than this, however; and it is incapable 

of explaining the yield stress or its variation 'in the CuNiFe system. A 

reciprocal relationship of yield stress wi th ~ is not observed, and the 

estimated value of ~ in both systems is about the same. 
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FIGURE CAPTIONS 

Fig. 1 Tern~ry equilibrium diagram for the CuNiFe system showing the 

tie-lin~s with the 625°C and 775°C soliius lines (13) and the 

compositions of alloys 1 and 2. 

Fig. 2 The pseudo binary section of the CuNiFe system used in this in

vestigation. X and Yare the expected equiliprium tie-line 

compositions of the decanposedphases when alloy 1 its aged at 

625°C. (13) The chemical spinbdal was calculited using Tc ~ 825°C' 

and c ~'0.50 fran Ref. (14). The Curie temperatures of the 
c 

quenched alloys were taken from Ref. (13) with the exception of 

the open circle ,corresponding to alloy 1. 

Fig. 3 Transmission electron micrographs of alloy 1 (a) fast quenched 

Fig. 4 

showing no sign of decomposition, (b ) aged 1 min 625°C showing 

, " , 0 ' ° 
very fine rod 'shaped particles ~ 30A in ,size (A. ;,;. 60A). 

. ,0 ,'0 ," , 

Alloy 1 aged at 775 C for (a) 2 min, A. ~ 150A,. (b) 15 min., A. w 

'0', '. '0 

254A, (2) 5 hrs. A. ~ 6351l, 'Cd) 17hrs. A. ~970A, (e) 40 l,lrs. A. ~ 
'0 0 'i, 

l330A,(f) 200 hrs. A. > 5000A. The microstructure initially 
. . , 

consists of irregUlar rod-like particles separated by diffuse 

interfaces (a) which during coarsening develop distinct planar 

interfaces (c), and eventually lose coherency (d-f). Diffracting 

conditions are the sarnein all micrographs with g =:=(200)operat

ingfrom left to right with foil orientations (hkO) • 

Fig. 5 Imperfections in periodicity, (at A and B fo~ exaznple)in',alloy 1 

'aged 5' hrs~175°C. The orientation of the foil is [110] with the 

(001) planes perpendicular to the foil surface. 
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. Fig. 6 Matrix dislocations in alloy 1 (nat deformed) ~ged (a) 2 m. 700°C 
° . . .' 

(A. - 100A) ~howing that the dislo~a.tions (arrowed) do not initially 

° lie along the interfaces;' (b) 30 min. 775° CeA. - 300A) showing 

. dislocations along Clio] which are wavy as they cross the ,two 
, I.· 

phases (c)5 hrs.·775°C (A.- 63~) showing dislocati~ns along 

[110] which are ~estricted over rrn.lch of their length to the int,er-. . 

face between the two phases, and aare wavy when they cross regions 

containing alternating phases, eg at A. 

Fig~ 7 Grain boundaries in alloy 1 showing the -absence of, prec ipitation 

at the boundaries after aging for (a) 2m 775°C (b) 17 hrs. 775°C. 

Even'in well coarsened but still coherent microstructures such .as 

(b), there is no heterogeneous or grai n boundary precipitation. 

Notice in (a) that the spinodal is still resolved under weak 

(kinematical) diffracting conditions (top grain). 

Fig. 8 Optical m:ic; rographs of alloy 1 aged at 775°C for (a) 17 hours (b) 

40 hours and (c) 500 hours showing that grain boundary prec ipita-

t ion is observed after long aging times and forms a grain· boundary 

network. (x gOO); 

Fig~ 9 The microstructure of alloy two aged at 625°C showing, (a) after 

18 hrs, cubes with rounded corners which are notstrmgly a'ligned 

Fig.lO 

along (UlO);(b) after 300 hrs, alignment by selective growth 

has occurred. 

° .' 
lriterfacia:j.. dislocations i:q alloy 1 aged for 200 hours at 700G' 

o 
(A. - l355A) are .visible when imaged with g = (iiI) as in (a) 

and are invisible in (b) whereg.= (1:11). The long direction . 

of the dislocationcie [001] and their most probable Burgers vector 

is a/2 [110]. Displacement fringes are also visible. 



-40- . UCRL--J.8840 

Fig. 11 Diffraction pattern of an [001] zone in alloy 1 aged 775°C 

40hrs showing the (400) (420) and (440) relfections. The 

Fig. 12 

resolvable split in the (440) reflection (arrowed) is along the 

interface normal and there is no splitting in the [100] direc-

tion, i.e. the alloy is tetragonal after this heat,treatment. 

Dis location networks developed by aging alloy 1 for 200 hours! 
I. 

· at 775°C. In (a) all"three disldcatio~s in the network are in 

contrast using both the (lff) and (002) reflecti6~, in (b) and. 

(c) only two sets are in contrast using the (ill) and (002) re-

flections. 

Fig. 13 Dislocation network in alloy 1 aged for 200 hours at 775°C' 

wi th one set of the. dislocations invisible with g ~ (ili). The 

habit plane is irregular and does' not analyse to be exactly 

· {100} •. 

Fig. 14 Well developed networks of interfacial disolcations in alloy 1 

. ° aged for 200 hours at 775 C •. One set of dislocations isinvis-

ible with g= (lli) and a rotation of the ( 001) habit plane to (011) 

has occurred (e.g. at the right hand side bf,dhe macrograph) ~ " Also 

visible arE:; dislocations joining one network to another on the 

opposite side bf the interface (arrowed) ~Foil nClr'mal [110.] •..... 

Fig. 15 The microstructure of defomed specimens of alloy 1 after aging 

for (a) 940 hrs. 625°C and cold rollingryfo (b) 200 hrs. 700°C 
,. . 

· and pulled in tension 1.4%. Many of the dislocations in (a) 

· are aligned along the interfaces (e.g. at A). Interfacial 

dislocations are visible in (b) at (I), slip dislocations:.at 
. '. ~ 

(8), and displacement fringe contrast at (F),with sore interac

: tion between the slip and interfaCia1. dislocations (arrowed)~ 

.'J" 
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Fig. 16 Diffraction patterns of alloy 1 after quenching and aging at 

FIg.' 17 
I 
I: 

Fig. 18 

625°C shOwing the origin, (200) and (400) reflectionswith,·the 

'satellite reflections along [lOOJ. (a) fast quenched (b) 1 m 

(c) 5 m (d) 15 m (e) 60 m. The satellite spacing decrEases with 

aging times as the wavelength grows. 

Plot of wav'elength v. (aging time)1/3 determined for alloy 1 

. for the three tempera,tures studied. 

(A, B) Induced voltage v. temperature curves obtained from the 

magnet.ic analysis. Curve (a) is for alloy 1 fast quenched where 

8 - 237°C and th~ results obtained fran the pure nickel speci-
c 

men (8 ~ 358°C) are plotted for comparison. Curves (b) (c) . 
c 

and (d) are for alloy 1 aged at 625°C for i m,15 m, and ,5 hours 

respectively. 

Fig. 19 Summary of the changes that occur in yield stress, Curie tem

perature and wavelength as alloy 1 is aged at 625°C. 

Fig. 20 Sunimary of the changes that occur in yield stress, Curie tem-

perature and wavelength as alloy 1 is aged at 775°C. Coherency 

is initially lost after 17 hrs. when A ~ 1000A and after 200 hrs. 

dislocation networks are. formed. 

Fig. 21 Plot of yield stress v. Curie temperature for alloy 1 (fast quenched 

and then aged for different times at temperatures between 625°C 

. and 825°C. 

! . 



..... 

.:.\ 

ucro:,...18840 

Ni 

~ " 

fe~--~---2~O-,~----~40~-------6~O-,------~8~O~----~CU 
At. % Cu 

Fig. 1 

",I • 

. ': 

';', 

,;. 

... ;: .. 



'. 

, .... ~. 

.-.-: " 

,,-,-

' .. 

';'" 

.i . 
q, 

i 

, \ 

800 ' 

600 
C,,) 
o 

Wool 
c:::: 
::::J ' 
~ 

~400 
Wool 
~ 
:2:. 
,~ 
t-

200 

J( 

. ~ , 
"1· 

" 

,/' 
/' 

/' ' 

j, 
, 

I , ' 

/' 
,.,,-' . . ...... 

" 

\ 
,\ 

Ch~mical~ 
Spinodal' , 

. \ 

UCRL-18B40 

.!: 

I \ 
J. , ' " . I " " 

'/...... C . " ,', ...... Ufl~ 

/
. . , ...... ..:temp. ., 

i ......, 
, ' .. 
I ...... , 
(''0 
i " 

\ 
\ 

Alloy 1 \ 

40 50 60 
, At. 0/0 Cu along tie~line 

Fig. :2 

70 

.' \ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 

y 

80 

XBL 693-293 

,"," 



-44-

O.2JL 
( a) 

XBB 693-1862 

Fig. 3 



-45-

XBB 694-2456 

Fig. 4 



-46-



-47-



- 48-



-49-

• QO 
.,-1 

JZ.t 



-50-



-51-

.' 

XBB 691 - 243 

Fig. 7(b) 



- 52 -

XBB 693-1858 

Fig. 8 



-53 -

XBB 693-1864 

Fig.. 9 



-54-

XBB 693-1861 

Fig. 10 



-55-



-56-

XBB 693-1860 

Fig. 12 



-57-

XBB 691-242 

Fig. 13 



-58-

XBB 693-1866 

Fig. 14 



-59 -

XBB 694-2457 

Fig. 15 



-60-

XBB 693-1 857 

Fig. 16 



";-". 

1400 

-
;:1000 

GOO 

200 

, 
,~ 

°0 125 15 GOm 

UCRL-18840 

5 16 40 
• [AGING TIMEf/l 

200h 

XBL tif13-292 

Fig. 17 



-62-

Fig. 18A 

UCRL-18840 

Pure 
Nickel 



" ~.' l 

UCRL-18840 

. I I I. 

t 

'., 

340 400 460 520 
TEMPERATURE 0 C 

XilL 693-2~10 

Fig. 18B 

",'.', 

·./. 



-64-. '. UCRL-18840 

35kg/mm2 I 
(:) 

1 " . 

. Yield Stress i 
I 

25 . I 

1 
1 

15 j 
I 

j 
.' .. ';: 

<:> 
<:> .(;) 

Curie Temp •. 

2.8 

:r 2.4 
I 

-< . 

~ 2.0 ... 

1 5 15 GOm 200h 

LOG. AGING TIME 
XJ~L ta!)3-~~11 

Fig. 19 



-65- UCRL-18840 

30 kg/mm2 

o o o 

I 
20 
~, •.••.. 0 

,. I , 
I' , 

o 

Yie.ld Stress 

~lO 

'- -.> ..... r'C 

" 430 ", 
I 

0 
410 

3.0 

~ ... 
I ... 

2.4 
<:;, 
Q ... 

t 

11.8 

2 5 ,IS 60m 5 ' 17 40 200h 

lOG. AGING TI ME 
X81. 093-21"7 

. Fig. 20' 

" 



.. 66- 'UCRL-18840 

.t 

I" . 
I • . -.-. ' I • • i, i I j .-r-l 

r 
, 

AGED )~~~ 
~ 

-j 
IhiiT I 

0 0 , , l- , . 2 0 i ~ .. ""/r.,-I ..J"'I r'b .ulil 

\775 0 0 

~~ 
AGED " AT 

ib25 0 l 
fAST QUH:CHED A -I 

J UJ 
~,,.j 1 

; ~24 
I 

-I 

l 
1..:.1 I >[ 0 

1 
J 

~ 
i , 

0 1 0 
1 

..J 
! 

14 

t 
t- ~ .;, ,.. I I 1 I, I I I I 

250 300 350 400 450 500 

CUttlE Iti;JlP;':~ATUR[ °C 
" .,.. 

xu;, 6~)3- 2:-',S 

Fig. 21 

'" 



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, comp1eteness, 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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