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

A . E , L
Ernest Paul Butler and Gareth Thomas

Inorganic Materials Research Division,'Lawrence Radiation Laboratony

Department of Materials Science and Engineering, College of Engineering,
© University of Callfornla, Berkeley, Callfornla
ABSTRACT

This.investigation is concerned with the structural spinodal decom-
position and accompanying 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

prlncipal technlques employed During aging the two-phase microstructure

coarsens such that the mean Wavelength is determlned by a (time) 1/3 law.
Eventually, coherency is lost when A ~ lOOOA, 1nterfac1al dlslocatlons
with b= a2 (llO) are created and the coarsenlng rate is accelerated

Durlng 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
duringvthe'spinodal transformation occur verysrapidly and are best
described by square Wave'fluctuations along (100 } Results of mechanical
testlng, Curle temperature and wavelength measurements 1nd1cate the

age hardenlng response is controlled pr1nc1pally by the d1fference in

h lattice parameter of the two,phases,.1n'agreement,W1th the 1nternal

stressftheory of Mott and Nabarro. A dlscus51on of other theorles of
harden1ng in splnodals show that they are unable to explaln 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 CF SPINODALLY .
* DECOMPOSED Cu-Ni-Fe ALLOYS

Ernest Paul Butler‘
Inorganic Materlals Research D1v1s1on, Lawrence Radlatlon Laboratory

Department ‘of Materials Séience and Englneerlng, College of Englneerlng,
‘University of Callfornla, Berkeley, - Callfornla

. ABSTRACT -

- ThlS 1nyest1gatlon is concerned with the structural splnodal decom- ' .

pos1tlon and accompanylng changes in propertles of a 51 5 Cu-53 5 Nl-ﬁ_ |

15 O.Fe'alloy after- solutlon treatment-and fast quenchlng; Transmlss;ony

electron mlcroscopy and dlffractlon, and magnetlc analys1s were the:;e

: pr1nc1pal technlques employed._ Durlng aglng the two—phase mlcrostructure '
‘coarsens such that the mean wavelength is determlned by a (tlme) /3 Law,

/ lEventually, coherency is lost when A~ lOOOA, interfacial’ dlslocatlons

i:WIth b= a/? (110) are created and the coarsenlng rate is accelerated.l
"Durlng loss of” coherency there 1s a. change to tetragonal symmetry and

then cublc again. once, the 1nterface cons1sts of a complete network of

’*dlslocatlons. Magnetlc measurementsvshow that the changes in composltlon'l

dhring;thé>sp1nodal transformatlon occur very rapldlyvand are best,'-y

'l descrlbed by Square wave fluctuatlons along (100) ’Resultsaof=mechanical-

.testlng, Curle temperature and wavelength measurements 1ndlcate the :_f

“.age hardenlng response 1s controlled pr1nc1pally by the dlfference in”

lattlce parameter of the two phases, 1nvagreement Wlth the 1nternal'3g;J

.stress theory of Mott and Nabarro. :A.discussion of'othervtheories:of

;1 hardenlng 1n splnodals show that they are unable to explaln the measured '

yleld stress or 1ts varlatlon w1th aglng.,

Now at the Department of Metallurgy, The Unlver31ty of Connectleut,
Storrs;. Connectlcut, 06268, R 3
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:1_._ INTRODIKJTION
Most o f the advances in our understandlng of splnodal decompos1tron
'_have cane through the theoretical work of Hlllert Hllllard and Cahn, 3

and the 1mportant features of the transformatlon are rev1ewed ina recent

(1)

"paper by Cahn.

-In cublc crystals spinodal’ decompos1tron occurs along each of the
fthree elastlcally soft" cube dlrectlons Whereas in tetragonal systems
_such as T10 Snog( ) only unldlmens1onal compos1tlon fluctuatlons along
[001] are 1nvolved. ‘As a consequence of the elastic anlsotropy, perlodlc
:,structures are formed in splnodals which produce s1de bands in dlffrac-
ftlon patterns and'these have been w1dely studled by X;ray 1nvest1gatorsf‘
However,iside bands canbalso beiproduced in alloys mhose>cOmpositionhis

not 1ns1de the splnodal curve if perlodlc structures develop by selectlve:
() or in other cases of perlodlc arrangemem:s such
as occur .in, certain ordering systems.. Spinodal decompos1tion also occurs ‘in
helastlcally 1sotrop1c systems such as Al-Zn( ? and Na 0 8102(5)‘ |
| The s1de band phenomenon in Cu Nl-Fe alloys was. dlscovered by Danlel g
'tand Llpson( ) and.was the subgect of 1ater X-ray 1nvest1gatlons by Har-”v

(7) (8) (9)

:-greaves, Bledermann and Kneller and Hlllert et al. Some elec-:‘v

'tron m1croscopy work on. Cu-Nl-Fe has been publlshed by Nlcholson and
' Tufton(lo) and some observatlons related to fatlgue have been reported

(l;) (12) utlllzed Lorentz electron mlcroscopy

by Ham et al. Vlllagrana
in a study of th1s system. However, a detalled metallographlc 1nvest1- .
gatlon has not yet been reported

The mlcrostructure of the alloy at any stage of 1ts decompos1tlon

\jcan be deflned by three main parameters.

(1) Volume fraction of the two,phases."r
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- (2) Wavelength, S R
(3) Amplitude of the comp031tlon fluctuatlons, A.5
The purp03e -of th1s 1nvest1gatlon'was to follow 1n detail the changes

, I
in these parameters durlng decomp051tlon of a.CueNl-Fe alloy whose-compo-

1

_s1tloh,was close to. that correspondlng to the center of the mlsc1b111ty
.7,Tgap. gThe'ehanges in mlcrostructure, volume fractlon:of phasesnand..'
' wavelength were;followed by electron microscopy‘andldiffraction.hlThe;”
'composition fluctuations“were deduced-by measuring thefCurie temperature,
'6 whlch could then be dlrectly related to the changes in compos1t10n.
T'Flnally, the relatlonshlp betWeen the above parameters and the age-
’;hardenlng behav1or of the alloy was<1nvest1gated. | |
v figure 1 shows'the ternary.CusNi-Fe eduilihrium diagram._"The'625°C :
A’l_and 775 C solublllty llmlts and the tie- llnes are taken from the Work of B
LiKbster and Dannéhl(IB).v Decompos1t10n of the hlgh temperature fcc W
[pﬂaéé glves a paramagnetlc Cu rlch phase and a ferromagnetlc Nl/Fe—. o
;‘rlch phase both hav1ng fece structures._ The dotted tle—llne wh1ch

(9) -

'-:passes through alloys l-and 2 was used by'Hlllert et al and joins
-rvthe copper corner of the dlagram to the compos1tlon Ni 7FeO o The'
" tie line. X-Y used 1n this 1nvest1gat10n Joins alloys which- have the
lsamevCurle temperature (530 C)(la) after’equlllbrlum slow:coollng.

: Flgure 2 is the pseudo-blnary sectlon along X- Y. ’.The solvus.curve
and varlatlon of Curie temperature with compos1t1on for quenched alloys-
'are agaln taken from K0ster and Dannohls work. ' The p031tlon of the.
Achemlcal splnodal curve was calculated from the.formula derlved by Cook |
,;and Hllllard(l ). This curve is the locus of p01nts where e} F/Sc = C»'

i ‘

',and does not 1nclude the effect of coherency stralns. HOWever these .

;are expected to be small 1n Cu-Nl-Fe (as was subsequently conflrmed by
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electrOn.microscopy),'probdbly less thén the uncertainty in the posi;

.tion4of'the phase boupdary,'



e TCRT-188L0
2, EXPERIMENTAL PROCEDURE

2.1 Materials andeeat’Treatment"

The alloys were. prepared by vacuum meltlng 99 999% purlty Cu, J9 857
.purlty Vl, and 99 67 purlty Fe, followed by Chlll castlng 1nto copper m0¢ds
_to mlnlmlze segregatlon. The compos1t10ns 1n at % found by chemrcar analy81s
) weret alloy 1, Sl S Cu-33 5 N1-15 0 Fe, alloy 2 70 Cu—2lN1-9Fe.§ A’ter
: homogenlzatlon, sllces were cut from the 1ngot and: cold—rolled w1tn rnter-
'medrate:anneal1ng untll a flnal’thlckness of 300u was‘reacned.. Strlp:
:rmateriai“forveiectronimdcroscopy was further reducedvto éddu thichness;

.The Specimens:Vere solution-treated at'lOSO°C for tuo hours in‘evacue
dted quartz tubes and then quenched by breaklng the tubes under water |
: A‘ter a further heat treatment at 1050°C for 15 m. in. purlfled argon the

,;_speclmens were drop quenched 1nto stlrred iced brlne. The average ouench

‘Q‘rate measured w1th a chrome-alumel thermocouple attached to the speclmens‘

) and hav1ng a bead dlameter comparable w1th the speclmen thlckness, was

- oOOO°C/sec. at the 3p1nodal temperature (N825°C) After thlS heat-treat;c

'~.ment the Spec1mens had an average graln 51ze of about O 06 mm. |

| After aglng in' purlfled argon at the stated temperatures, the spe

"mens vere water quenched Aglng tlmes were from l m. up to NlOOO nou:sa,5-
'and all 1ncluded about an addltlonal l min. warm-up perlod. Because orrf"”
' thrs eXperlmental llmltatlon, aging times less than 1 min. could not oe;f

' used. The aglng temperatures were controlled to +3°C

2.2 Erectron Mlcroscopy

Tne strlps were thlnned 1n1t1ally to f01ls 1n ‘a chemlcal pOLlSnlng
b'solutlon of 20 ml acetlc acld, 10 ml nitric ac1d and h ml hydrochlorrc ac;q.

‘Any surface dep051t could be removed oy immersion in thls solutlon drluted



.-5- . _‘ . - UG Ju"':.CJ':)LPO

‘50/50 vith water. Final eleCtr°P°115hlng at, 20 v potentlal was aoss’tle

in a cnromlc—acetlc acid solutlon (50 g CrO 260 ml- HAC. and 8— o ml q 01

3"
kept at m1090., Some preferentlal pollshlng of one of the two; phaaes always >
. occured. |

vf Foils-were'examined in_afsiemens Elmiskop IA operated at'lOORV.”‘The;
magnlrlcatlon was‘callbrateu by taklng & series of photographs of a ﬂarbbn e
_ gratlng of xnown spaclng at dlfferent settlngs of the obJectlve lens.‘lThe -
oh ectlve lens current measured with a dlgltal voltmeter was then plottedi :
: abalnst the true magnlflcatlon to glve a calloratlon curve ror any nartl%:
cular settlng of lntermedlate and progector lens currents. Mlcrograrhsrt
vere always taken u51ng the same 1ntermed1ate and prOJector lens oett
‘and 'in thls way the magnlflcatlon could be determlned 1o w1th1n lk 1nce~hf:-'
gnenaently of stage p031t10n or spec1men holder characterlstlcs.h iﬁ”%hiii”
”checn is not made, errors 1n magnlflcatlon canvbe apprec1able (20%)l&héﬁfi
u51ng double tlltlng specxmen devlces. | |

Splnodal wavelengths were generally measured dlrectlv along <lOQ>d

S ,dlrectlon on enlarged prlnts of mlcrographs taken 1n (hkd> orlentatlon.fj

_Tne average wavelength and ‘mean: square dev1at10n was calculated from

tOtal 01 100 measurements taken from at least flve dlfferent areas. nowa.A

Vever, the most accurate mean value for the wavelength was obtalnea qum‘;}

;_lmeasurements Ofeslqe band spaclngs~alqng,<ioo>u1n the electron,a;lzract;on.

fnatterns,.since'these-results do‘not depend on‘knovledgehoflthe magniflcationg :
See Table l) Slde bands in electron dlffractlon patterns have also =

i been reported for Cu- Tl(ls) and Alnieo {l ) alloys. o

”r.2 3 Magnetlc Measurements

Curle temperatures were: measured u51ng equipment Whlch has oeen: des—q -

“(ar)”

r;crlbed recently. The spec1men serves ‘as the core between prlmary and R
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ﬁsecondafy circuitsiand ontpnt is_obtained.in the forniof an»induced_voltage
"';whieh;is-proportional.to the.magnetic permeability of'tne specimen. uornally,
the absolute values of permeablllty are not 1mportant and the Curle tempera-
ture can be determlned dlrectly bv followlng the change 1n 1nducea voltage
v‘:_wlth temperature. _
.Séec1mens 51zed 3 5. eom x 6 mm x O, 3 mm were used and gave amnllfled :

1nduceu voltages of the order of 0. S V. when ferromagnetlc.w The c01l

assemoly was heated by pla01ng it in a’2" dlameter tube furnace Ted wlcn

60 V AC power. Temperature-changes were, measured wlth a thermocounle attached*

'”_ta‘tne spe01men and both therm0couple and 1nduced voltage outputs were fy
;connected *o strlp recorders. 'The‘Curle temperature was the average valae
=oota1ned from two . separate heatlng and coollng cycles and the ecror in Gc'

i vasli7VC. A.spec1men of pure annealed nlckeliwas\used tolcallbrate_ana .

check the~perfornancefof the apparatus.

;2 h Ten51le Teotlng
Spec1mens were 8. 5 mm x 0.3 mm W1th a 2. S cm gauge lengtn and were.
:tpulled to fracture in ‘an Instron testlng machlne u51ng a straln rate of +

' ,02 cm/mln.- .

-
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3. RESULTS

| 3~l"Microstructure P - 'f' DR

3-l'l " General Features. Flgures 3 and h show the development of the

ASplnodal mlcrostructure which is coherent up to A~ lOOOA (Flg B(b),

L(a-c) and then loses coherency by generatlon'of Ainterface dlslocatlons

' (Fig;”ﬁ(d-f));"No evidence forFtransformation_was~obtained in fast
'+ quenched specfmens;eitherlby microscopy (Fig;‘ﬁa) orfby diffraction

-(i.e;, no side band structure WasxobServed,'see Fig.vl6a) bThe‘con-' :

trast Wthh allows the two phase coherent mlcrostructure to be dlStln-
gulshed results malnly from the dlfferences in thickness and.relatlve
absorptlon. 'betWeen the copper rlch and. Nl/Fe rlch phases.- The copper ;Fl
rich phase is preferentlally thinned durlng electropollshlng and appears'
as the llghter colored reglons, CeLey. Flg. h 5, 9 etc. That these f
are the Cu rlch reglons is conflrmed by comparlson to Flg. 9 Whlch 1s
from alloy 2, viz, 70 Cu/21N1/9Fe in which the. Cu rich phase 1s the |
domlnant,one‘®olumeffractlon-~80%). Under‘dynamlcal dlffractlon con-hv
ditions the.interfaces shom-“5‘-frlngescontrast‘When inClined tdltﬁép'
f01l normal (e. g.; Flg.‘h(c), 10) - because of the lattice parameter ‘il

ws

When loss of coherency occurs, ‘the resultlng dlslo- .

: catlon structure is- revealed under the usual dlffractlon condltlons.f{_

- The 1nterface plane is not rlgldly conflned to [100} even when '
the mlcrostructure 1s coherent as can be seen in some areas of Flg. .

h(c) Imperfectlons in the perlOdIClty of the splnodal structure are V

‘present at all stages and can be seen for example at A ‘and. B in Flg.

5;' Even though the volume fractlon ‘is ~l/2 the mlcrostructures do

p;lnot appear to be contlnuous, the Ni/Fe rlch phase seems ‘to be embedded

1
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' Under the usual contrast conditions (viz., g.b = l} matrlx dlsloca-.-

(trons are not easllyvv1s1b1e When the wavelength of the spinodal is of
'i;the same order aS»that of the dlslocatlon 1mage.W1dth.(~lOOA) Flgure
'L(f6(a) shows three dlslocatlons (arrowed) in a structure w1th k ~ 1OOA‘

'The dlslocatlons in Fig. 6(b) are 1maged with a gsb product of 5, and

h.so,appear wider than the dlslocatlons 1n Fig. 6(a). Figures 6(b) and'v.‘{

‘6(5) show dislocationS‘in alloy l aged at-775°C for‘EO nins. (X ~ 30035' o

| ‘and 5 hours (k ~ 635A), respectlvely.. The dislocations tend to lle :

: along (110\ in the {001] 1nterfaces between the two phases and hencev

:are malnly screws._These dislocatlons adopt a wavy shape when they

cross the two phases (e.g., in Flg. 6(b) and at A 1n Flg. 6(c))

: Another nmportant characterlstlc of the coherent spinodal 1s the :

‘absence of heterogeneous prec1p1tate morphology S0 typlcal of many (
valumlnum alloys,.especlally at'grarn boundaries. In fact, the absence,(;’
h of*gfaiﬁ boundary recipitation and precipitate free zones is & good
':1nd1cat10n that decompos1tlon 1s homogeneous (splnodal), This can be :
fhseen in Flg. 7 where graln boundarles cross the mlcrographs.' The
.Wavelength is ~l5OA in Flg. 7(a) and 97OA in 7(b) Even in Well
"coarsened structures such as Flg. 7(b), the two p1ases appear cont inu-
.ous rlght up to the boundary w1th no. change in thelr spaclng.- HOWever,rh':
-(graln boundary prec1p1tatlon cen be produced in these alloys by long
%.:aglng treatments close to the splnodal temperature. Flgures 8(a) (v ) _fé;ﬂ'sv N
;and (c) show optlcal mlcrographs of alloy 1 g ed at 775 C for (a) 17 s

:hours (b) ho hours and . (c) 500 hours. Graln-boundary.precip;tatlon is

barely discernible‘inr(a), quite evident in (b) and almost a:continuouspfﬁ

- grain boundary network in (c).
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Flgure 9 shows the mlcrostructure of alloy 2 aged at 625 C for dlffe—
rent tlmes. Inltlally the. mlcrostructure con51sts of cubes w1th rounded
corners whlch are not strongly allgned along the - (lOO) dlrectlons, Flg 9(a)

!

Aglng for longer times produces dlstlnct allgnment along (lOO> and a more

-'pronounced cube»morphology as in Fig. 9(b).

3~l~2~ .Loss of, Coherency.. , Interfacial'dislocationsfwereTnot‘obseruedv
in alloy l aoed at 625 C even after 940 hours when N\ ~ lOBOA | N
d Tnterfac1al dlslocatlons in specimens aged at 700 C were first ob-

served in a few areas after MO hours. These dlslocatlons occurred ésf
31ngle parallel sets lying in the 1nterface along (100}, ‘as shown in Flg._
lO. Contrast experlments us1ng a Varlety of reflectlons showed that the
most probable Burgers vector of these 1nterface dlslocatlons is a/2(llO)
f. (e g Flgs. h(d), 10, 12) As aging is continued and A 1ncreases, the ;

. number of dlslocatlons 1ncreases but the1r spa01ng (~BOOA) 1s roughly

lconstant Durlng this stage the dlffractlon patterns show spllttnng( 9)
along’ the 1nterface normal (Fig. ll), whlch proves that a trans1t10nal
tetragonal stage occurs as coherency is 1n1t1ally lost. Cublc symmetry
.1s regalned only when the 1nterface network 1s completed by formatlon‘of-
7 the-second set of d1slocatlons (e g., Figs. 12, 13). In Flg. la(a);all
| of the dlslocatlons are v1s1ble u51ng “the (OOE) and (lll) reflectlons.
Tlltlng so that g (002) or (lll) makes one set of the dlslocatlons:t.‘
jfinvisible; ThlS is cons1stent with the network belng composed of a/2
(llO) dlslocatlons of edge character w1th (lOO) long dlrectlons, althought
fthls example does not rule out the poss1b111ty that one\set of the dlsloca-‘”

\
tlons has b = a(lOO) | s |

Plgures 13 and lh show examples of the mlcrostructure after cublc )

'symmetry hag been regalned. The dlslocatlon network 1n Fig. 13 has one'

[
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"set of dlslocatlons out of contrast w1th the (lll) reflectlon operatlng.

"~ In Fig. 14 a definite change of hablt plane from {100} towards {110} hes
occurred ‘as can be seen from the trace analys1s.» However, in many other
'areas the 1nterface was stlll {100} or had become completeIY1rregular
-as in Fig. h(f) On many_occas1ons curvedAdlslocatlons were observed |
joining,one dislocatdon network to another-and passing through one of‘the3
‘phases,;.éeveral examples‘are'arrowed in Fig;-lh, ‘Thevsimilarity betweenv
this two phase.partially coherent microstructure to_a'well recovered - d

. single crystal single phase structure'is remarkable.

3.1.3, Effect of Deformation;b Foils‘prepared from'Specimens’that had

. been deformed showed that slip dlslocatlons generally sheared through

the two phases. In deformed spec1mens wlth coherent phases, bands along
(llO) contalnlng a hlgh dislocation. dens1ty were observed whlch separated
reglons that were relatlvely dlslocatlon free. In Flg. l5(a) many of

the dlslocatlons produced durlng deformatlon appear to lie along the

'1nterface-between the two phases,'e.g. at A'whlle other dlslocatlons.appear

. curved.

tObservations with thin foils'of deforméd specimens which were lOSing

coherency showed that the 1nterfac1al dlslocatlons dld not take part 1n

"'»the Sllp process, but there was ev1dence for some 1nteract10n w1th the

Sllp dlslocatlons. Examples of 1nteract10ns are arrowed in Flg. l5(b)

5 5 2 Measurement of Wavelength

lefractlon patterns taken of decomposed structures w1th x < ~150Af =
exhlblted satelllte reflectlons (or S0 called 81de bands) along (lOO)
. Examples are shown in Flg. 16 . The 31de bands spots are dlstlngulshed‘

from the split spots due to transformatlon to tetragonallty (Flg. ll)

‘ 5_ 31nce the spac1ngs of the s1de bands depend only on by and not on Bragg

angle along (100) 7 : -_x L 4jv -
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| In Fié. l6(a) no satellite reflections‘are preseht in the7qﬁenched
alloy whlle in Fig. 16(e) second order satellltes are resolved at (hOO)
The satelllte spac1ng decreases gradually Wlth aglng tlme untll the satel—
lites cannot be dlstlngulshed from the main reflectlon. _
Tﬁe-wavelength:was calculeted ﬁsing'thevrelationship(6)‘
 h tan ) av: :
(h + K7+ 17 )86

where 6 is the Bragg angle for the (hkl) reflectlon in a crystal of lattlce

parameter a, and 807is the angular spac1ng_between sideband and malnisf'

reflection. For the (400) reflection and USiné a 515.583xtﬁis'redﬁces.se
Noo= 0.89"_£; o R §

where r and Ar are the dlstances from (OOO) and satelllte to the (hOO)

f‘ reflectlon. In the table below values obtalned by this method from an. 16-A

are compared.w1th the wavelengths measured frmn numer ous mlcrographs-:f‘

;‘s1m11ar £o those of Flg B(b), h(a-c) Thevresults are_;n‘gopd agreemenﬁ,'

Table 1. Measurements of sPinbdal.wavelengths

from side bands in T . L XK

o Aged ?ﬁ 625°C E :. diffraction patterhs* B frpm m}csographs I
l m'_.‘ | S | 61 +2 ,. g f .l - €0 i6
o 5m. . . B2 3: D 95i]_o |
5m. | _f  L 1mo+5 . .:_'l_‘ 110'1 iF;-
C6om. o aexs o 1s0tn

Independent of magnification errors due only to measurewment.

** g ) - - > . N L] : > -
Depends on magnification, precision of defining-interface.
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' For2\2~15OK¥the'satellite~spacing could'not be,used and measure;”

'j.me?ts Were tahenpdirectly fromienlarged prlnts. The.mean square deviation
:was calculated‘for each.value'of N and was typically'iG at»X = 602 and
£75 at h = 667A. | s -

’ Measurements from spec1mens whlch were los1ng coherency gave two

s dlfferent values for the wavelength For example, in spec1mens of alloy

L aged for 17 hours at 775 C. there were some areas w1th x ~ 97OK whlch were -

stlll fully coherent and contalned no 1nterfac1al d1slocat10ns, €y .
TFlg. 7(b) ' However, in- the other areas where 1nterfac1al dlslocatlons
" were present the wavelength was measured as. ~185OA

It wa.s found that the varlatlon of wavelength w1th aglng tlme for
coherent phases at the three- temperature con31dered could best be expressed
by the relat10nsh1p A« ktl/? as 1is shown 1n Flg. l7 Evaluatlon of the .
rate constant k for the three temperatures enabled an actlvatlon energy
.p for growth to be calculated A plot of log k3 v l/T gave a stralght llne

' whose slope corresponded to an actlvatlon energy of ~5O kcal/mole°

3.3 Measurenent of Curle Temperature and Mechanlcal Propertles

Typlcal results obtalned from the magnetlc analy51s apparatus are
,shown 1n Flg l8 Curve (a) shows the varlatlon of 1nduced voltage w1th
pﬁtemperature for a quenched spec1men of alloy 1s 6 is obtained by extra-
polatlon as-~257,C. The curve obtalned from a spec1men of pure nlckel 1s
j plotted'for'comparlson and gave 9 ~ 358° Curves (b)5'(c) and (d)
”vlllustrate the rapld change “that ocecurs 1n 9 ‘as the alloy is aged at
625=c Wlthln 1 m. at 625° c [curve (b)] 9 has 1ncreased to ~hsh° c, but .
%uchanges only sllghtly w1th further aglng for 15 m [curve (c )] and 5 hours
[curve (d)] The correspondlng compos1tlons of the.Nl/Fe-rlch reglonSv

‘ Can_be found dlrectly,from the varlatlon of Curle temperature,plotted in
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,1fig;v25 It canvbepseen'that'over SO%bchange in composition_has.occurfed »
" after 1 min. and the structureyconsists of Ni/Fe rlchﬁregions.containing
oo % . B o o B o _13 o ::‘,‘ l
The 0. l% yield stress of alloy 1 after quenchlng was ~10 kg/mm ,?
- and 1ncreased rapldly on, aglng-reachlng ~35.kg/nm€ "after 200 hours at
625 o and ~25 kg/mm after 200 hours at 775 c. Elongatlon values for '
:idecomposed alloys were in the range T- lO% and fractures were predomlnantly
' 1ntergranular. Durlng»aglng the Work hardenlng rateﬂmeasured at 2% straln
increased from éléO hg/mmé in the quenched alloy to ~l8O 190 kg/mm and
‘remalned approxlmately constant throughout the ag1ng sequence, i. €ey
‘ilndependently of whether the phases were coherent'orvseml-coherent
Flgures 19 and 20 summarlze the changes that oceur in yleld stress,_'
>Cur1e temperature and wavelength for. alloy 1 aged at’ 625 c and.775 Cu
EiComparlson to Flg. 2 shows that . the compos1t10ns (as 1ndlcated by Curle
temperatures) of the phases exceed that of the chemlcal splnodal 11m1t
:_w1th1n the flrst few mlnutes of aglng. Beyond thls the compos1tlon changes
more slowly‘to approach the'solvus llmlts correspondlng to the t1e llnes
';at 62590 andh775éc ' Thus, the compos1tlons ‘of . the phases on attaining
‘partial coherency (K ~lOOOA) lle outs1de the spinodal region 1ndlcated
lln Fig. 2. The plot of log (k - X ) V. log aglng time has & slope of 1/3
,as‘expected from the results of-Flgr 17,: b.ls the Wavelength at zero

“time,
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" 4. | DISCUSSION

' %.lx Partial‘Coherenéiv

Matrix dislocations in the spinodal are confined to the interface

Ny OVervmuch'of their length [as ln'fig. 6(0)];‘and'sincefthevinterface B
leanes are {001} it is”clear that only,screu'diSIOcations should be.

vn_capable'of'this restriction'and still remain'gliSSilé. The effect of '

.forces due to 1nternal stress and comp051tlonal gradlents on dlslocatlon

;‘behav10r_1n splnodals has been‘discussed by Cahn;(go) He calculated"
that thejstress'field'should cause glignment of the dislocations'partlcul-
arly at'largehcompositionalvamplitudes or at long warelengths.:'His ”

.calculatlons provide two convenlent extremes for the dlslocatlon behav1or.

A7 bE
B

o express1on is>1 the dlslocatlons Should be able to flex around the :‘

< 1 the dlslocatlons should be almost stralght whlle JAF thls

3vobstacles.
| In th1s express1on A ls the amplltude of the‘compos1tlonal fluctua-
' tlon,.n ls a parameter descrlblng the compos1t10nal dependence of lattice .
[vparameter, E is Young s modulus, B is eﬂ/x and 7 is the self energy of |
“the dlslocatlon (~Gb ) | | .

For an’ alloy whlch has symmetrlcally decomposed A ~ Ac/E and
;7 us1ng G ~ 3E/8 the above ratlo reduces to ~ 28%/3ﬂb Where 8. is the-mis-u
' ‘match parameter Whlch can ‘be’ obtalned from dlslocatlon spac1ngs us1ng the
| well‘known Brooks formula,S = b/d. In Flg. 6(c)5 ~ 06 A~ 635& and
:-usingfbtz 2>553 gives ~ 0'5 for'this expression. Alignments of dlSlOC&tlonS
is- thus observed at an earller stage than Cahn . predlcts, although the
»ev1dence of Flg. 6(a) 1ndlcates that when the wavelength is small allgn-'
b ment effects are not 1mportant -

There are two poss1b111t1es for the character of the 1nterfa01al

diSlOC&tlon'lf they have_a/2 (110) Burgers_vectors,'.For example,(éls-'
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'locations-whose:long directiOn is [100] in an (OOl)‘plane:can be either
‘pure edge with b t a/E[Oll] or a/2 [Oll], or.can be of mixed - character
..vnth b * a/2 [101] or 7 a/2 [iOl] at h5 to the dlslocatlon llnej The edge
.'dlslocatlon 1s expected to have the lowest overall energy and contrlbute

frmost to the rellef of mlsmathc. The mlsmatch direction is [OOl] for an .

~'_(OOl) plane ‘and so in any calculatlons the resolved edge component b sine

L5 must be used.

Dlslocatlons of the form a(lOO) may be expected for the most eff1c1ent

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

- dislocations if these Were of ‘the form a(100>rather than a/2 (110)

with B at U5° to the mismatch direction. However, even if the nucleation
Cfvinterfacial dislocations'with’such a large Burgers vector Weré energeti; :

cally favorable, they are not expected to be stable in CuNiFe alloys

‘because of the high anlsotropy ratlo.

The average dlslocatlon spacing at A 1n Flg. lO is ~200A whlch when .
corrected for the hO 50 1ncllnatlon of the hablt plane at A glves a .

true spac1ng of ~28OA. Uslng the formula of Brooks, q = b/d = E—E—§%25&2~,

' and assumlng b( ) = 2, 55A glves o~ O 6#% ' The average dlslocation

spac1ng near the top of Fig. 4(d) and (e) wag measured as ~500A g1v1ng
g ~ O 60% ' This-value of mismatch was checked from the [001] aiffraction p;

pattérn shown in Flg. 11. Measurement of. the split in (440). reflectlon

: gaVe'c”~wO 5% For an alloy whose compos1tion was- close to that- of alloy

(7

reported 0~ l% from his x-ray work: after aglng at 800 C.

'_for 2h hours. An 1nteresting result is that loss of coherency occurs

flrst by the generatlon of parallel dislocations to relieve mismatch '

but w1th the Burgers vectors at h5 to the mismatch dlrection (Fig. lO)

In such an event, the structure must become tetragonal (at least locally)

11n onev(or'both) of_the phases. Thls_was.proved to~be-theycase\by the
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' dlffractlon patterns, e. g., Flg. ll.> A'retnrn to 'cuhic symmetry occurs
only When a second set of dlslocatlons is created‘to relleve the mlsmatch
?completelyg » T
| . Figure.ll.was:taken using‘selected_arearoiffraction-over a small;‘__“
- regién in theifoil'containing just one set of (Qloj lnterfaces. - The
.direction'of»splitting is'perpendicular to theselhabit-planes, ise%, is
.‘along the mismatch‘direction expected for;cuhic;tetragonal:interfaces:
There is no splitting in the [100] direction,:so'there is no mismatch”
bin_the plane of'the'interface. This-resnlt_ls in agreement_with_the'X;ray'
"'w0rkiof:Hargreaves(7)_who_detected tetragonality after.Qh hrs. at 8009C"
pi_in a 50 Cu-35 Ni-lS Fe-alloy;‘ As coarsenlng contlnues, the number of
l.dislocations at the‘interface’v.1ncreases (although thelr spa01ng remains
vapproxamately constant) untll eventually dlslocatlon networks are developed“l
‘jCFlgs.-IQ 1&) Thes< ‘networks: are" orthogonal W1th the long dlrectlon

- of the dlslocatlons generally in (lOO) although there are “some dev1at10nsﬂ_

’from thls as the 1nterface rotates or becomes 1rregular. -The-networks-are

,probably a result of the 1nteract10ns of the a/2 (110) 1nterfac1al dlsloca- o

tlons._ For example, on. the (OOl) plane, an a/2 [110] dlslocatlon may be
| formed from the a/2 [Oll] and af2 [lOI] of ‘edge’ character that already
exist. This resultant dlslocatlon can have elthex-an [OlO] or;[lOO]
longvdirection and so'is of mixed character with'it< b-in the plane.of’
tthe 1nterface.' When the- phases are cublc, there are three dlrectlons of

) mlsmatch two in the 1nterface plane and one along the plane normal

"Wlth a network of a/2 (110) dlslocatlons, each b would make -an angle of
1”.;&5 to two of the. three’p0331ble mlsmatch dlrectlons. 'Thls arrangement

-tls expected to prov1de max1mum rellef ‘of mlsmatch cons1stant W1th mlnl- ‘._

v.mum,overall energy. It appears llkely, therefore, that the formatlon of

'-f_Such complete networks of ;nterfac1al dislocatiOnS'is a resurt of the'
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transformation from tetragonal back to cublc structures. The'x—ray
'w0rk of Hargreaves confirms thls suggestlon, ey he found cubic phases
after‘2ho~hrst at 800|C-compared with the.EOO hr, 775 C heat treatment
considered in this analysis.

In summary, the phase transformations in this system may be'Written ‘

5 [yy + ] by,

.‘yfcc- fee [7 Vé]tetragonal vé]equil. cubic
' coherent partial = . partlal
: ‘ -coherency' o coherency

Loss of coherency occurs around x ~ 95OA during aging at T75°C and
:isomewhere between 800 155QA during 7OO C aging. Aging at. 625 C for 9hOh
H. (x ~ lO8OA) did not produce 1nterfac1al dislocations.
Possible mechanisms for the loss of coherency in several precipitate
,systems have been 1nvest1gated by Weatherly and Nicholson.( 3) They |

_fbund that spherlcal preclpitates of ¥* in a Ni- base. alloy and needle-

'_1shaped B' ande prec1pitates in Al—Mg-Sl and‘Al-Cu—Mg alloys all'lost

coherency by the attraction of mtrix dislocatlons to their interfaces.k ;
Weatherly and Nicholson also found that 9' plates in a Al Cu alloy lost .
', coherency by the nucleation and- growth of small dislocation loops inside f
Lthe preccpitate.t Another mechanism whereby prec1p1tates can lose cohe- |

- rency: Whlch is 1ndependent of particle gize and depends only on the mismatch
<21) |

' exceedlng a crltlcal value is the punchlng of dlslocation 1oops

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

o CuNiFe alloys then decomposltlon at 625 should produce loss of coherency:"

before decompos1tlon at T75°¢C because the mismatch between the two phasesigi
' decreases w1th 1ncreas1ng temperature. However, the exact opposite of
thls is observed whlch ig also in dlsagreement w1th the calculations of :

de Fontaine( 2) . which suggest that the ma.ximum average wavelength before
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: coherencyeis;lost Should be lnversehy proporitonal.toin the'fractional
change‘in lattice parameter:perlunit change in composition. -For.de”
Fontalne 8 calculatlons to agree w1th the observatlons made in thlS
1nvest1gatlon, n must be larger at the hlgher aging temperature, and
'ZThﬁs the mechanivainvolved\the nucleation'and growth,of dislocatidne
. - , : « . . i
'_ loops or the'punching of diSlocation loops,,then'the maximum5wavelengthl-
"attained before coherency‘is lost.should'be smaller.at.the lomer aging.
' .femperature,vwhich lt isfnot.,'It seems-probable»that some?lnterfaciali
_dlslocatlons.must.be:spontaneously,nucleated at the fnterfacerwhen thé?
fiwavelenéth reachesﬁ a certain‘value. There Will be an activation‘energy
'”]for this nucleatlon process whlch w1ll be temperature dependent and th1s
‘7m1ght explaln why spe01mens aged at 775 C lost coherency at a shorter
wavelength than at 625 C.  Some support for. this suggestlon canes from
the dlrect ev1dence for spontaneous nucleatlon of 1nterface dlslocatlons

(Qh)

durlng growth obtalned by Hren and.Thomas +in Al-Ag alloys.

- The absence of pre01pltatlon on dlslocationsfor at grain'boundaries_‘
v1s conflrmatlon that nucleatlon is homogeneous‘as expected for an alloy
_W1th1n the sPlnodal Graln boundary' prec1p1tatlon in alloy l aged at 775 C.
was however detected after ~ 17 hours - (Flg. 8(a)) and after ~ 500 hours

vhad developed 1nto networks. ThlS process is. consequence “of the growth

1': of ‘the phases that are adgacent to the boundary and c01nc1des w1th the

“'1oss of coherency in the structure. Once coherency 1s lost growth 1s no.
 longer . restrlcted to the {lOO} plane and phases located near the boun—
“darles can coalesce. A poss1b1e reason for the accelerated rate adJacent
e»pto the boundary could be the easier nucleatlon or cllmb of the 1nterfac1al ;
dlslocatlons or enhanced graln boundary dlfoSIOn. Slmllar graln boun-b.

':dary preclpltate has been observed in Au—Pt alloys by Tledema et al(25)
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h 2 Mode and Kinetics of Decom9031tion

The comp051tion of alloy two is very close to the spinodal curve at

. 6é5 0(9) and'allgnment develOps-by selectlve.growth . The connect1v1ty

(26) o

of'multiphase structures has heen treatedftheoretically_by Cahn;_

found that a high'degree of connectivity.is expected for phases Whose

'volume fraction ig greater than ~20% (alloy l)‘whereas at volumefractions
h"less than this 1solated aggregates or holes of the minor phase should be

- formed (alloy'2). The change 1n'morphology g01ng fromvalloyel_tolalloy 2

v(compare.Fig."9JWith Figs. H,15, etc) is.thus a consequence‘of,the_change

in the relative’volume fractiontof the two phases. However, even in alloy

-1 the structure appears to be ‘that of the Ni/Fe phase embedded in a- Cu-

erlch matrix rather than an 1dea11zed continuum.

Alloys of different compos1tion along a t1e line decompose at any
temperature to give structures dlfferlng only in-the relatlve volume v
fraction of eachvphase. For alloy systems where the effect of coherency

strains are'small the coherent*spinodal and chemlcal.spinodal w1ll bef”

'1n approx1mately the same p031tion. The chemical spinodalvcurve'cannhe

(:Lh) |

htcalculated by the formula of COOk and' Hllllard lo

' es'-hcc.s( é}‘ c )[1 - O. h22 (T/T )] N B v.t s;é_

“uhere c,sand-ce areuthe:spinodal and equilibrium compositions.at‘tempera-i
‘ture T, "and‘c is the crltical compos1t10n at the crltical temperature T .

Assuming the phases reach the equilibrium tie-llne comp031tions the rela- ..

tive volume fractions of the 2 phasesvat the,sp1nodal;compos1tion are;

. . D g el

5 . e s o
p.'”zlfl T.f;“"nvp-;v : Q(Qéi- c.)
ir the»decomposition is symmetrical. Rearranginngook_and Hilliard's
formula_glves.fl/fl fp = 0.21 r/rg, s0 W;Fh_T/?C;; 0 8,_f1/;l_ £y~ 1T
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vand as T —»T o’ f /f -+ f2 -5 21. Hence, thevmlcrostructure of alloys
located 1ns1de the splnodal should consist of decomposed phases w1th
-volume fract1ons lylng between 2 and 8 Isolated partlcles whlch allgn

‘ by selective growth are expected 1n decomposed structures w1th compos1tlons
elther outs1de or lylng cloge to the splnodal curve, AS’the alloy com-

'ffpos1tlon enters the-splnodal the-relatlve volume fractionrincreaseS-and”

(27) |

. the crltlcal s1ze for allgnment should decrease. The structure should'

-be rod or plate llke and become more and more 1nterconnected. For alloy o
'composltlons outs1de‘the splnodal, preferentlal nucleatlon on . dlslocatlons(E):‘
or on other defects is expected because the free energy for nucleatlon 1s
not zero-rn this region. - o |
The values of wavelength reported by Hlllert et al. (9) arevrnzgood C
agreement w1th those obtalned 1n this paper. Hlllert et al found fron
x-ray:dlffractlon that A waS‘~179A for a 56 Cu-Bl N1;15 Fe alloy aged‘
i at 625 C for 1 hour, compared to A~ l5OA found in thls 1nvest1gatlon.v
.:The d1screpancy is probably dve to the fact that in Hlllert's work thec‘
falloys were not quenched from the solutlon treatment temperature but
“”were 1sothermally transformed Decomp031t10n would be expected before.
':the aglng temperature were reached as soon as the speclmen temperature
'llcrossed the splnodal resultdng in structures W1th a sllghtly greatert
wavelength _h | :
Inltlal detectlon of the s1de bands appears to depend largely on the

(28)

_xuray technlque used, and so. 1t is: clear that X~ rays along should

not be used for measurlng the wavelength in splnodals because decompos1- o
tion  can take place before the 1ntens1ty of the 31de bands is sufflclent

(2 5,28)

for them to be observed A further llmltatlon is that the side _'

band spac1ng decreases with aglng t1me as the wavelength grows, and even-_
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tually cannot be‘measured The results on the correlatron of loss of
coherency and formatlon of 1nterface dlslocatlons w1th changes from cub1c
tetragonal symmetr3 are. in: agreement With the suggestions of Hargreaves (7)
| The klnetlcs of growth of the wavelength at the three temperatures _
: studled obeys the law N« ktlZB, cons1stent with thevtheormes of coaree
,,Tsening where.large particles grow.at theieXpense;of.small.ones by a i
gdlffus1on controlled mechan1sm. The theory.ofjparticle‘coarsenfng'was

(29) (30).

developed by Llfshltz and Slyozov and‘Wagner for spheres spatl-
ally dlstrlbuted at random coarsenlng at constant volume fractlon 1n a
'fluld system, but has been shown to apply in several non- 1deal solld '

(51)

,‘systems. In the Fe-Cu system,Spelch and Orlanl found that the dev1—

atlon in shape and the 1nternal stress flelds of the Cu partlcles dld not
'kaffect the valldlty of the theory and a tl/5 law was obeyed 'Thls wasvvx

(3)

also found to be the case in Ni Al alloys v where there are allgnment :

:v effects due to the selectlve growth of the 7 . The actlvatlon energy,@

‘vfor coarsenlng was found 1n th1s 1nvest1gatlon to be ~5O kcal/mole. -
'_'lellert et al (9) has calculated that an addltlonal ~lO kcal/mole ;i;f;”..
.necessary to take 1nto account the temperature dependence of the free »f
'energy change. The resultant ~6O kcal/mole is then in agreement w1th
;»the actlvatlon energy of dlffus1on of 66 kcal/mole reported by Danlel
and Llpson and Hlllert et al. |

The main dr1v1ng force for the coarsenlng process is the reductlon )

o lnvlnterfac1al energy. A dlstrlbutlon of" wavelengths ex1sts at all stages
.and by dlssolutlon of smaller partlcles 1n selected areas, adJacent ones ;'
can grow. Growth 1s ass1sted by the presence of numerous dlscontlnultles .
~in the per10d1c1ty of the structure. These 1mperfectlons.have been reported

(3)

t1n Alnlco alloys by de Vos who noted that they glve a visual 1mpress1on )
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of dislocationn‘lines. An-increasehin wavelength'would thus result it
these "dislocations" were.to ﬁclim . Tn Flg; 5 inperfections are visible'
at A_and‘B where dissolution has occurred resulting ln-a‘thickening'of

the adjacent particles. The coarsening rate is accelerated as coherency'v
. is lost, (when the dr1v1ng force 1s now largely elastlc) but 1nsuff1c1ent

1/3

data is available to say whether or not'the t law stlll applles, but
with Just a different rate'constant An 1ncrease in rate constant mlght
‘be produced by a modlflcatlon of the 1nterfa01al energy due to the pre— o
sence of the dlslocatlons, or an entlrely dlfferent process may ex1st _ 3,v
ﬁcontrolled by the rate of climb of the dlslocatlons.,‘ |

The- wavelength of the first transformatlon product can be calcu-' o

(33)

' lated from splnodal theory and has been deflned as the”wavelength :
:whlch maximizes the ratlo of the free energy change to d1ffus1on dlstance.g-
Hlllert et al. extrapolated thelr data to zZero t1me and found values of
1n1t1al wavelength whlch were larger than thelr calculatlons predlcted.
. Typlcally at T/T '~O 8 (correspondlng to the 625° C aglng temperature)
.?'they extrapolated X as ~9%A agalnst a predlcted K of ~43A for a 56

‘ Cu-Bl N1 13 Fe alloy. When extrapolated, the coarsenlng plot from alloy

'"5:1 shown in Fig.- l7 1nd1cates that the initial wavelengths are about 30 -

'to 35A

The results of the magnetlc measurementsrshow that the compos1t10n
:changes in the CuNlFe splnodal ‘oceur at a rapld rate, ‘with about 82% of
the compos1t10n changes taklng place w1th1n l min. at 625 C, and about
'98% change after 1 hour at 625 C The changes in 9 can be accurately
related to the changes in comp031t10n by Flg. 2, where a i7 C error in the-
4-'.measurement of 9 reflects a change of only +] at % Cu along the tle-f

llne. From Flg. 2 the equlllbrlum comp031t10ns at 625 C and 775 C should :

have Curle temperature of ~508°C and ~h35 C resPectlvely, ‘which are in
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_’good'agreement nith the meaSured>Values;l The Ourle temperatures are sharp
~and hence correspond to a unlque compos1tlon of the Nl/Fe rlch phase after
iany partlcular heat treatment : ThlS ev1dence-1nd1cates that the;cdnposltlonw-
fluctuationS'are best expressed-by'atsquare rather than'sine wave as
1nd1cated by the mlcrographs and 51de band patterns. /Thls conclusion uas

(34)

also reached by Nagaraaan and Fllnn who used’ Mbssbauer spectroscopy

- to detect early changes in compos1tlon when CuNiFe alloys were aged. |
Theyualso found'an initial rapid increase in the.volume fraction_oflnon_
magnetice(Cu-rich) phase'by-this techniQue. ‘It appears llkely;ktherefore,
that the volume fractlon of the two- phases changes in a s1m11ar manner

to the comp031tlon, becomlng approx1mately constant after an 1n1t1ally

sharp 1ncreaser

4.3 Age Hardenlng

The . low yiéld stress of the quenched alloy is. addltlonal ev1dence
V'together with the results of’Flgs. (a) and l6(a) that - decompos1tlon has
" not occurred_during.the'quench.- The maJorlty of the dlslocatlons in. de;._lh
forned'specimens:With ooherent mlcr0structures-appeared in. densefrbands;‘
-Some of the dlslocatlons were allgned along the 1nterface, whlle others*
"flexed around the'lnterfaces. The decomposed structures is hlghly 1nter-'
‘ connected, and sllp dlslocatlons have no ch01ce but to shear through
}both phases, produ01ng no notlceable change in w0rk hardenlng rate when
‘the structure becomes partlally coherent. Deformatlon of mlcrostructures.h7=
- which contalned 1nterfac1al d1slocatlons agaln showed.s1gns of shearlng
. W1th the interfacial. dlslocatlons playlng no part in the Sllp process."
.The 1nteract1on between Sllp and 1nterfac1al d1slocatlons is a mlnor effect‘
and for any partlcular Sllp system probably only ex1sts for certaln I

orlentatlons of the partlcles. '

S

Flgures 19 and 20 summarlze the ‘results’. and allow the follow1ng con-

vclusrons to be drawn:.



2eh- UcRL-188%0

' (l) I&m;yiéldt‘stress can-inCrease‘withvincreasingfwavelength at -
approkimately constant'Curie temperature, €eLe, 2-5um;A775°C, ho-éOO'ho
6250 | R - |

(2) The yield stress is approx1mately constant even after the.onset
of partial coherency although the wavelength.is BEI1L increasing,‘e.g.,t
4o h 775°C. SR : | ||

- These conclusions do not suggest a simple_relatiOnship betWeen.vield
'Stress, wavelength and Curie temperature (composition),. Usiq;‘h and OC
asiparameters,rvarious relationships were'tried to explain thepvariatlon
}-in-yieldrstress but none were very successful. The most satisfactory.:
results were obtalned by a plot of yleld stress v. Curle temperature,'
shown in Flg. 21 wh1ch gave a stralght llne through most of the data but )
with some‘dev1atlons, notlceably at small wavelengths. A stralght llne
couLiaJso be drawn Just through the 625 C points in Flg. 21, but the -
.maJorlty'of the data would-then not be in agreement w1th'suchua plot, Toﬂ
lva flrst approx1matlon the yleld stress is thus. proportlonal to the |
"amplltude of the compos1t10n fluctuatlons, A : However, th1s result is
stlll ot concluslve .s1nce changes in composltlon will. produce changes
:in hoth 1attice parameter'and shear modulus of the two‘phases, and e;ther
(or both) of these parameters may control the hardenlng mechanlsm.

E Any theory proposed to explaln the age. hardenlng mechanlsm in
CuNlFe alloys must apply at-both»the aging temperatures studled-and
should be capable of predlctlng approx1mately correct values of yleld

(35) - The theorles that have_

(20,35- ho)

stress for other splnodals such ‘as Au-Pt
‘been-: proposed and can apply to splnodal systems have been-.f
vconsidered using N and_ec as varylng.parameters and bearing in mindfthe'

fconclusions'ofAthe'previous.sections In order to test the theories the
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,: assumptioh was made that the'composition'changespdeduced'from the measure-
Ament:ofiec were faithfullyvreflected as‘a differehCedih lattice parameter

or‘sheer‘modulusvbetween;the.two.phases;: Estimated Values_of‘thevmaximum ‘
. possihle-difference in thesebtwo parameters ih'the CuNiFe and Au?t systems
which were used'forienelysis arevlistedtin_Table 2.h.These velues:havev' |
',beehbcalculated assuhdng'the sheer moduiii»and lattice parameters vary
llhearly Wlth compos1tlon ard the phases reach the equlllbrlum ccnpos1tlons
estlmated from the phase dlagrams. The detalls of - this appralsal are
summarlzed in the appendlx.

The theory whlch most closely agrees W1th experlment is that of Mott

68

__and Nabarro in whlch the yleld stress is- determlned by the 1nternal:
_stress flelds.' The theory was developed for structures contalnlng a
ﬁ small volume fractlon of spherlcal prec1p1tates and SO.lS not strlctly
'fappllcable to alloy 1 However it- predlcts the observed yreld stress
and is supported by the dlrectlon observatlons of F1g.p6(b) and 6(c)'
‘and the llnea' dependence of yleld stress w1th €. One.mlght expect the".
1nterna1 stresses to- decrease when the tetragonalr»cubic change oceurs’
:',("200 hrs. aglng at 775 C Fig. 20) S0 that on long overaglng ol is ex-
:pected tO'decrease.. Unfortunately thrs eannot be tested experlmentallv ‘
- beeause onrsuch overaging drastic precipitétion ohanges occur at the grein

g boundarles (Flg. 8(0)) S0 that the mechanlcal propertles no longer depend

on the splnodal characterlstlcs.
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:_ 5, SUMMARYAND coNc'LUSIONs
The microstructure of the spinodal initlally con51sts of rod like
blocks separated by difoSe 1nterfaces whieh develop into distinct planer
',{100] 1nterfaces as the_wavelength enlarges. As:the compositional
,amplitude and wavelength develop; matrix dislocations become restrictedtj“
sover much of their length to the interface between the two' phases. Even}
_:tually cdherency is lost and a/2 (110) 1nterfac1al dislocations of edge |
" character w1th thelr Burgers vector at 45 to the mismatch direction are .
| created. Finally, dlslocatlon networks are produced and ‘the habit plane';c:
tecomes 1rregular and in place appears to rotate to (110). .
Coherency is lost during aging at 775 C when the wavelength reaches
“‘~95OA The max1mum wavelength attained before 1nterfacial dislocations
‘are observed is greater at the lower aging temperature and suggests a
temperature dependent nucleation process for the interfacial dislocations
;rather than a mechanism controlled by the mismatch parameters The-loss
of cohrerenqy appears to oceur in a two stage process-—firstly, s1ngle |
epparallel dislocation arrays are formed and the structure of the phases .
: becomes tetragonal, secondly; a grid of dlslocations is formed on
vlong overaglng and the structures becone cubic agahl.‘-. |
Associated w1th the loss of coherency is the observation of grain
boundary preclpitatlon ‘which grows and eventually forms a complete grain |
lboundary network. - |
In sp1nodal systems where the coherency strains are small, micro-'.
fstructures containing less than ~20% volume fraction of e of the phases

'are not expected to Iie 1nside the spinodal. Such microstructures (as in s
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alloy 2) should consist of 1solated cubes of the minor phase which align
along (lOO) by selectlve growth. ' |

'I‘he partlcles grow obey:Lng the 7\ ktl/B‘

‘laufdevelopedlfor coarsen—
ing in & ,fluid system. The-actlvatlon energy for coarsening is'about 50
kcal/mole correspondlng to that of matrlx dlffusion and in agreement with
'prev1ous measurements. Coarsenlng depends on'a. distrlbutlon of wavelengthsv

" and their qelectlve growth of d1s501ution. This is assisted.by the by

presence of numerous imperfections in the'periodicity of the structure.

'-eAs coherency is lost the coarsenlng rate is accelerated.

The 1n1t1al comp051t10n fluctuatlonsoccur very rapldly and are
best descrlbed by:a square‘rather than 8 gine wave. 'They are large in .
‘.7amplitude\(overv82% compositional change'occurring withln 1 min. at‘625°c)_':
' but.are on a small-scale over regions 420-303 in-size.: Asfexpected ln -
lsplnodal, nucleatlon is homogeneous with no ev1dence of heterogeneous
prec1p1tatlon,on dlslocatlons or grain boundaries. Coarsenlng takes -
. place at'approximately'constant volume fraction With the phaseS‘slowlyrﬁ
approachlng and eventually reachlng the equillbrlum tie—llne conpositions.

Durlng deformatlon of the splnodal most of the dislocatlons remaln

nearly stralght and shear through the particles. In microstructures that'
‘are 1031ng coherency the 1nteraction between slip and interfacial dis-.oﬁ :
locatlons 1s a mlnor one, and does not produce a noticeable change in. the
-,work hardening rate. The, age hardening of the spinodal is controlled by
the dlfference in lattice parameter of the two phases and 1s almost in-
: dependent of the Wavelength. of the»theories of the yleld stress that:
.:ucan be used $o explain the age’ hardenlng response 1n.spinodals, the Mott-
Nabarro theory of internal stresses in prlnciple explains the present S
© results and can account for the varlatlon of yield stress in both the o

=CuN1Fe and the AuPt systems.‘

3
[
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J.TABLE 2
Shear Modulus G kg/mm X lO

ca - Wi

5.56 - 967

Fe  Au Pt
8.8 3.23 6.37

‘Alloy

- Heat.
Treatment

| _Meam‘edzyte-m
“stress kg/mme

Estlmated'comp031tlonr
and shear-quuluii of

2 phases

kgﬁmn X 1.0'75

Max AG

kg/mP x 107 (A)

Ma§ Aa
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Le, (R)

Lo = 8,8
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33,5 M. |
15,0 Fe -

‘average

grain size | .

- ~,06 mm
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1 16n 625
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11 56-53 G ~.8’.9

81-17-2 G635

2.6  ' ;  ~0b5 1

930(37)

Jon 775°

‘xf~=133oﬁ
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T8-19-3
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A
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~.021

‘(segtionlhai)' 
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"',average . e
. ‘grain 31ze. T
-~ 07 mn

S e
AN~ 160A .-
a ~ 4,024 -

I SR o

o 80¥20':, G ~ 3.9

2?98 ) § §\6;3

.A' ”21h>" :. B ;‘12

*_ ' ; Lo e T
Data for Au-Pt taken from Carpenters work (35).
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B APPENDTX _
TESTS OF SPINODAL HARDENING THEORIES ;‘
Using the eriteria.developed in_section'h;B‘and the data of Tabléf?,
the following summarizes the experimentalltests3of.the various theories
Vgof spinodal‘hardening.f

Mott and Nabarro (1940)

Mott and Nabarro(3 ) proposed that because of the dlfference in |
atomlc volume that exists between two coherent phases there Wlll be an
1nternal stress fleld Wthh W1ll-oppose'd1slocatlon motlon. zIn a splnodal
system thls elastlc straln fleld will have the same wavelength as the
compos1t10n fluctuatlons and will produce allgnment effects as. observed

(20)

iand dlscussed in h.l; As Cahn has p01nted out crossesllp -

of the dislooations isvof no- use in av01d;ng these internalﬁstrains beQ'
canse_thé;arrangenent is identioal on all*{lll}planes;' For spherical
‘>preoipitates, the’theory‘prediots_an average internal stress.independent
‘of particle‘size but dependent on.the sizelfactortbetween solute and o
'.isolvent atom, €, and the volume fraction of precipitating phase, £ which
is given‘by J . | : | | |
| oy - 20et .

" wherevG is the average shear'ﬁodulus.‘vIf,the'elastio)oonstantslin the .
_two phasesfdo‘not differ'appreciably and‘Poissons-ratio is‘él/B,.thenf>
€ ~ 28/3. Substituting f ~ 1/2 G :~ 7 X 107 kg/mm and B ~ Aa/a Wlth |

3-Aa ~ 1.3 X 103(k Jacy ) where k. is a proportlona-

a ~Je 58A gives o ~ l 3 X lO
llty-factor. ThlS predlcted behav1or is 1n agreement with the results . of
' Figs. l9éél; Us1ng the values of" Aa glven in Table 2 - givas Ui ~39' f“rw.
| kg/mm for the 625 C aging, and ~27 kg/mm for the T75° ¢ aging. These

.values'are in very good agreement w1th the measured yield stress_and
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fm along.with the evidence of Flgs..6(b).and'6(c) strongly suggest that the -
‘h.lnternal stress field controls dlslocatlon motlon in the splnodal
| Thenlnternal stress fleld;can be estlmatedAby measurlng_the radius:
.:of curvature.of the diSlocation;_r, and using the formula |
| LA Gb/er |
"At p01nt A in Flg. 6( ) r o~ 230A and using the values of G and b as be-

fore, then o5 ~ 58 kg/mm compared to the measured yleldvstressqof the- u
. alloy after thls heat treatment of ~ 25 kg/mm ,"The measured yield1‘
':stress depends on the averaglng out of forces that alternate in s1gn and-
is expected to be smaller than the actual 1nternal stress max1ma at any
%p01nt. | | | |

The.theory'predicts a linear.dependencelof'yleld:stressiwith changes

in lattice parameter whi%h is.in’agreement with the.results'of'fié@'él’
However, the Mott-Nabarro theory also predlcts a- volume fractlon depen—

(37)

dence'whlch was notnfound.‘byrDahlgren 1n thls system.: He reported4__‘
7that alloys with-compositions aloné‘a t1e-l1ne aged at the}same.temperae

ture had approx1mately the same yleld stress even though the volume frac-
tlon varled from 0.25 to O 50 tht and.Nabarro s theory was developed for
s:a small volume fractlon of spherlcal prec1p1tates and the volume fractlon

dependence may not ex1st if f is large or if there 1s a: change of morpho—

logy.

. Fleischer (1960) -
FleiScher(38)suggested,that the imagé_forces on a disloCation as:i
it approaches a reglon in a crystal w1th a dlfferent elastlc modulus may

ibe large enough to make an 1mportant contrlbutlon to hardenlng. In a.

(59)

fulfh@r paper he derlved a formula to estlmate this effect and applled
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‘his calculations to hardening due to thinwzones in an Al - 2% Cu alloy.
The stress on a screw dislocation a distance x from' the precipitate inter-"
face is given by

—_— A a
e = B (am)

-Where OG 1s the dlfference in shear modulus between matrlx and prec1p1tate,
5 is. the Burgers vector of the d1slocatlon and a 1s the thlckness of :
prec1p1tate~measured along the slip plane.‘ For {lll} (110) Sllp in alloy
1 where £ ~ 1/2, a ~~f3x/2 and a reasonable value of x of ~ 2.5b has been
suggested by Flelscher. Us1ng these values and AG from Table 2 glves
AG ho kg/mm from the 625° C and ~ 35 kg/mm from the 775 C data. By
taking X ~ 35 values are obtained wh;ch are,ln,agreement with the measured
: yalues,'and if-the'changes in 4G are proportional to changesvin composition
lthen the y1eld stress should be llnear with 9 ~in agreement w1th the
:v results of Flg. 21, By sultable ch01ce of the parameter x, the theory
'1s also able to explaln the apparent y1eld stress dependence on wave-
length when A is smallv and the (a/a+x)rterm becomes'lmportant. .The'.'
- 'theory predlcts ‘the observed results of. yleld stress dependent soley on‘
) AG only when a is large compared to X. |
However, there arevtwo serlous cr1t1c1sms of Flelscher S theory Whlch _
i'canrbe nadé. Flrstly, the 1mage forces On-a dlslocatlon 1ncrease'as.1t
:'approaches the 1nterface and so allgnment effects along the interface are
not expected.v Instead, matrix dlslocatlons should 11e preferentlally in
the phase where their overall energy 1s.lowest ' Th1s would be the Cu—
»rich'phaee'where'the shearvmodulus is less7than in the Ni/Fe r1ch phase
although the requlred Burgers vector is s11ghtly greater in- the Cu- rich’

phase ‘ Secondly, splnodal decompos1t10n in the Au-Pt system produces :



=33- . UCcRL-188k0

gstructures.with.yield stresses“of the orderfof 70480'kg/mﬁzand.fhé.theory
'.does not appear able to explaln such hngh values.i Calculations of the-
'max1mum poss1b1e value of G (Table 2) 1ndlcate that this is the same
.order of-magnltude as 1n_the CuNlFevsystem. .

Cahn‘(126l) . o | g -

. o oL (20)

Cahns theory of hardenlng by spinodal decomp051tlon has alrgady
been ment ioned in'h.l."He_calculated that the forces on diSlocationsﬂdue:
. to the internal stress field were the-most important and other forces such
‘”as due to the varlatlon of energy of the dlslocatlon with pos1tlon or .
chemlcal hardenlng could be 1gnored. The theory predlcts that for {lll}

(110).s11p the applled stress necessary to move an edge dislocation Wlll-
be ‘given hy: o -

x AQnQEEb

o =

* Vopy | |

" Where the terms are defined in 4.1 7 is defined'as l/a.Aa/Ac for small
COmposition fluctuations, i.e. 1t is thedsame‘as the parameter e used by

'Mott'and Nabarro;- For decomposition of an alloy'in the center'ofvmisci: '

. .blllty gap A -Ac/2 and u31ng the relatlonshlp .8 ~ Aa/a glves An ~

| AC/2 l/a Aa/AC ~ 5/2 ASSumlng-E ~ SG/3 the aPPlled‘stressa reduces to”

o ~ 8 - 8 GM ~ O 2 . S__C_}A

a g P P

- Using the’ééffcidata frem»Table'é’“with G';17.6 X 107 kg/mﬁ? gives q: |
.,~ IB"Rg/mm?.> Using the 775 data and G ~ 7 b5 % lO5 Ké/mmédéipes'oa*~t'
.28 kg/mm . ; v _ .v . B -.t_“,:_ |
The theory is thus only able to account for the measured yleld
‘stress when A is large, and predlcts a llnear dependence of yleld stressh

an(AG .vx), Whlch was not found. From Flg. 19 as - x increases from ~6OA
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to.; 6002 at approximately conStant:anplitudebthe measured'yield stress_‘
.:1ncreases by a factor of ~2 rather than a factor of lO.
Cahn also con31dered the case of dlslocatlons able to curl around
-vobstacles and Sllp through the openlng between partlcles. This is the.
analogy of Orowan hardenlng and Cahn calculated that the stress for such
a process depended on the’ rec1procal 2/3 power of the wavelength The
separatlon between partlcles is ~ k/2 in a symmetrlcal alloy and u31ng
‘Cahn s formula the dlslocatlon can sllp through the openlng 1f o > th/K
 From the-775 C data with o ~ 25 kg/mm A must be greater»than ~ 3000A
hfor this-process.to occur. At such large Wavelengths, coherency has
’been lost and the deformatlon characterlstlcs of specunens are probably :
Vdetermlned by the graln boundary‘precipitations -

Dahlgren (1966)
(37)

Dahlgren 1nvest1gated the yleld stress of several CuNlFe alloys
'.and concluded that the yleld stress was proport1onal to the dlfference in :
lattlce parameters of the two phases but appeared to be 1ndependent of ..
volume fractlon W1th1n certaln llmlts and almost 1ndependent of wave- 'b-
L length. The results of the present 1nvest1gatlon are generally 1n agree-l

bment wlth these.conclusions,:which.also enablevthe higher yield stressiin
| AuPt alloys to be satlsfactorlly explalned if the mlsmatch is ~ tw1ce';

*that of CuNlFe, i.es v_13~ .06A - This value of Aa is poss1ble in the Au-
;'th system (Table 2) where the coherency stralns probably llmlt the phases.
from reachlng the equlllbrlum t1e line- compos1t10ns. -

Ghlsta and Nix (19691

(ko

Ghista and Nix ) used ‘a theoretlcal approach w1th a dlslocatlon

mode] to explaln the strength of elastlcally 1nhomogeneous materlals. _'he_

elastlc energy of dlslocatlons in such materlals will vary,w1th pos1t1on’



5. UCRL,-18840

as the lshear modulus fluctuates berlodlcally Assumlng a sine wave-
fluctuatlon the theory predlcts that the yleld stress should « AG/?\

Using select‘ed yalue_s of these _parameters ,Ghl_sta and Nix were able to
ex‘ialain _the‘ yié‘ld stress of a Au-Pt a‘lloy. .after a pértiéﬁlaf heat treat-
me,nt_. Thé _-thébry cannot go further fhan thls, _ho'ﬁevex’*",‘- and it is incapable
o of e‘xplain'in‘g. the ;}iéld stress“vofvii{:'s variation in the‘ CuliFe system. A '

: reciprécal r;elat_ioriship of yiéld sti’ess with A is not ob.ser.'ved, and thé :

estimated value of AG in both s'ys‘tve_ms is about fhe_ same.
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Fig, 1-

. Fig, 2

. Fig. 3

' Fig;"M
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FIGURE CAPTIONS
Ternary equilibrium diagfam for the CuNiFe system showing the

tle-llnes with the 625°C and 775 C sol¥us lines (13) and the

' composltlons of alloys 1 and 2..

The pseudo blnary sectlon of.the CulliFe system usedvin this in—

i
i

vestlgatlon. X and Y are the expected equlllbrlum tie- llne

: compos1tlons of the decomposed phases When alloy 1 48 aged at

625°C. (13)‘ The chemical splnodal was calculated using T o " 825 ¢
and c_ ~ 0.50 fram Ref. (14). The. Curle’temperatures of the
quenched alloys Were taken from Ref (13) with- the exceptlon of
the open 01rcle correspondlng to alloy l. K
Transm1ss1on electron mlcrographs of alloy l (a) fast quenched
show1ng no sign of decompos1tlon, (b) aged l mln 625 C shOW1ng-
very flne rod shaped partlcles ~ BOA in s1ze (x I~ 6OA)

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

251+A (c) 5 hrs. N 6351l (a) 17 hrs. A ~ 970A (e) ko hrs. x -

'1330A (f) 200 hrs. A > 5000A The mlcrostructure 1n1t1ally

vcons1sts-of irregular rod-like partlcles separatedfby diffuse

interfaces () which during coarsening develop distinct planar

. vlnterfaces (c), and eventually lose coherency (d f) Diffracting :

_condltlons are the same in all mlcrographS'w1th g (200) operat-

"‘1ng from left to right with foil. orlentatlons (hkO)

Fig. 5

Imperfectlons in perlod1c1ty (at A and B for example) in® alloy l '5'

‘aged 5~hrs.u775 C. The orientation of the f01l is [110] w1th the

(OOl) planes perpendlcular to the foil. surface.
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Matrix dislocations in alloy 1 (not'defOImed) aged (a) 2 m. 700°C
(k ~ lOOA) show1ng that the dlslocatlons (arroWed) do not 1n1t1ally

lle along the 1nterfaces, (b) 30 min, 775 c-(n ~ BOOA) show1ng

-dlslocatlons along [110] whlch are‘wavy-as theyvcross the“two

_”phases (c) 5 hrs. 775 ¢ (n~ 655%) showing dlslocatlons along.

' Fig. 7

'[llO] which are restrlcted over much of thelr length to the inter-
face between the two phases, and are Wavy.when they-crOSS'regions‘

_ containing alternating~phases, eg at A.

Graln boundarles in alloy 1 show1ng the- absence of precrpltatlon '

c . at the boundarles after aging for. (a) on 775° c (b) 17 hrs. 775°C.

Fig. 8

Even in well‘coarsened but still coherent mlcrostructures_such”as

'(b); there'issno heterogéneous or grain boundary precipitation,‘

Notice in (a) that the spihodal»is'still.resolvedjunder weak
(kinematical) diffraCting_condltions (top grain).

Optical micrographs of alloy 1 aged at 775°C for (a) 17 hours (D)

40 hours and (c) 500vhours shOWing'that grain boundary precipifa—

' tlon is observed after long aglng tlHES and forms a graln boundary

) Fig! 9

Fig.10

" network (x 800)

The mlcrostructure of alloy two aged at 625 C show1ng, (a) after

,18 hrs, cubes w1th.rounded corners Wthh are not strongly allgned
.”along (1@0) (b) after 300 hrs, allgnment by selectlve growth N
‘has occurred.

'Interfac1al dlslocatlons in alloy l aged for 200. hours at 700 C

(k ~ 1355A) are v1s1ble Wwhen 1maged with g (lll) as in. (a)
and are 1nv1s1ble in (b)'where g = (lll) The long dlrectlon

of the dlSlOC&tlonL’iE [001] and their most probable Burgers vector

is a/2 [llO] Dlsplacement frlnges are also v1s1ble.‘
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Fig. 11 lefraotlon pattern of an [001] zone in alloy 1 aged 775 C
40 hrs showing the (hOO) (hQO) and (hho) relfectlons. The
resolvable split in thep(hho) reflect1on (arrowed) is along the
interface rormal and there is no-splitting in the [100] direc- .
tion,.i e. the alloy is tetragonal after this heat"treatmentlv
Fig. lé Dlslooatlon networks developed by aglng alloy 1 for 200 hours':
at 775 C. In (a) all three dlslocatlons 1n the network are 1n
contrast using both ‘the (lll) and (002) reflectlons, in (b) and”:
(c) only two sets are in contrast using the (lll) and (002) re-i: .
flectlons. |
bFig.'lB Dlslocatlon netWOrk in alloy 1 aged for 200 hours at 775 C -

- pwlth'one set of the_dlslocatlons 1nv1s1ble with g.= (lll). The
habit plane is irregular and’does:not.analyse~to be exactly
1{iooL::'" o

iFig, 1k Well developed networks of 1nterfac1al dlsolcatlons 1n alloy 1
o aged for 200 hours at- 775 C.: One set of d1slocatlons is- 1nv1s-
.1ble Wlth g = (lll) and a rotatlon of the (OOl) hablt plane to (Oll)*
'-has occurred (e.g. at’ the rlght hand side ofthe macrograph) Also
"v1s1ble are dlslocations JOlnlng one network to another on the.
'opp031te side of the 1nterface (arrowed); F01l normal [110]
Fig; 15 The mlcrostructure of defonmed spec1mens of alloy 1 after aglng
'» for. (a) 9ho hrs.‘625 C and cold rolllng 5% (b) 200 hrs. 7oo c
_and pulled in tens1on l.A%. Many of the dlslocatlons in (a)
.areealigned along therinterfaoes (e.g, at AQ. Interfac1a1
. dislocations are visdble‘in (b)‘at‘(I),_sl;p.dislocatlons;atvp_'
(8), and,displacement fringe‘eontrast at.(F),ﬁﬁithtscne interae-

:tion between the slip and interfacial dislocations (arrowed):



a0 UoRL-188ko

Fig;.l6 :lefraction patterns of alloy 1 after quenChlng and agingbat o
625°C shcw'ing the origin, (200) and (HOO)I‘reflections'withx-the
'satellite‘reflections_along [100]. (a)Afast quenched (b)'l m
(c) 5 m (d) 15 m (e) 60 m. The satellite spacing decreases with

_ aglng tlmes as the Wavelength grovs. _ | . -

"fig.'l7 Plot of wavelength Ve (aglng tlme) /3 determined for alloy l :

:for the three temperatures studied.

‘Flg. 18 (A B) Induced voltage Vo temperature curves obtalned from the '

" magnetic analys1s. Curve (a) is forvalloy.l fast quenched_where
'ec.f 237°C and'the results obtained fran the pure“nichel specl-‘

. men-(G ~ 558 C) are plotted for comparlson. Curves (b) (c)
iand (a) are for alloy 1 aged at 625 ¢ for 1 m, 15 m, and.5 hours
respectlvely. ’

Fig, 19 Summary of the changes that occur in yleld stress, Curle tem—

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

Fig., éO Summary of the changes that occur in yield stress, Curie'tem;l
kperature and'wavelength as- alloy 1 is aged at 775 Co Coherency
is 1n1t1ally lost after 17 hrs,. When NS lOOOA and after 200 hrs. -

”dlslocatlon networks are formed. | |
.Fig. él Plot of yield stress V. Curle temperature for alloy 1 fast quenched

fand then aged for ~different tlmes at temperatures betWeen 625 C

“and 825°C.
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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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