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THE EFFECT OF HEAT TREATMENTS 

ON THE MECHANICAL PROPERTIES OF 

CuNiFe SPINODAL ALLOYS 

Kenneth Georg~ Kubarych 

~laterials and 1\lolecular Research Division, L3wrence Berkeley 
Laboratory ane! Department of 1\lateri:11s Sci ence and Lngi neering, 

University of C311fornia, Berkeley, California 94720 

ABSTRACT 

Non-conventional heat treatments were designed to 

produce spinodal microstructures in two CuNiFc alloys for 

the iJ1lI)fOVel1lc~nt or m('l~h~lnical properties with a reduction 

111 total aging tilile. The microstructures were characterized 

by measuring the Curie temperature to determine the composi-

Lion of the NiFe ricll phase and by TI~~l to measure the 

spinodal wavelength. In most cases the material failed 

intergranula rl y , 1!01liCVC r, it was only after th e longer 

aging times that any discontinuous grain boundary coarsening 

\lias observed, The IllC',lsufed yield str(,I1!~th of both alloys 

paramcter bet\vccll tile tVJO ph,ISCS and indcpendcnt of I\'avc-

length and nearly indcpendent or VOiUIIlC fraction. The 

calculated valucs (or the yield strength using llahlgrcn's 

theory is shO\vn to be in complete agreement Ivith the 

measured values for the yield strength. 
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I. INTRODUCTION 

The concept of spinodal decomposition was first intro-

Juced by Cibhs in 1877. lIo\\'ever, the lI1Qjori ty of the 

theoretical unc1er5tancling uf the subject has come through 

the wor]" of lIillert, llil1iard,. and Calm and is revicHcci 

in papers bv Cahn(lJ and llilliarc1(2). Theory predicts that 

spinodal decomposition will produce a periodic distrihu-

t ion 0 f s III a ] 1) co 11 ere n t par tic 1 e S 0 r reg ion s 0 r t 1,1j 0 

ases uniformly distributed throughout the entire crvstal. 

Jn~tjal1y the periodic elist bution of COlllDosition has a 

s Lnusoidal wave form but as the SOllclTation approaches 

c letcness the \vi1VC form clevelons into ;J square Have, /\1so 

to Jilininlize strain energy the part"jcJes alil1n 

themselves along e elastically "soft" directions. 

inoc1al alJoys exhibit a pronounced age hardening 

rc,;s n aged inside the misclbi 1 ity ( 3-6) 
gnp . This 

can be attrihuted to the development oC a ll10dulated micro-

." ructure. The ~IP,C hardening response has hecll tl'cnte(l 

theoretically ;J1\d t.hrec eli ffcrcnt nppro:lcilcs ~lrc consIdered. 

by the modulnted structure. ric concluded 111:1t the illtcr-

action of the disloC:ition with the eLlstie strain field aCCOl1l-

]I an yi n /; the e 0 ill P 0 sit i on mod u] at i on VI 0 U 1 d pro c1 u c e t 11 c do III i n an t 

strength contrihuting force. This treatment nreclicts that the 



- 2 -

Jnc ro ase in yi e 1 d streng th ove r th c unc1ecompos c d ~11] 0)' has 

a [\2 A c1erendence, where A and A arc the :1mpl i tude and wave-

length of the c'omposition modulation respectively. This 

approach only considers the early stages of decomposition 

Hhell the linearized approximation is most v(1]ic1. LTnfortun-

at(1)', this is not of much use since it is evident from 

experimental information that maximum hardening docs not 

I 'J }. ... l' ](4,5) o c cur W 1 1 e t 11 sap p,r 0 X llllil t 1 on 1 s va 1 C ' • 

To consider D microstructure of coherent lamella, 

nahl[~ren(8) extended the )\fott and Nabarro treatment of 

spherical JHecipitates. He based his theory on the internal 

coherency str<1ins resulting from the difference in lattice 

parameter or the two precipitating phases. lIe calculated the 

internal stress field for a lamellar microstructure and 

res 0 1 ve d the s t res :-; c salon g t 11 e s Ii p p 1 an e i nor d crt 0 c1 c -

termine the applied stress reqtdred for passage of disloca-

tions through the microstructure. Thc calculation is inc1epen-

dent of A :lnd nC:l)'ly independent or the volullle frnction or 

difference in lattice pilral1leter hctl-Jcell the t\\IO phases. 1 f 

the approximation of a lamellar microstructure is to he valid 

the interface het,veen the tlvO phases lllllSt he a sharp change 

ill composition. Since calculated yield stresses using this 

a p pro a c 11 h a \T e been s h 0 Iv n to agree h'i the xl' e r i flI en tal 

inrormation(4) this approximation InilV often he va1id. 
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Calm's dpproach is only useful for the early stages 

of decomposition when the composition profile is still 

sinusoidal and Dahlgren's model is only useful for micro-

structures when spinodal decomposition is complete so that 

the interface between the phases is sharp. In an attempt to 

develop a t11eO\111ich bridges the enti re range of possible 

microstructures, Oitchck 8t al (9) have proposed a lattice 

mismat,ch model 0 C hardening, Thei r model is based on a 

calculation of the shear stresses due to misfit strains 

caused by motion of a dislocation on its sLip plane. This 

predicts a dependence of the change in yield strength over 

'hat of the single phase material on the composition 

lituc:le, the wave squaring factor, anc1 the inverse of the 

wavelength 0 The squaring [;]ctor descrihes holY the composi-

ti011 mo 1at10n c1evelops om a sine wave profile to a 

square wave profile. Ditchek et al have found good 

recment. between theory and experiment. However, the 

choice of the :oquaring factor \Vas SOIllC\V}Wt ,lrlli tr:ll'y. 

harcicningdcvicc v,lrious techniques hav<, bel'l) ,lppl led. The 

1 · I J I ' I 1 ' (:;-6) most common tecl1uque, 10wever, HIS )eenlsot1erma agIng '. 

Isothermal aging produces a modulatcd microstructure as 

pre v i 0 u sly des c rib e d but ina nat t e Ttl p t tor e c1 u c e the tot it] 

interCacialsurCacc energy. cO;lrsenjng nlso takes pl:ICC'. 
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Butler et :11(4) found that the CuNir:e symmetric aUoy (i.e, 

equal volume fraction of the separting phases) coarsened 

1 f 1 t . 1 t b t T' k c- t ;--11 (5) -fo '111,1 )1201'12 plasc $cpara -lon was comp C' J, U ,Iva', t '-

t hat the co a r s c n in g l nth cas ym m c t ric a 1 1. 0 Y s (li d not 6 c cur 

until separation was complete. Tynical maximum increases 

in the yield strcngth arc tHO to three times the yield 

strength for the single phase material. Initjally the 

yicld strength incrcases r;]pi(l1y but lcvels orr until a 

saturated value is reached when complete pllase separation 

has occurred, as shown by the Curie temperature measuremcnts 

made bv l3ut1cT and Livak. Accompanied with ihe incrc;]se 

i.n yield strength is il decrease in total elongatjon and 

gencrally a brittle intergranular mode of frilcture(3-6). 

(10) Thomas and VcrC(1el11cr - incorporatcd spinodal decom-

position \vith a martensitic tr:lTlSfOlinatioll. They chose ;J 

CuNiFe alloy \\lhc1'c the Nire rich phase -would have a ma1'ten-

sitic transformation belowit'sM,;tempcLlture. The inCIllellce 

of the martcnsitic tr~ln:;forlllation on the rnic1'oh:lnlrwss ( 'I C" 
( " 

determined :lS :1 f'lllH"(iol1 of isotllcrrn:lJ n,p,ill!', tirliCs heCorc 

(I U c 11 chi nL: h (' I 0 \'1 1\ f • , s flue to tile hrittl(,l)():';~; of' the 1Il:1tcrial 

II 0 y i c 1 d s t r 12 n g t 11 d it t a co U 1 d b 12 0 h t ai n 12 cI . .'\e: in):'. ins ide t 11 c 

miscihility gap and quenching helow i'ls produced a rapiel 

i 11 ere :1 sci nth c h C1 r c1 n (':; s . 1100<levcr, "or :lging times S;H~:ltl'r 

tll:H] three minutes;1 steady drop in the lL1J'(lncss occllrred. 
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The drop in the microhardness 1S attrihuted to the increase 

in interparticle spacing. To eliminate the loss of 

ductility and the presence of brittle illtergranular [rac-

(11) . 
ture Plewes . adopted a method of thcrmomechanlcal 

processing. The technique was successful in eliminating 

these unfavorable chilractcristics. However, thermolllcchan 

ical processing is costly and generally not technologically 

attractive. 

Spinodal decomposition during continuous-cooling 

affords a convenient method of developing a spinoda1 

microstructure and may be of sOll1e technological importance. 

Huston et (11(12) solved the diffusion equation [or spinodal 

com p os i t i on d II l' i n g c on tin u 0 us - coo li n g . T 11 C S 0 III t i on 

predicts that the general features of the spinodal micro-

stn~cture are maint;]inecl. However, the cooling rate 

instead of the agi temp eTa tUTe de te rmi nes the nn c ro-

structural characteristics. It was shown that the wave-

Lon g t 11 s p e c t rum IV i I ] he 11 r 0 ad c r tJ w n f 0 y i sot 11 0 r mal a ,I', in g 

receiving m:lximum aJllpli fication dccre(l~;cs ;lncl tho distrihu-

Lion of wavelengths with positive amplification factors 

lncreases. 

Badia ot al (13) applied the technique of continu01l5-

cooling to a series of CuNiCr alloys. Tt \I'as observed that 

the decomposition produced a rnoduLltcd miCr()strllctUYC \vhich 
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1 . h 1 t . 1 t 1 f . 1 I (19) 1 ass 1 n c e c en (c e r In 1 n e ( 0) eo: asp] 11 0 ( a. n (1 t LJ r e .. 

Their emphasis was placed on the room temperature strength 

as a function of the quenching rates employed from the 

annealing temperature. It was concluded that hardening 

during continuous-cooling from the annealing temperature 

occurred by rapid dcconl[losition of the p~lrent phase. The 

ext en t 0 f the h a l' den i n p, a p pea red to h e a s t ron g fun c ti on 

of the cooling rate. Rapid nne! intermcd i ate cooling r(lte~, 

produced only partial hardening while slow cooling rates 

produced full hardening. The microstructure of the slow 

cooled materiol gave the appearance of the h/o phases of 

slightly differing lattice parameter. 

As previously mentioned, fracture testin)~(l4) has 

shown that spinodally decomposed CuNiFc alloys failed 

in t erg ran u 1 a r 1 y W 11 i J e r emai11ingfairlyc111ctile.This 

a p p ~lr en teo n t r n di c ti on is bel j eve d t 0 he the l: () n seq u en c e 

of either a discontinuous coarscning reaction ilt the graIn 

houndary or Jlos:;ibly solute segrc),,;ltion ;li the gr;lin 

t 0 he 0 f s pee i;l1 i III Ii 0 r tan c cat g r a i n h 0 U 11 cl ; I ric s 0 r h i g 11 

III i so 1'i en t a ti Oll • 

A c r i t e ri on for t 11 c 1 os s 0 f C 0 h C' r c n c y i Jl In 0 d ul; I ted 

• J 1 1 1 1 1 I- T' . (16 ) 1111 C r 0 s t rue t u res 1 a s I.) C e n (c ve 0 l' e C 1 Y ) C . 0 n t ell n c .. .• It 

r e q 11 ire s t hat the \\' a v cd eng t h r ern a in un d era c e r t a inc r i ti cal 

V;l]ue dependent upon the lna,\;nitllclc of the l:ltticc miSlll~ltch. 



I~xrerimcntally the loss of cohercncy of the CuNiPe symmetric 

° alloy studied by Butler occurred at A~ 10801\ aged at ()2S o C, 
o 0 

at A~ 800A aged at 700°C, and at A~ 1000A aged at 775°C. 
o 

This puts an upper limit on A-80DA if the microstructDre of 

CuNiFe alloys is to remain coherent. By maintaining a 

coherent microstructure and reducing aging times as much 

as possibJe discontinuous coarsening may be eliminated. 

In summary, the desirable microstructural Ceatures 

rrquired to effectively utilize the age hardening response 

of spinodal alloys are as follows: It is necessary to 

maintain a large difference in latticc parameter hetween 

the two separating phases, an interface that has a sharp 

change in composition, and a wavelength as small as possible. 

Tt is also necessary to be able to achieve these desired 

characteristics by a purely thermal method. 

To achieve tJle high clcf;ree of plwse separation low 

temperature agini~ is tlCCessary (~;ee Flg, 1). IlmvcveT; 

Idth low tc:mpernturc ;1,\~ini~ the kinetics of tr(lllsformiJtion ore 

:;] 0\"1. 

11 j g h temperature a gi 11 g b II t t 11 e degree of ph n s csc]I ; I rat ion 

iss 1ll a 11 , The ref 0 r e, tot ak cod van t ;1 g e 0 f the 11 i g 11 t e 111 per a -

ture kinetics (]nu. the low temperature phase separation the 
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method of continous-cooling appears to be the most 

promising. Initially, to reduce the complexity of charac-

terizing the microstructure during continuous-cooling the 

method of step aging has been ~dopted. This method allows 

examination of the microstructure throl1,\~h n series of well 

defined isothermal aging steps. It is the intent of this 

research to show that hy controllinp the microstructure 

through strictly thermal means it is possible to obtain 

higher yield strengths than were possible by isothermal 

aging and with a saving in aging times required. 
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1 I . l:XPER n\'1T~NTAL PPOCEDURE 

The a11o)'::; used in this study \Verc ]lTeparcd from 

99.99% purity Cu, 99.85% purity Ni, and 99.6% purity Fe. 

fhe compositions of the two alloys as determined by wet 

chcmical analysis, in atomic percent weTe: 

Alloy /\: Sl.S%Cu, 33.5%Ni, lS%Fe 

1\110y B: 32.0%Cu, 45.5%Ni, 22.S%Fe 

To d in fabrication, 0.5 95 by weight Mn was (1cJded to each 

me l.t to act as a deoxidizer. The ini~ots \Vere vaccuum 

melted and chill cast In copper molds to avoid segregation. 

They were tl1Cn sealed In evacuated quartz tuhes, back 

fined with high purity J\rgon and homogenized for three 

d s at 10SO°C. The one inch diameter :ini~ots were then 

11 0 t l' () 11 e d at 9 5 f) ° C t 0 a t h i c k n e s s 0 f O. 2 5 inch e s a 11 c1 

subsequently cold rolled to a final thickness of 0.160 

inches. From this material both tensile and ]wrdness 

specimens \VeTe machined. 

'1'h cst c P (l gin g seq II en c c was c1 c si p ned h v r () n O\\li n p the 
~ -', ,--

of solution treating the specimens at 10SO°C for 1 hour 
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followed by an ice brine quench. The Rockwell B hardness 

was measured and recorded. The specimens were then aged 

at 767°C (using a salt pot) for three different times 

and again the hardness Wei;:; recorded. Figures 2a and 2b 

show a rapid increase in hardness followed by a levelil'lg 

off to a saturation value. The choice of the final aging 

time at 767°C was a balance between obtaining high hardness 

and sJlOrt aging times. In this case the optimum aging time 

for step 2 was estimated to be IS mIn. Once the aging time 

for step 2 was cietermined all the remaining specimens were 

aged at this conciition. The same procedure was applied 

at each aging temperature in orcler to determine the complete 

aging sequence'. Since the age hardening response of the 

two alloys was quite similar the same aging sequence Il'aS 

usecl for hath alloys. The entire step agin!; sequence 1S 

illustTated schcmatically in Fig. 3. AS expccted the high 

aging temperatures required short aging times and as the 

temperature was lowered the aging times increased. 

The continuously-cooled s1lccimcns \vore placed In 

qU:lI'lz tllhe~~ til:!! IvC'r!' ('v:lcu:llcd :11](1 Il:ll'k filled \vith nrgon. 

Th(' spl'cilllcw; \vcrc tlll'l1 put in ;l horizont:ll tlJll('·I'llrt1:ICC 

whjch \I/;\S pOlvcrcd by a progr:lfllable furnace control unit. 

Lincclr cooling r(ltcs of 25°C/hr. ancl 12.SoC/hr. 1<1ere used 
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starting from a temperature of gOOoe (above the miscibility 

gap) for a duration of 24 hours in both cases (see Fig. 4). 

Mechani cal Tlfopcrt ies were me as ured from s tanda I'd 

flat tensile specimens ,vith a 1" gage length, a 1/8" gage 

width, and n 0.100" gage thickFess. Tests were perfor~ed 

on an Instl'on testing machine. Three specimens for each 

aging condition werc testcd at room temperature and all 

specimens were pulled at a constant rate of 0.02 cm/min. 

The yield strength was measured at 0.01% offset and the 

tetal elongation was measured from the change in length 

of the 1 inch gage length. The work hardening rate (i.e. 

the slope of the :;tress strain curve) Ivas measured at 2'6 

plastic strain for all specimens tested. 1\ scanninp .' 

electron microscope \'JclS used to determine the mode of 

lracture. 

To qualitatively follow the state of decomposition 

the Curie temperature of the Ni-Fe rich phase was followed 

during the aging sequence. The equipment used to measure 

the Curie temperature is similar to that prcviouslv 

. ( I '7 ) 
dl':~crlhcd . 

o r n t ran s r 0 rill (' r . 1\ ::;()()() cps si )~n:ll is :\\1]11 ied to the prim:HY 

coil which inducl's ,\ magnetic field in the specimen \vhich in turn 
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induces a current in the secondary coil. T11e voltage due 

to the induced current was filtered and amplified hefore 

recording it on the ordinate of an x-y plotter. The 

temperature of the specimen was measured by a chrom-alumel 

thermocouple spot \Veldod to the specimen and recorded on 

the abs,,;ssa of the x-y plotter. Specimens \IIere taken 

froll! the grip areas of the tensile specimens. A pure 

ni cke 1 s pc cimen Wet s' us c d to cal ib rate and che ck th e 

performance of the apparatus. The accuracy of the measure-

ments was estimated to be less than ±7°C. 

Electron microscope specimens were t11inned from the 

grip areas of the tensile specimens. The material \lias 

t hi nne d me c 11 ani call y toO. 0 30 " then c 11 e III i call y t h inned 

in (] solution of 1 part IIF acid to 9 parts IlN0
3 

acid 

diluted to approximately 1/2 strength. This was followed 

by a light grinding on 600 grit sand panel' to a thickness 

of ~4 mils. Discs were spark cut from the thinned 

sheets. Foils were prepared hy jet polishing in a solution 

of UNO acid/~lcth(inol Jl(lving a composition of 1: 3. /\t :; 

r c qui red top rod u c c ~! cur r C 11 t 3 S mil. The sec 0 n cl i t ion s 

tended to yield the hest results and \"ere lIwint:lincd 

quite closely. 



-13-

The wavelength of the aged specimens was measured 

directly from the micrographs. Al] micrographs were 

taken in the <100> orientation with a strong 200 reflection 

operating. The microscope mag~ification was calibrated 

u:-;Lng a carhon replica of a ruled gratin? 

Light ortical specimens were also taken from the 

grip areas of the tensile specimens. Polished optical 

specimens were s~'!';lhl,,',l with ~ln ctehant of the composition 

109. FeCI:) 

2 () 0 m 1 e t 11 yJ a I colI 0 1 

SOC)S9" 11.-)0. 
i-

The (1 moun t 0 f d i 1 u t j () n va r' jed so a ~~ tom:1 in t ; 11 n 011 t i 111 ~1l 

etc h ill g con d j ti 0 Wi • 

I 
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ITl. E X PJ:RTT\lr~NTAI, RI:St1f,TS 

Tables I and 11 slllllillarizc the results of the expcrJ-

mental work. To he sure the hardness datil collected 

dW'ing the design of the step aging treatment is reproducable 

the Rockwell "13" hardness of the tensile speciTlluI1s \vas 

measured and the results are shown in Fig. 5. Comparing 

I,'j g. 2 with Fig. 5 Oll(~ sees that the data is reproclucablc. 

The genural features of the curves <He the same; there is 

initially a rapid increase in hardness (high temperature 

aging) followed by a much 510\\'cr increase in l1ardnC'ss (low 

temperature aging). For each alloy tllU hardness of the 

tensile specimens \vilS Slightly hi,r.;JlCr tIlaH the specjlllens 

used to design the step aging sequence, which is p1'o\)<1b1), 

due to residu~ll stre5ses lcft after lIlachining tlJU tensi1e 

specimens. 

The results of the measurements of the yield strength 

are ShOivn in Figs. ()a and 7a and are comparee! with available 

isotherillctl agin~; d;l(:a. The symmetric allo)' Ais comparecl 

. ( :1 ) 
Wit h 1\ II t J e r t s r l~ " 1I I t~; a 11 d t II c Nil: (' ric h : 1 1 1 0 \' n i s 

COlli P :.1 ye <i wit 11 /, i va k ' s ( 5) res u 1 t s . Bot hal loy S, \v h C' t 11 (' r 

step aged or continuously-cooled, show a considerahle 

increase in the m:Jximlllll yield strell,L;th over the isothermally 
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i1ged case. Theyielc1 strength of t110 step <lL',ec1 nwtcrial 

increases steadily as the ap,ing temncraturc is lowercd. 

The inc rca s (' i n y j c 1 d s t r e n ,£; t h T(~ c; 11 It sin a los S 0 f tot a 1 

elongation si lar to that ohserved with isothermal aging. 

The Hork hanlcning Tate at 2';, str,Jin, for step aged specimens, 

inCl'CilSCS tiS thc' aging tCl1lpcrnturc decreases. Thc \vork 

hardcnLn,l', ratc of ollol' /\ was al\vays slis~htly higher than 

t hat r 0 un c1 f 0 TalI 0 l' I~. A 1 so, the w 0 Y k 11 a r cl en in g rat e 

for thc continuously-cooled matcrial Ivas much highcr than 

cltJler the step ai~c(l or isothermally aged material. Tho 

\\I 0 r k h a reI c n i n i~ rat e 0 f J J loy /\ VI ash i g her for tIt e 2 SoC /111' 

co011n,r" treatment whUe the work hardening rate of alloy 

j) was hi lOr for t11e 12.5°C/hr cooling treatment. 

17 r :l c tog rap h y s h OIrv edt hat t }1 c mat c ri a 1 f J i 1 C din (1 

completely ductile lllannc'r after step 1 (i. c., fast quenched 

from above the miscihility gap); but oEter 311 subsequent 

aging treatments, both step aging and continuous-coolillg, 

failure occurred by a mixture of both 1Hittle intcrgranular 

striations were oCtell observed on the FLtt intcrgr:tnllLlr 

fracture surC~lccs. 
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Pigures 6h and 7h show the variation of Curie temperature 

with aging time and ale compared to the results of Butler and 

Livak for alloys A and B respectively. Table III gIves 

the Curie temperatures corresponding to the equilihrium 

tic-line compositions as deterT)1ined by tIle specific 

isothermal agillp; temperature. The Curie temperatures 

measured after each aging step are nearly equal to the Curie 

temperature of the equilibrium tie-line compositions. Also, 

the Curie temperature of the continuously-cooled material 

is equal to the Curie temperature of the equilibrium tie 

line composition of the phase expected at the lower range 

of aging temperatures. 

The transmission electron micrographs, fig. 12 and 

Pig. l4a, show the microstructures of alloy A after various 

stages in the step agIng sequence and after the continuous­

cooling rate of 25°C/hr. The microstructures of alloy B 

after both tJle final aging step and the end of the 25°C/hr 

continuous-cooling treatment are shown in Fig. 13 and Fig. 

l~h. In all the microstructures observed there appeHred 

to bc :1 \vcll dc fi flcd bOllllllar), hetivcCll the t\vO ph:lSCS ;lnd 

the shape of the ph:1SCS W;l:; either rods or pLltes with 

the interfnccs parallel to the {lOO} planes. 

( 
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° 1\ 11 w ave 1 eng t h s me a sur e d w ere 1 a r g e r t 11 (1 n 1 5 01\ . The ref 0 r e , 

since satellites cannot be resolved in the electron 

diffraction patterns, all measurements of wavelengths were 

made from the micrographs (e,g. Figs, 12-14)' Figures'6c and 

7c show the variation of wavelength with aging time for the vay-

ious aging techniques used. The wavelength of alloy 1\ 

increased steadily as the step aging- sequence advanced, 

However, the rate of increase was much slower than the 

cO~:1monly observed (time) 1/.3 1aw(4,15); the observed r:rowth 

[ , (t' )0,07 I" ' , 1 t 1 f tl rate a f\ lvaSJfIlC . 'or comparlso11, p 10og1'ap lS 0' 1e 

111 i c r 0 S t rue t u res a c hi eve d h y j sot 11 e r nw 1 D gin gar C' s h 0 VI II i n 

Fig. 1S and Fig. 16. Fi,l;ure lS is from alloy /\ aged:lt 

6 2 5 0 C for 2 0 [) 111' s, a 11 d fig 1.1 r e 16 a i s fro III a 11 0 Y Bag e d 

at 625°C for 10 hrs, Alloy A aged at 625°C fen 200 li1's, 
y 

ShO\\'5 the interfaces between the two separating p'1ases 

to be flat and Jl iH a 11 e 1 tot he {l 0 ()} pIa n e S but t 11 C i n t e r -

faces II/hen alloy B was aged at 625°C 'for 10 h'1'So apPcC1'1'ccl 

to be 1,-1<1 even t 11 0 II ,(~ h the l' a r ti c 1 c s d i CI t C n c1 to :11 i P, n 

tI1CIII:;('! Vl'S Oil 1 he II O(J I P I :11\t.~S, 

The >;trllcture of the gr:dn bound:lri('s for the m:ltcriDl 

step aged Cor the cdrly stages of the seqllcnce si1m>.Jcd flO 
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evidence of discontinuous coarsening (Fig. 17). During 

the later stages of the sequence, however, the beginning 

of discontinuous grain boundary coarsening was observed 

( Fig. 1 3 b , c). T 11 e mat e ria 1 con tin u 0 us 1 Y - coole d a 1 s 0 s h 01'1 e d 

the car I r stage:, of discontinuous coarsening (Figs. 18,19). 

Optical metallo)!,raphy suggested that some ,~rajn houndnry 

thickening had occurred (Figs. 2(), 21). However, as shO\vn 

by the electron micrographs the affected area was of the 

order of O.2um which is approaching the resolution limit of 

optical metallography. 1\1so shown in Fj gs. 20 and 21 is the 

presence of numerous voids approximately 2 to 3um ln diameter. 

1\110y B has a slightly higher density of voids than alloy 1\. 

The voids were observed throughout the entire history of 

the material and were products of tllC casting method. 
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IV. DISCUSSION 

The yield strength was found to increase as the aging 

temperature decreased (Figs. 9a and 7a) which IS consistent 

\vith the results of But1er Cti-) anc1 Livak(S). It wa~; :11so 

found that the microstructure between the materi;]l step 

aged, continuously-cooled, or isothernwlly aged differ 

little. The morphology of the two phase mixture W:lS 

"\ itually identical tIl all cases except for the w<lvelen,~th 

(Figs.12·]()). Itls npP;lrent that ;]t ;ln1' ;lgillg temperature 

the m a x::i mum y i (' 1 d 5 t r eng t his 1 i mIt e d (c. g., Fig s. 7 ~l , c, i S 0 -

the 1 FU1:1 a gin g ) b)' t 11 e \.I i r fer en c e in 1 a t tic cpa r a III etc r he t Iv C en 

the thO phnscs. This ha:-; been ShO\yl1 to he true nnd Iv;]S also 

found to be independent of the agIng history. For C'x;]mple 

aLloy A aged 200 hrs. at 625°C roached a yield strength 

of 49.7 ksi ant} also after step S (650°C) of the step aging 

seq u e n c e had a y i c 1 cl s t r eng t: h 0 f 4 9 . 6k s j. Eve n t 11 0 II g h 

the a g i 11 ,0. h i 5 tor y j 5 111 U c h t.1 i C f (' r c n t the fin ~ It 5 t c p : 1 ).', i n g, 

I1c~lrly the 5;1111(' i',ivilli~ sillli];!}' v~llll('S ror 111e yield 

strength. By comparing the wavelength measurements and 
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the Curie temperature measurements of the step aged 

material with that of the j;,;otherrnally a d material 

(Fig. 6b and Figs 6c, 12c, 15) it is noticed that wave­

len g t h s d iff e r by· a 1 m 0 s t a fa c tor a [ two, yet the Cur i e . 

temperatures are equal. This suggests that the yield 

strength is indepenclcnt of the wavelength hut dependent 

on the composition ~f the two phases, or more correctly 

the difference in lattice parameter, since the Curie 

temperature is a measure of the COl11:)osltion of the NiFc 

rich phase. 

The importance of the low temperature aging is hrotl~(ht 

out h y a g i 11 g s t e p 7 ( 5 5 0 ° C). Bot h a 11 0 v s /\ a n c1 n s 11 o\\' (\11 

jncreJsc in the yield strength over the v:l1ucs found after 

either step aging step 6 (6()O°C) or isothermal aging at 

625 0 C . Th e inc rca sci n y i e 1 d s t r eng t 11 c a 11 he (l t t yi b II ted 

to an increase in the difference in lattice paramoteY 

hetwcen the two scparnting phases. The age hardening 

response of alloy n 11 (1 sex act 1 y the S:l 111(' C 11 ;1 r:1 etc r i s ti c s as 

:tllny A. TI)(' )(,,;till'; ()I- ;tlluy I', Ilil·l'iy ',hOI" th:il tlit, 

y j c 1 c1 s t r eng t h i si II de pen de Jl tor t he :),P, i nl~ Ii i s t () r Y S l n c c 

the III cas u red yi e ] d s t r C n .l~ t h s aft e r the () t 11 S t epa f the s t e p 

aging sequence, the continuous-cooling rate of 12.5~/hT. faT 

2 4111 S. 0 r t 11 c i:; 0 the rill (1 1 a gi n i~ t reD t rn c n t r 0 r 1 () 11 r s. n t 

6 2 SoC IV ere vir t u all y the sam e for a J 1 t 11 r c c cas l~ s . 

The change in composition of the NiFc rich phase 
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during the aging sequence was determined by measuring the 

Curie temperaturc after each aging stop. The Curie 

temperature is the tcmperature at v.'11ic11 a Ferromagnetic 

material transforn~into a paramagnetic material and is a 

[tInction of composition. Since early stages of spinodal 

decomposition ]lrocluca a continuously varying composition, 

the Curie temperature measured is actually of some ;lverage 

composition. This makes quantitative analysis of the com1'o-

s~tions impossible for early stages, but facilitates the 

detection of the completion of "spinodal" decomposition. 

Because the Curic temperature measured is due to some average 

composition when t11e measured Curie tOlllpcTClturc corre5ponds 

to the cquilibJ'ium tic-line composition, phase separation 

must nece~;sarily he complete (i.e., a sqwac wave composition 

distribution) . Comparing the meQsured Curie tcmperature 

(Figs. 6b and 7h) with the Curie temperature or the equil-

ibrium tic-line compositions at the appropriate temperatures, 
I 

(Tahle Ifnit is shCllvn th;]1: the IIIC;lSlll'cd Curie (C'lIlpcr:lturc 

cJo:~('ly roll()\v'~ tht' CU1'ic (C'lIIPCI':ltlll'C' or til(' c'qililiilrillill 

composition throtl!',h the entire ;l)',IJ1!~ SCqll('lllo(;. The Curie 
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ternpefGtUYeS of the continuously-cooled materi111 (Figs. 6h 

and 7b) arc also ncar the C1Irie temperatures corresponding 

to the equi lihrilllil composition. These me3surements imply 

that the cornposjtion distribution has ma1ntJinell a square 

wave profile which \Vas observed in the electron micrographs 

(Fi IT. 1 2), SIn c e t 11 c i 11 t e r fa c e sap pea r to 11 e s h a r p d u ri Il g 

the entire agIng sequence. This means that hv step aging 

it was possihle to add to the amplitude of the composition 

profile with little change in the wavelength. Therefore, 

in the true sense of the word sninodal decolllposition was 

co III P 1 etc he for e :1 gi n!~ s t c P 2 IV :1:'; co III pI etc. 

A microstructure tlwt is descrihed hv <1 square \v:1VC 

C011lposition prori Ie rits il1C' model or :1 l:tlllcll:n microstrllc-

Lure. T 11 ere r 0 r (', ]1 a hi !~ r en' s c;) 1 C III :t 1 i () Il 0 r- t lJ C' )'i c 1 c1 

stJ'C'SS should he appl'npri:1te throu);hollt ('he l'l1i-ir(~ :;tc[1 

:J g t 11 g seq lie n \.,' l' . 

11 il 11 1 g r en! s the 0 r v r r () rn t 11 e c q U:l ti on 

<, , 2 C C r 
I 

\v]lCrc C; is the aICr;)'p(~ she:1r lllodu1us, 'lsl'he misfi t P:1r;]-

oj th(' [Hl'cipiLlllll!', ph:1Sl'. Fol 10\\' i ng I~llt 1 c r' s :1])11 rO:lch, 
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the equation For the yield stress In pSI becomes 

o. := 1.8 x l06l\ . 
1 a 

This equation assumes the two phases have simiLH clastic 

cOllstnnts antI Poissons ratio is ~l/j so that the mi sfit 

parameter melY be written as E ~ 2/3 where 0"" I\a/a and a is 

the average lattice parameter. 1\1so the values f " 1/2 

(alloy l\), (; " 0.9 x 10 6 psi a~Hl a := 3.58/\ were used. The 

difference in lattice parameter hetween the two phases may 

also be approximated by i~a '" kD G. where k is a constant 
1 

of proportionality. With the audition of this approximation 

the expression for the yield stress becomes 

0i = 1.8 x l06 CkGc )' 

The constant may be evaluated from the eXTlcrir1Cntal 

infonnation of Dahlgren and Bulter. Dahlgren measured a 

° value of I\a/a 0.031\ when isothermally aged (It 625°C 

° and Butler meosured a value of Do/a O.021A \\Then isothermally 

:1$',eJ at 775°(;. ThereFore, usinQ Dahlgren's value for Aa/a, 

kl) -, 1.0 x 10- 4 / o C and using Butler'S value for f'.a/a, 

kB 1.1 x 10- 4 / o C. To help make the calculations more 

~lccurate kj) is used for low temperature elf', i lh', and k n is used 

r"or lii/',Il tClIljlcr:lttlt"(' :l,l',ill.l',. /\ SIIJlIIIl:lrv or" Ih(' c:II,'lll:ltioIlS IS 

given in Tahle IV. 
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The calculated yield stress vs. !Jaju is shown in Fig. 22. 

/\lso shown in the figure is the experimentally measured 

yield stress. The value of 6aja used in plotting the measured 

yield stress was the ideal value that should he achieved 

at the specific aging temperatures. A composite of the 

measured yield stresses for a variety of aging treatments 

vs. the measured 6a's, as determined from the Curie 

temperature measurements, 1S shown in Fig. 23. Also shown 

in Fig. 23 for comparison is the theoretical calculation 

for alloy /\ using Dahlgren I s model. The agreement 

11etween the calculated and ohserved yield stresses 1S quite 

good in all cases. To a good approximati on the yield 

stress varies linearly with ,lI.a (Fig. 23), \.;hie]) gIves 

good evidence that Jlahlgren's model is appropriate in 

this case. nal11gren 1 s model also predicts that the yield 

strength is independent of the interparticle spacing and 

n car I y :i n de pen den t oft h e vol u m e f r act ion a [ the IH e c 1 p 1 -

tat-Lng phases. It h;]s been sllown tl1<1t the yield stress 

IS independer\t or tile v";lvvlengti1. 

that the yield ;;trC'flgthi:; nC~lrly ir)depcl1dcnt of the volume 

fraction? since the gTeatest cliffercncc in yield strength 

between alloys A and R is only ahout IO~ for similar aging 

treatments. 
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The morphology of the grain houndaries ,during the early 

stages of aging is completely unaffected by gr;lin boundary 

coarsening (see Fig. 17). During the later stages of aging, 

discontinuous grain boundary ~oarsening is present (sec 

Figs. L5h,c, 18, 19). However, the mode of fracture was 

the same whether the grain boundary coarsening was or was 

not present (sec Figs. 8 and 9). The fracture surface 

pictured in Figs. 8c,d corresponds to the microstructure 

s h 0 wn i 1'1 Fig. 1 '7 \II h il e the f r act u res u r f ace pic t u r e cl in 

Figs. 9g,h corresponds to the microstructure shmvn in 

Fig. 19. Even though the microstructures differ considerably 

the fracture surfaces are quite similar. Tn either case 

fracture occurred by a mixture of hoth brittle and ductile 

modes. In fact, sjngle grains have appeared to have failed 

partially hy a hrittle mode and partially by a ductile mode. 

It has been experimentally observed that srecimens 

quenched froll1 the single phase rq~ion failed in a completely 

due tIl e IlW n 1)(' r \V 11 i 1 (' S pc c i me n S ;1 g cdr 0 T ;1 S 1 itt 1 e :l s Sl X 

Y (' t 

specimens aged at h.1gh tClI1pernturcs (7'7S()C and ROn°e:) for 

times greater than 10 hours showed:J rcvcrs~tl hack to lluctilc 

f" (18) _racture Also, it was observed that even in the worst 

cases some areas of ductile. fracture were present along 
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with the intergranular fracture. 

A very rapid change from ductile fracture to a mixture 

of both brittle and ductile fracture was also observed 

:in this study. The brittle fracture appeared to be inter-

granular but numerous brittle. fracture surfaces have' 

wavy striations running across the surface. These striations 

arc believed to be slip steps. Fi l'lHes lOa :md lla show . c~ 

a partially separated grain boundary, clearly striations 

are present on the grain boundary surface. Other grain 

boundaries do not have striations hut do show micro-void 

coalescence i:md dimpled rupture (sec Pig. 8f,h and 9f,h). 

Also areas of ductile fracture arc present (see Fi~;. 8f and 

lOb) . 

Experimentally a dependence of the yield strength on 

the grain size has heen ohserved(14). The dependence can 

easily be explained by djslocation pile-uns at tIle grain 

boundaries. The presence of dislocation pile-ups at the 

grain bound~lries can explain tlle brittle intergrcmular 

a step on the Fracture surface behind. The prop~lgation of 

the era c k i s t 11 0 ugh t t 0 he 111 a den 0 s s i hIe h y cit Ill: r dis con -

tinuous coarsening or solute segregation at the nrain ,,-> 

boundaries. 
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SlJ(~GESTIONS FOR FUTURE RESEARC]! 

The actual mechanism for the presence of intergranular 

fracture is not yet understood. This is quite important 

and must be solved before full utilization of the sninodal 

microstructure can be realized. In the absence of grain 

houndary coarsenini!, Auger spectroscopy JTlay be useful 

in determining if a segregation problem exists at the grain 

bJundaries. Electron microscopy of deformed specimens 

and experiments with an in situ deformation stage might 

reveal the mechanism of the grain boundary pinn:ing. A 

more detailed examination of the morphology of the grain 

boundaries and its relation to the fracture characteristics 

should also be useful. 

This study can also be directly extended to an in denth 

study of continuous-cooling. Continuous-cooling offers 

a practical method of controlling the microstructure 

which ]n turn controls the mcclwnical properties. Therefore, 

the mechanical properties can he optimized hy carl'ful 

choice of the hent treatillent. 



-28-

v. CONCLUSIONS 

1. The y:ield strcngth, In this study, \'iaS round to 

be only a function of thc difference :in lattice naramcter 

hetween the two separating phases and independent of the 

wavelength and nearly independent of the volume fraction. 

2. During the entire step aginp, sequence the micro­

structure Has a two phase mixture of nearly equilihrium 

tie-line composition. 

3. The mechanical properties were sensitive only to 

the lowest aging temperature the material experiencec1 

and is independent of the aging history. 

4. The experimentally measured yield strengths are 

In excellent agreement with the values calculated uSIng 

Dahlgren's model. 

5. The reduction in time to produce full hardening 

1n alloy 1\ is significant but little reduction In agIng 

time was achievcc1in <1110y B. IIowcvcr, the treatments are 

not llCCCSS,1 r i 1\' thc' opt i 11\lll1\. 
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TABLE I ExperiT!'ental Results, Allov A: 51.5 u, :)j.5~;\;i, 15~;Fe 
------- -0 

Heat Yield 1 ULT Total 96 r Ide Curie A (A.) I Hardness 
Treatment Strength~ ksi (i'fPa) Elongation I ksi a) Teli1pera- RB 

ksi C,IPa) ture DC ! 
----------~----------

23.6 I 71.0 27.3 1152 ~I 233 60.4 I 
(197) I (490) I (050) I 

__________ ~ __________ ~I I 

Step 2 37.3 ! 74.4 21.1 11183 1413 225 66.7 i 
I (257) (513) ! (260) J l 
IStep 3 39.2 75.2 19.6 ! 189 1478 245 179.8 i 
I C:27D) (518) ! (1303) ! I I 

l
istep 4 42.9 78.1 16.3 1212 1484 j81.9 I 
I C 2 9 6 ) ( 5 38) __ I (1460) I I I 
Istep 5 49.6 81.2 13.1 11212 494 300 185.4 I 
I (3:.1-2) (560) (460) ~. I 

I
istep 6 55.9 i 85.9 13.1 1216 1514· - 89.0 I 
I (385) I (592) I (490) I I 
I ! I· ! 
IStep 7 59.5 ! 89.2 9.0 1211! 521 315 92.0! 
I (4l0)! (615) J (450) i _ i ....... 
Ie 0 n t - Coo 1 6·L 5 i 9 8 . 7 1 2 . 3 II 4 66 i 5 1 5 4 3 a - .~ 
1

1901-300 (.+45: I (681) (3210) ! I 
; I I I 

.--- I I --,-

ICont-Cool 60.6 1 93.0 13.9 422 507 
1900-600 ens) i (641) (2910) 
L__ I 

Step 1 

330 

:.N 
h) 



TABLE II Exner ntal Results, Alloy B: 32%Cu, 45.5%Ni, 22.S%Fe 

Heat Yield UTS tal % do/de Cm 
eatment Streng ksi ) Elongation ksi (MPa) 

ksi (:-lPa) 
~ ----,--- ~----~----------"--

tep I I 21.5 67.5 39.1 143 
i (14-8) (465) (986) 

'

Step 2 31.5 70.1 27.4 152 
! (217) (483 (1050) 

Isten 3 3.6 75.7 20.5 175 
i . ( 59) (522) (1210) 
1 ________ _ 

o 

60.0 

72.7 

78.7 

Step 4 5.5 162 466 84.4 
(1120) 

Step 5 87.2 

93.2 

440 

It' 



TABLE III 

Curie temperature of equilibrium compositions at various temperatures 

Step Temperature °C Time Equilibrium Curie Temperature °C 

Alloy A Allov B 

1 1050 2 hr 240 370 

2 -67 15 min 440 

3 ~-1-0 20 min 465 

4 -00 40 n 485 

5 650 105 hr 500 

6 600 3 hr 510 

7 - -" 5 hr 515 :"'-l 
~.)u .;:.. 



- . -, - ~ 1\' 1 . ...;,,::JLl: .. C~lculation of Yield Strength for Allov A 

0 

_\g in s 8 o~ 1I a A 0 a calc ated a measured t:,,- c L 

Y ks i UIPa) v Treat:-:-:ent ' ks i (~fPa) 

Iso erma1 6;-':'J 265 0.030 6.008'+ 55.5 (383) 49.7 (343) 
Aging 

205 0.021 38.8 (268) 37.0 (255) 

'") 200 0.020 0.0038 37.8 (261) "'7 .,. (297) - .). . .) 

Step . i 
Aging - 7')~ 0.023 n.0064 42.6 C 2 94) 39.2 (296) .) w':"J 

, 
-1 245 0.026 0.0074- 48.9 (337) 42.9 (296) :A':" 

- 260 0.029 0.0082 54.4 (375) 49.6 (342) J 

h ::: 70 O.0:sn6 0.0083 r,- ? 
J J • _ (381) 55.9 (385) 

77-
'-' . ;:, 0.031 0.0087 57.4 (396) 59.5 (410) 
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F 1 Cl JR I~ CAP T ION S 

Fig. 1. The pseudo-binary section along t11C tic-line 

of the Cu-Ni-Fe system used for this study 

showing the two alloy compositions. The 

chemical spino(lal was c(11cuLlte(1 hv But1er(4) 

USirH! T 2 S2SoC and C == f).SO. , c c 

F1 g. 2. An il1l1stration of the method used to dcsi~~n 

the Step aging sequence. A serics of isothermal 

aging experiments were performed to optimize 

(a halance hetween I<.ockwel1 B harclness and agIng 

time) the nging conditions used ;It c:1(11 

temperature for a) alloy 1\, b) alloy B. 

Fig. 3. J\ schematic representation of the entire step 

aging treatment. 

Fig. 4. A schematic representation of the two cooling 

rates used for the continuolls-coo1 ill).: cxperi-

ment5. Top line represents a rate of l2.SoC/ln 

ancl the hottom line represents n 25°t:/llf rate. 

F i I~. S. 

rol1o\vecl through the step ilging sequence. The 

t () P C 11 r v C' i s r 0 r a 110 Y 1\ and t h (' 1 0\',1 C r cur v c 

is for alloy B. 
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Fig. 6. J\ summary of the experimentell information on 

J\ 110)' /\. 

(a) Plot of yield stress vs. total agIng time. 

The numbers correspond to the last aging step 

in the step aging se(]uencc. 

(b) Plot of Curie temperature vs. total aglng 

time. 

(c) r lot of IV a vel eng t 11 v s . total aQi n g timC'. 

Tn cClch case step aging and continuous-cooling 

are compared to isothermal data at 625°C (taken 

from Ref. 4). 

Fig. 7. A summary of the experimental information on 

Alloy n, 

(n) Plot of yield stress vs. total :lE-lng ti.me. 

The numhers correspond to tIle 1ast a,QIn,L', step 

in thc step agIng sequence. 

(11) Plot of Curie temperature vs. total aging 

time. 

1 n (' a c h c; t s cst l~ P <l ~~i Jl ,t~ ;! n d c () II t j n II 0 11 S L~ 0 0 I j n g 

are compared toisothcl'I1l(ll data ~It 625°C (taken 

from Her. S), 



Fig. 8. 

Fig. <). 

Fig. 10. 

Fig. 11. 
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Scclnning c1c'ctron fractograpi1::, of (1110)' f\ after 

(a ,h) step 1, ( c ,d) step :;, (e, r) s t (' P 5, 

(g,h) step 7. This shoHs the change from ductile 

fracture to intergranu1ar fracture and that 

areas of ductile fracture are present throughout. 

Scanning electron fractographs of alloy B 

after, (a,h) step 1, (c,d1 stop 3, (c,C) step 

5 and (~~, h ) s t e p 7. T his s 11 0 W s the c han ,~ e 

from ductile fracture to intergranular fracture 

and t11at areas of ductile fracture (IrE' present 

th rouJ-dlO11t. 

S can n i II gel c c t ron m i c r 0 g r (l ph 0 f a I 1 0 \' /\. (a) 

cooling r<1te 25°C/l1r, (h) 12.5°(:/111'. This shows 

tho i [j t erg r ,I nul a r [ r ,I C t U r e. ;\ 1 s () pre:; en t (J r 0 

numerous steps on the fracture sllrCaccs that 

arc <; 1 ips t cps . 

.scannjn,t~ electron micro~~r;lph of ,lito\' II. (a) 

Til i:; s hmvs 

tile illl('f",I',J':IIlIII:II' ['1':1('1111'('. ,\1':(1 11l'('::('llt :ll'e 

flllIIlC)'O\l:; stepe; Oil the [-r:lctlll'l' e;1l1'1';1l'C'~; tll:lt 

;:ire slip steps. 



Fig. 12. Transmission electron micrO,Qr8plls of (1110), j\ 

during the step ilging sequence. a) after sten 
o 0 

2, ;\.~225i\, h) after step 3, ),~245A, c) after 

o ° 
step 5, A" 300/\, an~l el) after s ten 7, .\.3] sA. 

Fig. 13. Electron micrographs of alloy B after step 7 of 
o 

the S t C ]l a !~i n g seq u C nee, n) ).," 3 (1 5 1\. h) S h 0\'1 S a 

grain bou!1(bry un3ffectcd hy discontinuous 

coarsening while c) sho\l's a conrsencc1 houndary. 

Fig. 14. Electron microgranhs showin,l; the sninoJal 

microstructure for the nwterial continuous1v-
o 

cooled at 25°C/h1', a) /\l1oy i\, .\ 4:;()t\, h) 
o 

1\110y 13, A-330/\ 

Fig. 1 5 . 1 ~ 1 e c t ron Illi c r 0 g r <111 h 0 r /\ 1 loy /\ ;J p, C c1 a t ()? 5 0 c: 

for 20 () In s ., ).. - 7 3 () /\. ( COli r t c s v 0 F F. jl. But 1 e 1') . 

Fig. 16. F 1 e c t ron m i c r 0 g r;] ph 0 f (1) :11 1 () \' P, age d ;1 t 

° 625°C for 10 h1'5. )..,,1:;01\ and b) ;Illoy /\ at~cd 

~ " ) . 

. i !l g the un:1 f fee ted grain houndar\' aeter step 

boundary typical of the early stages of the step 

agIng sequence. Note the ahsence or ~:J',lln 

houndarv coarscninl'. 
< 0 

.. . 
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Fig. 18. Electron micrographs of alloy A continuously-

cooled at (l rate or 2S 0 Cjhr. a) /\ low m:Jgnifi-

cation picture showing the presence of hath 

coherent ;lnd discontinuously coarsened ,1:r81n 

hound;1ric:~, h) 1\ magnified vic",' 01' ,l c1iscontin-

U 0 us 1 Y co a 'r sen e u g r a in b 0 un c1 a ry, (l n d c) a mag n i fie d 

view of a coherent grain boundary. 

Fig. 19. Flectron micrographs of alloy [) continuouslv-

coole cl ~l tar ate 0 f 2 5 ° C j hr. a) A low magnifica 

tion picture showin~; the presencc of hath coherent 

and discontilltlOUsly coarsened grain boundaries 

and b)1 sam a g n j fie d vic Iv of (l C 0 a r s C' n c c1 grain 

houndnrv, 

Fig. ZO. nptiC(l1 microgrnph or- ,dlov /\ :1rlc1' (;l) step 

(h) slep 5, (el stefl '7. Tlli"- Sh()\\IS the 

Jlt'('~;(,II((' ill' IlIIIIIC'rt)ll', V(Jili::. 

rig. 21. Clptic;t! Illicro("Clph of" ;lliov 1\ ;If'tcr Cal step 

(h) step S, eel step 7. '1'11 iss h cHv :; the 

ahsence of djscontinuous coarsening and the 
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presence of numerous vojds. The density of 

voids in n1l0y B is higher th811 th(Jt in (110)' l\. 

Fig. 22. !\ com p 8 1'i s on 0 r t 11 e C (l 1 C U 18 ted vi e 1 d s t res s 

\Vi t h t h (' yi e 1 d S t res s fro rn the s t epa g e c1 1Il at e ria 1 

liS. I\a/a. The c81culation "'CIS performed using 

the theonr developed bv [lal11\lren(8i and 
- <' ',) 

"11' 1 J l' -1 ( 4 'j J i LO. O\YH1.l~ t 1e met lOC 01 I~ut cr' . TIe mC8SL1rC( 

Y i e 1 (1 c, t res S d a t a iss how 11 V s. the ide (I 1 1\ a / a 

as determined from the equilihrium tie-line 

compositions at each specific ~Igini~ tcmncr8ture. 

Fig. 23. !\ co 111 po si 1 c P lot 0 [ the 1118 a sur cd y i c 1 d s t res s e s 

V~;. the 11; e ~l sur e c1 1\ a ! s, a s de t e rill j ned fro III t Jl e 

Cur i etc 1I\ l' c~ r ~lt l n- co 111 cas u r e llW 11 t s, r 0 r a v (1 r jet y 

of a,\~jng treatments. The ca lculatcd yield 

stressc~~ for 11110y l\ are also showll fOT 

comparison. The isothcrJTwl data for alloy l\ 

IS taken from j'(cf. 4 and fOT a110v B frolilRef. 

s. 
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