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STRUCTURE AND MECHANICAL BEHAVIOR OF SPINODl\LLY DECOMPOSED 
Cu-Ni-Fe ALLOYS OF ASYMMETRICAL COMPOSITION 

Ro J • . Livak 

Inorganic Materials Research Division, Lawrence Radiation Laboratory, 
Department of Mr'J.terials Science and Engineering, College of Engineering, 

University of California, Berkeley, California 

ABSTRACT 

['wo CU-Ni-Fe alloys of as;ymrnetrical co~osition (i.e. with unequal 

volume fractions of the two low temperature phases) were heat treated 

to produce spinodal structures with various wavelengths or characteristic 

particle spacings. Transmission electron microscopy and diffraction 

were used to study the spinodally decomposed microstructures and to 

measure the wavelengths in the specimens. Tensile tests were performea. 

to measure mechanical properties of the aged specimens, and the fracture 

characteristics were studied by scanning electron microscopy~ The change. 

in composition of the Ni-Fe rich phase with aging time was determined 

by measuring the Curie temperature. The experimental results for the 

transformation kinetics agree with Cahn r s diffusion theory during the 

later stages of spinodal decomposition- While coherency is maintained, 

the yield stress is found to be directly proportional to the difference 

in cubic lattice parameters of the two precipitating phases and is 

independent of the wavelength and the volume fractions. 

. ~. . 



-1-

INTRODUCT ION 

UCRL-19189 

The concept of the spinodal was formulated at the same time as 

nucleation theory, and both concepts were discussed in the same paper 

by Willard Gibbs(l) in 1877. On a phase diagram, the spinodal is given 

by the thermodynamic condition that the second derivative of the free 

energy with respect to composition is zero (d
2
f/dc

2 = 0). Inside the 

2 2 
spinodal where d fldc < 0 the unstable solid solution decomposes 

spontaneously into two phases because there is no activation barrier for 

nucleation as in a metastable solid solution. Thus, Gibbs referred to 

the spinodal as the limit of metastability. Spinodal decomposition is 

characterized by small composition fluctuations over large distances, 

whereas, a classical nucleation process is characterized by large' compo-

sition variations over small distances. In solids, spinodal decomposition 

implies that the new phases form by a ,continuous process; and thus the 

new phases must have similar crystal structures as the original solid 

solution. The two phases are initially coherent and the crystal structure 

is continuous. 

A diffusion theory describing the mechanism of spinodal.decomposition 

has been developed by Hillert(2) and Cahn(3,4) based on changes in the 

solution free energy with composition fluctuations in the unstable solid 

solution. The solution to the derived diffusion equation can be mathemati-

cally expressed as the superposition of periodic composition waves in the 

solid solution with an exponential time dependence. Included in the 

diffusion equation are terms for the Coherency strain energy and the 

concentration gradient energy. The microstructure predicted by this 

theory is a periodic distribution of small, coherent particles or 
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regions of the two phases throughout the entire volume. The large 

strengthening effect resulting from this homogeneous distribution of two 

phases has been treated theoretically by considering the effect of the 

" (5 6) lnternal stresses ' and the periodic variation of the elastic shear 

d 1 d h "" f1 "(7) mo u us ue to t e composltlon uctuatlons. Also, a model for the 

work hardening of a spinodal1y decomposed alloy has been proposed based 

on the disregistry strain produced by the passage of dislocations through 

the coherent particles~8) A recent review article by Cahn(9) explains 

the current state of knowledge and important features of this transformation. 

In elastically anisotropic materials, spinodal decomposition occurs 

along elastically "soft" directions; and for Cu-Ni-Fe alloys such directions 

are the cube directions. The resulting periodic structure produces side 

bands in diffraction patterns, and this effect has been studied extensively 

by x-ray iiwestigators. Daniel and Lipson were the first to observe 

the sideband effect in Cu-Ni-Fe alloys, and they derived a formula 

1 · h "d b d "h 1· d· " ,,(10) re at1ng t e S1 e an spac1ng to t e structura perlo lClty. 

The microstructure of a spinodally decomposed alloy can be characterized 

by three parameters: 

(1) Volume fraction of the two pha!3es 

(2) Wavelength 

(3), Amplitude of the composition fluctuations 

But1e'r(11) studl"ed C N" F 11 'f t" 1 a u- 1-"e a oy osymme rlca compositon (i:e. at the, 

center of the miscibility gap) and followed the changes in wavelength 

and amplitude asa funct,ion of aging time. He also related the changes 

in microstructure to the~ge-hardening respQnse of the alloy. The objec-

tive of the present investigation was to determine experimenta1lv the 

effect of volume fraction on the transformation kinetics and on the age-

.' 
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hardening response of Cu-Ni-Fe alloys. Two. alloys of aSymmetrical comp()"-· 

sition. which were on the same tie-line as the alloy studied by Butler, 

were heat treated to produce a spinod.al structure; and the changes in 

microstructure and wavelength with aging time were. followed by trans-
i 

mission electron microscopy (TEM) and diffraction. The amplitudes of the 

composition fluctuations were determined by measuring the Curie tempera-

ture, which is a function of composition, of the ferromagnetic Ni-Fe rich 

phase. Also, the mechanical behavior of the spinodally decomposed and 

aged alloys was experimentally studied. 

The ternary Cu-Ni-Fe equilibrium phase diagram is shown in fig. 1. 

The 625°C solubility limit and the tie-line are taken from the work of 

Ko"ster and' Danno"hl<.12) Th d b' h d' d' h' e pseu 0- 1nary p ase1agram use 1n t 1S 

investigation is given in fig. 2. The solvus curve and the variation of 

Curie temperature with compositon for quenched alloys are also taken 

... " from the work of Koster and Dannohl. Butler calculated the position of 

the chemical spinodal curve using the formula derived by Cook and Hilliatd,~13) 

The effect of coherency s.trains was not included iIi calculating the position 

of this curve; but coherency strains are s~ll .in these Cu~Ni-Fe alloys 

as shown by lattice parameter determinations and electron rnicr0scopy. 

Decomposition of the.higb temp.eratWle; fcc y phase·· give-s' a' p'aramagneMlc'. 

Cu· rich phase and a ferromagnetic ,Nt .... Fe r-ich phase which both have-fcc 

s,truc tures. Because the two low temperature;'.pnas,es, ar~ initially cohepe~bJ~';~:' 

arid have different specific volumes, there are coherenc.y s.trairis'it:l this 

spinodalinic'rostructure. 
.. (6) 

Dahlgren . has calculated theyH~ld;stress'6,f' 

:4]h1 Y@ wJ.th c;ph'w~nt lnmelllU' microstructures, and his theory is· based 

on the elastic strains requried to maintain coherency between the two 
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phases. The conclusions reached by Dahlgren in his calculations are that 

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

difference in cubic lattice parameters of the two phases; and is 

independent of the wavelength and of the volume fractions of the 

precipitating phases between certain critical values. Dahlgren's 

results were partially confirmed by the experimental work of Butler~ll) 

however, the effect of volume fraction on the yield stress was not 

studied by Butler. The objective of· this research was to· continue the 

investigation of spinodally decomposed Cu-Ni-Fe alloys by studying two 

alloys of asymrnemtrical compositions and correlating the mechanical 

behavior with the changes in microstructure during spinodal decomposition 

and particle coarsening. 
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EXPERIMENTAL PROCEDURE 

The experimental alloys were prepared using 99.999% purity .cu, 

99.85% purity Ni and 99.6% purity Fe. The compositonsof the two 

alloys, in atomic percent, were: 

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

alloy 2, 64 Cu-27 Ni-9 Fe. 

To aid fabrication, 0.5% Mn was added to each melt to act as a deoxidtzer. 

The charges were melted in a large induction furnace in an helium atmos­

phere and were chill cast into copper molds to reduce segregation. X-ray 

fluorescent analysis verified ,to within.±l% the compositions given above. 

The ingots were inserted into stainless steel envelopes and placed 

inside an Inconel tube filled with cast iron chips and a small amount of 

activated charcoal to prevent oxidation. Thenithe ihgots::.we:t;e ,homogenized",," 

at 1050°C for three days. Next the ingots were hot forged and rolled at 

950°C to a thickness of 40 mils. Smal1 pieces fl:"om each ingot were then 

annealed and further cold rolled to 8 mils thickness for TEM specimens. 

After cutting and machining the various experimental specimens, they 

were encapsulated in evacuated quartz tubes, solution treated at 10SO°C 

for two hours and then quenched in water". To enSure that the specimens 

had not spinodally decomposed before st~rting the aging treatments, the 

specimens were further heat treated at 10SO°C for 15 minutes in purified 

argon and then drop quenched into stirred ice brine. The quenching rat,e. 

was estimated to be about 5000°C/min. A.fter this heat treatment, alloy I 

specimens had an average grain diameter of 0.07 mm and for alloy 2 specimens 

n. p nnt1 dJ:.\in.:'tPI', Tiwil ~H~<:,up:4 of Spt11.(::!.mens ,\Tere aged at 625°C for 1 minute" 

0.1,1, 10, 100 and 1000 hours. For aging times less than one hour, a salt 

.:r", 
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_ bath was used. 

An Instron testing machine was used to measure the yield stress 

. and ductility of flat tensile specimens which were 40 mils thick with 

a 1" gage length, a 1/8" gage width and 1/4" diameter pin holes. Three 

tensile specimens for each aging time were tested at room temperature, 

and all specimens were pulled at a constant strain rate of 0.02 em/min. 

The yield stress was measured at 0.2% strain offset, and the total 

elongation to fracture was determined by the change in spacing of two 

indentations made on the gage length. The work hardening rate (Le. the 

slope of the stress-strain curve) was calculated at 2% strain for all 

specimens tested. A Scanning electron microscope was use.d in examining 

the fracture surfaces to determine the mode of fracture. 

To determine the compo~iton of the Ni-Fe rich phase, the Curie tem~ 

pe:Gtures of the aged specimens were measured using apparatus developed 

-(14) 
at LRL Livermore for the study of high temperature magnetic phase changes. 

This apparatus is essentially a transformer in which the specimen is the 

core between the primary and secondary coils. Because the apparatus is 

made of boron nitride, quartz tubing and platinum wire, it can be heated 

inside a furnace to temperatures not exceeding 850°C. An X-Y recorder. 

was used to measure the change in~iriduced voltage of the secondary coil 

asa function of temperature. Two heating and cooling cycles were run 

for each specimen, and the average-value of the measured temperatures 

was taken as the Curie temperature. The specimens used for this measure-

ment were 1" x 1/4" x 40 mils. 

The heat treated coupons used to prepare thin foils for transmission 

electron microscopy measured 1" x 1/2" x 8 mils. The coupons were first 

,to, 
:-r .... ,. ';:,1, 

.. -
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thinned chemically with the following polish. 

ZO ml acetic acid 

10 ml nitric acid 

4 ml hydrochloric acid 

This chemical polish, diluted with an equal amount of water, was also 

used to remove a black oxide which sometimes formed on the specimens 

during electropolishing. Thin foils,were obtained using the following 

electrolyte and polishing conditions. 

50 grn Cr03 

Z60 ml acetic acid 

8 - 10 ml HZO 

Temperature: 10°C 

Voltage: 14 - 19 V dc 

Slow stirring of the electrolyte 

The best polishing voltage varied with the heat treatment of the specimetl;. 

The wavelengths (>...) or particle spacings of heat treated specimens 

were measured directly from enlarged prints of micrographs. All micro-

graphs were taken in the <110> orientation with a strong ZOO reflection 

operating. At least one hundred measurements, taken from five different 

areas ,were made to determine the average wavelength for each aging time~" 

Because a 15% magnification error can occur when using a <;louble tilt 

specimen stage, a carbon replica of a ruled grating was used to calibrate 

the magnification for different objective lens currents at fixed settings 

° of the intermediate and projector lenses. For specimens with A < l50A, 

the sideband spacings on 400 reflections were also used to calculate A 

from the formula(lO) 

.'~ . 'r.· :. -".' 
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where 8 is the Bragg angle for the hk9J reflection in a crystal of 

lattice parameter ao and 68 is the angular spacing between sideband 

and main reflectiOn. For the 400 reflection in these C,! Ni-Fe alloys 

this equation reduces to 

r 
A = 0.89 --;;r 

where r and ~r are the distances from 000 and the sid~bandto the 400 

reflection. A Joyce::-Loebl double beam recordingmicrodensitometer was 

used to measure these distances directly from the diffraction patterns 

along a trace parallel to the [lOOJ direction on the pattern. 

• 
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EXPERIMENTAL RESULTS 

The experimental results for the two alloys studied are summarized 

in table~ 1 and 2 and in the graphs shown in figures 3 and 4. For 

comparison, Butler's results(ll) for the Cu-Ni-Fe alloy of symmetrical 

composition aged at 625°C are given in figure 5. The compositions of the 

Ni-Fe rich phase were determined from the Curie temperature measurements 

using the information given in Butler's report (see figure 2). Distinct 

sideband peaks were not observed on the microdensitometer traces, but 

rather a general flattening of the main diffracted peak was observed to 

occur over some finit...e distance on the diffraction pattern (see fig. 6).d 

Thus, the values of A calculated from the sideband spacings represent 

some average wavelength in the microstructure. The wavelength values 

determined from the sidebands give a more accurate mea!:;urement of the 

actual wavelengths than the microgcaphs ·because a diffraction pattern 

represents a larger statistical sampling of the specimen than the one 

hundred measurements taken from micrographs. Also, there is no possible 

magnifica·tion error in the sideband measurements. 

The changes in microstructure with aging time for a11oY'2 are shown 

in the transmission electron micrograph~ of figures 7a-e and 8a-b. Alloy i 

° showed a similar development of microstl.;ucture. For A < 150A, the micro-

structure consists of wavy, irregular piates or. rods lying primarily along 

(100) planes. Even in the specimen aged ten hours, it is difficult to dis-

cern a distinct interface between the t~~o decomposing regions. The last two 

micrographs of specimens aged 100 and 1()Q0 hours show that definite, coherent 

interfaces parallel to (100) planes have developed between the Cu rich 

and Cu poor phases. The fringes observed on the micrograph in figur,e l8a 
. . 
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are thickness fringes resulting from the preferential polishing of the 

Cu rich phase. Micrographs of alloy 1 and the symmetrical alloy are also 

given in figure 8 for comparison of the three microstructures and to show 

the interconnectivity of the two phases. 

Cadoret and Delavi,gnette (15) studied the contrast in the electron 

microscope of spinodally decomposed Cu-Ni-Fe alloys and concluded that 

the contrast results from atomic displacements in the direction of the 

composition fluctuations or waves. They experimentally verified this 

contrast mechanism by showing that the contrast reversed with a change in 

the sign of the :' diffraction vector, g. As indicated by the Curie temper-

ature measurements, the as quenched specimens had partially decomposed. 

But because the amplitude of the composition fluctuations was small, the 

atomic displacement between the Cu rich and Cu poor regions waS small. 

Thus the contrast in the as quenched specimen,was weak (see fig. 7a). 

For specimens aged up to one hour, the observed contra,st became stronger 

with increased aging time as the composition amplitude increased (see fig-

ures 7b..:.d). 

A comparis,on of the measured Curie temperatures and the wavelengths 

show that the wavelength did not grow significantly until tliIe equilibrium 

tie-line cOmpositions were reached (cf. tables 1 and 2 with fig. 2). Then 

particle coarsening occurred as shown in figures 7e and 8a-b, and the two 
P' 

phases remained coherent after aging for 1000 hours at 625 o,C. Optical 

metallography revealed some discernible grain boundary precipitation after 

aging for 10 hours. a few discrete grain boundary precipitates after 100 

hours and some continuous grain boundary precipitation after 1000 hours 

(see fig. 9). 
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The yield stress of the spinodallvdecomposed alloys increased 

threefold with longer aging times until the equilibrium tie-line 

compositons were reached; and there was a corresponding 75% decrease 

in the total strain to fracture. For alloy 1, the yield stress decreased 

slightly for specimens aged longer than 10 hours; whereas alloy 2 showed 

no change in yield stress for specimens aged ,10 hours up to 1000 hours. 

The work hardelling rate (der/de) measured at 2% strain increased with 

aging time for both alloys tested.' While alloy 1 showed a twofold increase 

in the work hardening rate, alloy 2 had only a 25% increase after aging 

for 1000 hours. Fractog,raphy revealed that the as quenched specimen and 

the specimen aged one minute fractured in a completely ductile mann,er .• 

With increased aging time, the fracture mode becameirfter.granula-rwith,s'ome 

small regions of ductile failure (see fig. 10) • 
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DISCUSSION 

The rates of spinodal decomposition for the symmetrical and asym-

metrical Cu-Ni-Fe alloys were found to be significantly different; and 

a comparison of ·the present results with Butler's results for the 

symmetrical alloy on the same tie-line shows this difference (see figures 

3, 4, and 5). Butler found that the as quenched symmetrical alloy showed 

no evidence of decomposition and that the equilibrium compositions 

were reached after aging for one hour at 625°C. But for the asymmetrical 

alloys, the as quenched specimens had partially decomposed and the equi-

librium compositions were reached after aging for ten hours at 625°C. 

This rate difference can be understood physically by considering 

.. the free energy curv? and the driving force for spinodal decomposition. 

The reaction rate is proportional to the magnitude of the driving force 

which is the second derivative of free energy with respec't to composition 

(d
2
f/dc

2
). Because the driving force is greater for the symmetrical allbY 

than for the asymmetrical alloys, spinodal decomposition occurs more rapidly 

in the symmetrical alloy. The difference in the as quenched structures was 

probably due to a difference in the quenching rates. 

Once the asymmetrical alloys reache'd the equilibrium tie-liq.e compo:'1" 

sitions, particle coarsening occurred (figures 3 and 4). A log-log plot 

of wavelength vs. aging time gav.e.a time. d~pendenceexpon.e.Il.t. of -0.37. 

That is, the observed rate law was A cr ktO. 37 However, this value is 

only approximate because of the small nllmber of data points plotted and 

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

For the symmetrical alloy, Butler(ll) found that particle coarsening 

could be described by the rate law A a: kt
l

/
3

, which is consistent ,.;rith 

.. ". ;", . ',,. . . :-----
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the theories of diffusion controlled coarsening where large spherical 
\ 
\ 

particles grow at the ~xpense of small ones. 

A comparison of the Curie temperature data (tables I and 2) with the 

pseudo-binary diagram (fig. 2) indicates that the as quenched specimens 

of both alloys had partially decomposed to the spinodal composition, as 

given by the tie-line, that was nearest to the original alloy composition. 

Note that for both as quenched alloys, the measured compositions of the 

Ni-Ferich phase were + 8% Cu from the original compositions. Thus, during 

the quench, the fundamental composition wave developed. The fundamental 

can be described by a: sine ~~ave fOl':m and is'csymmetrical about-~h.e'l(i)riginal 

composition. As the fundamental grows in amplitude upon aging, the non-

linear terms in the solution of the c1tffusion equation for spinodal 

decomposition become important and they produce harmonic distortions ,,>-~_, 

of,the tfun:ciamen·tall "!conu);os;t,tilQnowatr.es • 

As discussed by Cahn~16) the amplitudes of these harmonic distor-

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

amplitude; and when this amplitude is iniU.ally small, these distortions 

are no t important. The even harmoni cs, which have non-zero amp Ii tudes 

only in asymmetrical alloys, distort the fundamental sine wave to conform 

to the lever rule by increasing the amplitude of the minor phase while 

decreasing its spatial extent and vice verSa for the major phase (see 

fig. 11). This effect of the even harmonics is clearly shown in the Cur::te, 

temperature data for alloy 2 aged from one minute up to ten hours. The 

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

:1 composition profile more characteristic of a two phase structure, by 
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flattening the peaks of the fundamental and sharpening the gradient between 

the extremes in composition. As the g{adient at the interface increases, 

the contrast between adjacent particles also increases and the interface 

becomes more distinct. This effect is qualitatively seen in the series of 

electron micrographs of the aged specimens (fig. 7a-e). 

This simple explanation of spinodal de compos it on describes the 

average or overall decompositon process occurring throughout the speci-

men. But within a localized region the actual decomposition process is 

more complicated than suggested above because there are several wavelengths 

present and the effects of the harmonics on the fundamental wave cannot 

be so precisely described. The microdensitometer trace of a 400 diffraction 

spot given in figure 6 shows three distinct sideband peaks to the right 

of the main peak. Thus, the crystal contained a spectrum of wavelengths 

centered about the dominant wavelength that received maximum amplifj.ca;tioii:~. 

Also, during the initial stages of spinodal decompositon when the wave 

amplitudes are small, the elastic strain energy term is not very large 

for Cu-Ni-Fe alloys. Consequently,the crystal can be considered elasti-

cally isotropic during the early stages and the composition waves may not 

necessarily be along the cube directiondl. 

The wavy appearance of the particles during the first ten hours of 

aging can be understood qualitatively by considering the changes in 

microstructure during spinodal decomposl.tion ~f Cu-Ni-Fe alloys. 

(17) '. . " Khachaturyan has dpne an elastic enE!rgy analysis of a homogeneously 

decomposing solid solution and has showr~ that the distribution and 'shape 

Qi" !'~~rf'f(:'l(:\~~ L~ d<?t&'!'I111.nod by the minimum el.astic energy associated with 

the difference in specific volumes of the precipitating phases. This 

elastic energy mechanism differs from Cahn's theory which is only valid 



.. 

" 

-4, 

-15- UCRL-19l89 

when the composition wavelength is commensurate with the correlation 

length (Le. the measure of non-locality of free energy) . Since the 

correlation length is the same order of magnitude as the thickness of the 

transitional boundary layer, Cahn's theory is only valid during the 

early.stages of spinodal decomposition. 

In a face centered cubic solid solution that decomposes along the 

cube axes, Khachaturyan has described the following steps in the develop-

ment of the particle morphology, starting with the distribution of the 

highest energy and progressing to that of lowest energy. 

1) Three-dimensional distribution described as a primitive 

cubic lattice the sites of which are cuboidal inclusions of 

the equilibrium phases and of partially decomposed matrix. 

2) Two-dimensional distribution described as a planar square 

lattice formed by rod-shaped particles. 

3) One-dimensional distribution of parallel lamellar particles 

that are regularly spaced. 

Initially during the decomposition process, composition waves form in ail 

(3) 
three dimensions along the cube axes as noted by Cahn. But this 

particle morphology transforms to the energetically favored two-dimension~l 

distribution and then finally to the one-dimensional distribution. The 

total free energies of the multi-dirti.e~sional distributions are greater 

than that of the one-dimensional distribution because of differences in 

elastic energy and also in chemical free energy since the one-dimensional 

distribution contains only the equilibrium phases but the multi-dimensional. 

distributions also contain some partially decomposed matrix. 

For the asymmetrical alloys studied, the equilibrium compositllons 

., r" 
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were reached after ten hours of aging (cf. tables 1 and. 2 with fig. 2). 

Thus, in specimens aged less than ten hours, partially decomposed matrix 

was still present and the microstructure consisted of multi-dimensional 

distribution of particles. Because the particle morphology was trans-

forming to the one-dimensional distribution, no distinct (100) habit planes 

developed until the specimens had been aged 100 hours. Consequently, the 

microstructure had a wavy appearance as observed in the electron micro-

graphs (see fig. 7a-e). 

The asymmetrical alloys have age-hardening responses similar to the 

symmetric~ aliloy, i.e. the yield stress increased rapidly with aging time 

and then became constant for aging times greater than ten hours. However, 

there is one significant difference between the two cases. For the asym-: 

metrical alloys, the wave~ength initially remained constant while the 

yield stress doubled. But for the symmetrical alloy ,the wavelength grew· 

initallyas the yield stress increased (cf. figures 3, 4, and 5). Then 

as the wavelength increased for aging times greater:than ten hours, the 

yield stress remained constant. But the variation of yield stress for 

the asymmetrical alloys followed approximately the change in Curie tem-

perature (Le. compositon) of the Ni-Fe rich phase (see fig. 12). Assuming 

that the lattice parameter is proportional to the compositiol1, the"yiIMld; 

stress of the spinodally decomposed, asynnnetrical Cu-Ni-Fe alloys is 

directly proportional to the difference in cubic lattice parameters of 

the two coherent phases and is independent of the wavelength. Also, the 

symmetrical andasynunetrical alloys aged at 625°C attained about the same· 

2 maximum yield stress (35-39 kg/mm). Therefore, the yield stress is not 

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

'. 
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The yield stress dependence on the various microstructural parameters 

observed in this study agrees completely with the conclusions reached by 

Dahlgren(6) for his theoretical calculation of the yield stress of alloys 

with coherent lamellar microstructures. Dahlgren's theory was based on 

the internal coherency strains resulting from the difference in lattice 

parameters of the two precipitating phases.· He calculated the internal 

stress field for the lamellar microstructure and then resolved these 

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

requtred for the initial passage of dislocations through the microstructure. 

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

used by Mott and Nabarro(18) to derive the following expression for the 

average internal stress due to spherical, coherent precipitates. 

In this expression, G is the average shear modulus '. sis the misfit 

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

of the precipitating phase. 

As a result of his calculations, Dahlgren conc'hlded that: 

1) The yield stress is independent of the wavelength, A. 

2) The yield stress is nearly independent of the volume fractions 

f1 and £2 if the elastic constants do not differ appreciably in 
---------_. 

·the two phases and if for an isotropic material the condition 

1/3 2 fl 2 2/3 is satisfied. 

3) The yield stress is directly proportional to the diffetence in 

cubic lattice parameters of the precipitating phases when the 

same conditions as in (2) apply. 

Because Cu-Ni-Fe alloys are anisotropic and the elastic constants of 
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the precipitating phases differ by a small amount, the limits given 

above for the volume fraction are only approximate. In this present 

study of asymmetrical aLLoys, it was found experimentally that the limits 

on the volume fraction are 1/4 ~ f1 ~ 3/4 for the above conclusions to 

be valid. 

As long as the minor phase remains interconnected, it is physically 

reasonable to expect the yield stress to be independent of the volume 

fraction. Because given the interconnectivity of, the minor phase, the' 

dislocations must pass through the coherent interfaces and cannot cross 

slip around the particles. Cahn(l9) did a computer simulation for the 

spinodal1y decomposed microstructure of an isotropic material and found 

that with 0.24 volume fraction the minor phase remained interconnected. 

The transition to isolated particles was found to occur in the volume 

fraction range of 0.15 + 0.03. The electron micrographs in figures 7 

and 8 show" that the minor phase in the Cu-Ni-Fe alloys was intercormected 

at a volume fraction of 0.25. 

The work hardening rate (da/de) of both alloys studied increased 

with aging time (see tables 1 and 2); and alloy I showed a larger increase 

than a1loy 2. 
, (8) 

Carpenter has proposed a model for the work hardening 

rate of spinodally decomposed alloys based on the lattice disregistry 

shear strain resulting from the passage of dislocations through the 

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

the plastic region is 

= a 
y 

/26 a +--- G 
'2 'IT nb 

sin --­
A 

where a is the yield stress, 6a is the maximum difference in lattice y 

". 
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parameters of the decomposjngregions, a
o 

is the lattice parameter of 

t?e quenched solid solution, G is the shear modulus, n is the number of 

dislocations which have passed through the matri~, b is the Burgers 

vector and A is th~ wavelength. 

Carpenter noted that for fixed plastic strain (Le. n constant) an 

increase in A will cause a decrease, rather than an increase, in the 

work hardening rate. But the experimental results for alloy 1 show a 

significant difference between the work hardening rates for the s?ecimen 

aged 10 hours and the one aged 1000 hours where A increased bV,a factor 

of eight and ~a for the two specimens remained about constant. This 

discrepancy b~tween the derived equation ~nd experimental results 

indicates that Carpenter's model may only be valid for small plastic 

strains (Le. less than 2%) before the coherent microstructure has been 

greatly distorted by the passage of dislocati?ns through it. The observed 

differences in the work hardening rates of alloy 1 and alloy 2 suggest 

that there lllay be otl;1er factors not considered in Carpenter's model 

which influence the work hardening rate of spinbdally decomposed alloys. 

For example, the work hardening rate may depend on the relative volume 

fractions of the precipitating phases and on the difference in shear 

moduli of the two decomposing regions. Also, the functional dependence 

of do/de on A is probably different than that derived by Carpenter. 

The fractography results showed' that the as quenched specimen 

and the specimen aged for one minute failed in a transgtanular ductile 'r~ , 

manne,r. However, the specimens aged six minutes and longer failed 

intergranula:tly with some areas of ductile fracture. Using optical metal':' 

lography, no grain boundary precipitates were detected in specimens 
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aged for times less than 10 hours. This change in fracture mode is 

probably explained by the increase in yield stress and work har~ening 

rate with aging time. The grain boundaries have some given fracture 

strength that is not strongly dependent on the microstructure of the 

matrix. In the as quenched specimen and the one aged for one minute, 

the frkcture stress of the matrix was less than the fracture stress of 

the grain boundaries. But in the specimens aged six minutes and longer, 

just the reverse situation occurred and the fractu~e stress of the grain 

boundaries was reached before the matrix failed. However, this explana­

tion is tentative as there are other microstructural factors (e.g. 

grain boundary segregation) that may be causing the intergranular frac­

ture of the aged specimens. 

; .~ 
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SUMMARY 

In this experimental study of spinoda11y decomposed Cu-Ni-Fe alloys 

of asymmetrical compositions, the following results were obtained. 

1) The as quenched specimens contained the fundamental composition 

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

sine wave, or first harmonic, was distorted by higher order 

harmonics which resulted in a square wave profile for the com­

position fluctuations. 

2) The quenched-in fundamental wavelength did not grow until the 

equilibrium tie-line compositions were reached. Note that this 

result differed from that for the symmetrical alloy in which the 

wavelength began growing immediately upon aging before the 

equilibrium tie-line compositions were reached. 

3) The reaction rate for spinodal decomposition of the asytmnetrica1 

alloys was one order of magnitude slower than for the symmetrical 

alloy. 

4) For this coherent microstructure in the spinedally decomposed alloys. 

of asymmetrical composition, the yield stress is directly proportional 

to the difference in cubic lattice parameters of the two precipi­

tating phases and is independent of the wavelength and the relative 

volume fractions within the limits 1/4 ~ f1 ~ 3/4. 
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TABLE I 

EXPERIMENTAL DATA FOR 

ALLOY 1: 32.0 Cu - 45.5 Ni - 22.5 Fe 

° A IN A 
(SIDEBANDS) 

CURIE % Cu IN YIELD STRESS TOTAt % 
TEMPERATURE Ni-Fe PHASE (kg/mm2) ELONGATION 

420°C 24.3 13.2 + 1.8 42.0 ± 0.2 

da/de 
(kg/mm2) 

l 
104 . I 

1 MIN. 56 ± 7 LI 66 . ·1 4WC l-2~~----. l~5. 6± ~;-oo-r32. 6 :':: -;4 1-12;----J 
-----t--!~~- - !~--______ 0_- ~--

0.1 HR. 73 + 17.8+ 2.9 128 

1 HR. 
I-----o---r-~--
14.0 + 4.5 144 

----t--.------.~t__----.~~. ~~. 

11.1+4.0 122 106 + 7 I 138.\ 505°C ll.5 

100 HRS; f 471:+ 17 -t--~-96.C 13.2 

10 HRS. 

178 

36.0 + 1.0 

9.7 + 0.4 33.5 + 0.6 
I 

1
'---- 1000 IlRS .1 827 + 51 I 
-- I 

505°C -+- I---;-;-:;--p;-:-;; :':: 0.9 f.1 :':: 1. 9 r-218 -I 

• 

I 
N 
W 
I 
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AGING 
TIME 

I. AS QUENCHED 

I.~I~.-------. 
0.1 HR. 

-
I HR. 

to HRS. 

1100 HRS. 

! 11000 HRS. 
I 

TABLE II 

EXPERIMENTAL DATA FOR 

ALLOY 2: 64 Cu - 27 Ni - 9 Fe 

° ° A IN A A IN A CURIE % Co IN YIELD ST~ESS 
(MICROGRAPHS) (SIDEBANDS) TEMPERATURE Ni-Fe PHASE (kg/rnm ) 

71 :: 10 , -- 148°C 56.2 13.3 + 0.7 

74 + 5 68 216°C _ 51.8 17.9 + 0.1 
___ ._. _________ w __ c _____ ----_._-----_. ~.--.. -----........ ------- --------

80 ± 9' 78 319°C 38.5 23.8 + 0.4 
--

62 + .2 78 338°C 36.0 34.5 + 0.3 - -

124 + 14 140 419°C 24.3 37.8 + 0.8 

-----
577 + 36 -- 489°C i3.9 39.0 + 1. 2 

-- .--- -
897 + 44 -- 495°C 13.2 38.6 + 0.6 - -

UCRL-19189 

'tOTAL % do / de 
ELONGATION (K g/rnm2 ) 

•. 

30.6 + 1. 8 148 

------ --~~ 
19.3 + 2.7 164 

.------.------~ ---..,,;----
14.2 + 1.1 164 

8.8 + 0.4 132 

--- -
7.5 + 1.0 154 
. 

7.1 + 1.9 188 

10.8 + 1.2 188 - , 

I • .; __________________ •• ______ • ___ '-c:-____________ ,. .. __ ...... _ .... _ __ . ___ ._ .. ___ ...... ___ .. __ .. __ c. _____ . _____ · ____________ · __ ·__ ---.. -.-. .-

I: .' 

I 
N 
~ 
I 
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FIGURE CAPTIONS UCRL-19189 

Fig. 1. Ternary eq~ilibrium diagram for the Cu-Ni-Fe system showing 

the tie-lines with the 625°C solvus line(12) and the compositions 

of alloys 1 and 2. 

by Butler ~1l) 

Alloy A is the symmetrical alloy studied 

Fig. 2. The pseudo binary section of the C~Ni-Fe system used in this 

investigation. X and Yare the expected equilibrium tie-line 

compositions of the decomposed phases when the alloys are 

° (12) aged at 625C. The chemical spinodal was calculated by 

(11) . 
Butler uS1ng Te - 825°C and Cc - 0.50 from ref. (13). The 

Curie temperatures of the quenched alloys were taken from 

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

Butler for alloy A. 

Fig,~ . 3~:, Summary of the changes that occur in yield stress, Curie 

temperature and wavelength for alloy 1 aged at 625°C. 

Fig. 4. Summary of the changes that occur in yield stress, Curie 

temperature and wavelength for alloy 2 aged at 625°C. 

Fig. 5. Summary of the changes that occur in yield stress, Curie 

temperature and wavelength for alloy A aged at 625°C taken 

from ref. (11). 

Fig. 6. Electron diffraction pattern of alloy 2 aged 1 hour at 625°C 

with microdensitometer trace showing the sidebands on the 

(400) reflection along the [100] direction. Note the three 

sideband peaks on the right which correspond to three waveleng.ths 

in the crystal. 

Fig. 7. Transmission electron micrographs of alloy 2 (a) as quenched 

showing very faint contrast of the decomposing regions and aged 

"~' ,'.'. : .\,-~ 
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at 62SoC for (b) 1 min. A ~ ° 7SA, (c) 0.1 hr. A - 75A, (d) 

° ° 1 hr. A - 7SA, and (e) 10 hrs. A - l3SA. Diffracting 

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

operating from left to right with foil orientation <110> 

as shown in the diffraction pattern (f). 

Fig. 8. Electron micrographs of alloy 2 aged at 62SoC for (a) 100 hrs. 

° ° A ~ S7SA and (b) 1000hrs. A - 900A. Micrographs of alloy A 

taken from ref. (11): (c) aged at 700°C for 16 hrs. A - sooX, 
° Cd) aged at 775°C for 16 hrs. A - 975A. Micrographs of 

° alloy 1 aged at 62SoC for (e) 100 hrs. A - 470A and (f) 1000 

° hrs. A - 82SA. The copper rich phase waS preferentially 

electropolished, and in some foils this phase was completely 

removed as shown in (f). Note that no preferential precipi-

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

micrographs of the three alloys show that the two phases remiiined 

interconnected. 

Fig. 9. Optical micrographs of alloy 2 aged at 62SoC for (a) 10 hrs. 

and Cb) 1000 hrs. showing that grain boundary precipitation 

occurs after aging for 10 hrs. and forms a grain boundary 

network after 1000 hrs. 

Fig. 10. Scanning electron fractographs of alloy 2 (a) as quenched and 

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

the abrupt change from trans granular , ductile failure to 

Fig. 11. Effect of lever rule harmonics on the fundamental.composition 

wave (from ref. 16): 

. ". ~.' .' . ","" ,". ' ", "., .'. 
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(a) 1. The fundamental <100>. 

2. The second harmonic <200>. 

3. The harmonic distortion produced by adding the 

<200> in phase with the fundamental leads to a 

lever rule correction. 

(b) Final shape of composition wave for asymmetrical alloy. 

Fig. 12-. Plot of yield stress vs. change in % Cu of the Ni-Fe rich phase 

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

(';.,~ "'.~ .. 
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LEGAL NOTICE 

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

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

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

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