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LATTICE IMAGING AND MECHANICAL PROPERTIES 

OF A Cu-Ni-Cr SPINODAL ALLOY 

Chien-Kuo Wu 

ABSTRACT 

A commercially important Cu-28,9%Ni-2,8%Cr alloy has been heat

treated to produce spinodal structures, Conventional transmission 

electron microscopy (TEM) and diffraction have been used to study the 

spinodally decomposed product and to measure the wavelengths in the 

specimens. Tensile tests were performed to measure mechanical properties 

of the aged samples, and the fracture surfaces were examined by scanning 

electron microscopy. 

The lattice imaging technique of high-resolution electron microscopy 

has been applied to study the compositional fluctuations in this alloy. 

Although the change of lattice parameter between the two phases is only 

~l%, characteristic spinodal composition waves can be detected by lattice 

imaging, both in the early and later stages of aging, The reliability of 

various methods for processing the imaging data are discussed. The 

correlation of mechanical properties with microstructure then shows a 

dependence of yield stress increment on lattice parameter change between 

the two phases. 

~iii~ 
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I. INTRODUCTION 

The object of this research is to investigate experimentally the 

spinodal characteristics of an alloy and then correlate the mechanical 

properties with the changes in microstructure during spinodal decomposi-

tion and particle coarsening. Cu-Ni-Cr was chosen particularly for its 

commercial importance as an alloy of excellent strength and corrosion 

. . . . (1) c . 1 h 1 h t res1stance 1n marlne enVlronments. ,onventlona t erma eat trea -

ments were performed and mechanical property data were obtained by 

standard methods and the microstructure was studied by transmission 

electron microscopy. A relative recent development viz. lattice imaging 

was also employed to obtain information concerning the alloy at the 

atomic leveL 

A. Spinodal Decomposition 

Spinodal decomposition is a mechanism of homogeneous phase trans for-

mation which usually produces a uniform microstructure. It was first 

described for chemical solutions by J. Willard Gibbs(2) in the 1880's. 

Thermodynamically, the spinodal can be described as the condition that 

the second derivative of the free energy with respect to composition is 

a2
F a2

F 
zero (---- "" 0) Inside the spinodal, where -~--~- < 0, the unstable solid 

Cl c2 • de 2 

solution decomposes spontaneously into two phases, becatlse there is no 

activation barrier for nucleation. Therefore Gibbs referred to the 

spinodal as the limit of metastability. 

It is only very recently that extensions of spinodal phenomena to 

metallurgical theory and solid solution reactions have been described 
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fully. Hillert(3) and Cahn(4,5) contributed to the development of 

theories of spinodal decomposition. They used a diffusion theory. based 

on changes in the solution free energy with composition fluctuations in 

the unstable solid solution. 

In solids, there are two aspects of the spinodal that require 

special mention. Firstly, the spinodal implies that the new phase forms 

by a continuous process. Thus the kinds of solid phases formed are 

cryslallographically quite similar to the original phase. The simplest 

cases are those when the two phases have the same crystal structures and 

differ only in composition. Secondly, this continuous process means 

initially that the two phases are coherent with each other and the 

lattice remains continuous. 

Spinodal decomposition can also be described by small composition 

fluctuations over large distances. while a classical nucleation process 

is described by large composition variations over small distances. 

The microstructures of a spinodally decomposed alloy can be 

characterized by these parameters: 

(1) Volume fraction of the two phases; 

(2) Wavelength of the modulations; 

(3) Amplitude of the composition fluctuations. 

Analyses of these parameters in spinodal eu-Ni-Fe alloys have been 

performed by Butler and Thomas. (6) and Livak and Thomas. (7) Their 

experimental results revealed that, while coherency is maintained. the 

yield stress is directly proportional to the difference in cubic lattice 

parameters of the two precipitating phases, and is independent of the 

wavelength and volume fractions in symmetric and assymmetric eu-Ni-Fe 
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alloys, However, very few systematic studies of other systems have been 

performed to investigate the relationship of mechanical properties with 

the microstructural parameters of spinodal alloys, Therefore, it is the 

purpose of this research to explore these parameters and to establish 

these relationships in a commercial Cu-Ni-Cr alloy, 

E, The Material 

The constitutional studies by Meijering et al,(8) (Fig. 1) have 

shown that for Cu-Ni-Cr, the alloy studied in the present research, 

there is a miscibility gap in the face-centered cubic phase diagram of 

the system, although binary Cu-Ni alloys are completely miscible, Badia, 

Kirby and Mihalisin(9) have studied the strengthening during continuous 

cooling of Cu-Ni-Cr alloys containing 20 to 45% Ni with up to 4% Cr, 

Their experimental observations showed many points of similarity with 

the theoretical calculations of Huston, Cahn and Hilliard(lO) for 

spinodal decomposition during continuous cooling. 

Spinodal decomposition during continuous cooling is of technological 

interest since continuous cooling will afford a convenient method of 

produc.ing spinodal structures in commercial heat treating practice. From 

the litenture, (1) the present Cu-Ni-Cr alloy undergoes spinodal decom-

position when aging at temperatures below 760°(;, This clccol1lposit~ion 

results in producing a microstructure of Cll-rich and Ni-Cr rich regions 

which hoth iwve face-centered cubic structures, ilnd the tattice para-
o 

meters of the two regions after heat-treating at 750°C are 3.603A and 

° (8 9) 
3.57lA, ' respectively. 
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In this research, the alloys were aged at two temperatures (600°C 

and 700°C) to produce the spinodal structure, and the changes in micro-

structure and wavelength with aging time were followed by transmission 

electron microscopy and diffraction. The resulting periodic structure 

gives rise to the side-bands in diffraction patterns, typical of periodic 

spinodal systems. Also, the mechanical behavior of the spinodally 

decomposed and aged alloys was experimentally studied. 

In order to correlate the mechanical properties with microstructure, 

the difference in lattice parameters of the two phases has to be 

d . d (11) etermlne . Since the present material is non-magnetic, there is no 

(6) 
Curie-temperature and so this method cannot be applied to estimate the 

amplitudes of the composition fluctuations. Hence, for the purpose of 

obtaining an accurate measurement of fla down to the atomic level, 

lattice imaging has been utilized to meet this requirement. 

The most common modes of operation of the transmission electron 

microscope are the formation of an image using only the transmitted 

electron beam (bright-field image) or one diffracted beam(12) (dark-field 

image). Tf an aperture is placed at the back focal plnnc of the objec-

tive lens to encircle both the transmitted spot and one cllCfractcd spot, 

then the interference bct\veen these two spots will, llndl~r appropriate 

circumSLances,give D set of fringes corresponding to the lattice planes 

in tllc crystal which give rise to the diffracted spot. This is a very 

useful method called 1attice imaging which is capable of resolving the 
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microstructures of materials down almost to the atomic leveL In order 

to achieve this, electron microscopes must have adequate resolution 
(13) 

(low spherical aberration constants for the objective lens), 

Since spinodal decomposition is characterized as small composition 

fluctuations over a large distance, previous studies by X~ray diffraction 

and conventional transmission electron microscopy revealed only the wave-

lengtlls of the early stage composition modulations through diffracted 

intensities averaged over a large specimen area, The conventional bright-

field or dark-field images of TEM cannot provide any compositional 

information about the two phases, It is only possible to d~tect the 

localized, plane-by-plane variations in composition by corresponding 

. (13-16) 
lattice parameter modulations through the lattice imaging technlque, 

Recently, high-resolution lattice imaging of TEM has proved to be 

one of the most powerful methods to obtain information down to the atomic 

level in alloys. By directly imaging the lattice, finer detail can be 

observed concerning defects and phase transformation processes, 

" (14) 
For instance. Sinclair, Schnelder, and Thomas and! yzed ordering in 

Cu
3

Au by this method. Their results have cleared up some problems and 

have given new structural information in a well-known system and 

illustrate the power of the technique for showing detail ilt the atomic 

1 evel., 

GroDsky. Okada, Sinclair, and Thomas(lS) used the same method for 

spinodal alloys. In their preliminary results of spinodally decomposed 

Au-77 at. % Ni (An ~ 14%) alloy, they were able to detect lilttice para-

meter di.fferences of up to 11% from one region to another by measurements 

1 1 . f' (16) on microdensitometer traces across tle attlcerlnges, The average 
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wavelength determined from this technLque Ls ).. '\' 29A which is Ln agree~ 
o 

ment with that ().. ~ 29A) determined from the positions of satellite 

reflections in the corresponding diffraction patterns. The lattice 

image of this material shows the prLncLpal features expected of a spino-

dally decomposed alloy. 

A I · 1 . 1 d' f f . (16) c h" 1 . new approacl uSlng azer optlca 1 ractlon rrom t e attlce 

o 

imaging negatives allows areas as small as lOA Ln dLameter to be used 

to give diffractton data which is a considerable advance in terms of 

resolution over conventional diffraction methods. This helps in the 

interpretation of the lattice fringe images. 

For the present research, since the difference in lattice parameters 

o 

of the two phases is quite sIllall ((6a) ~ O.04A), the analysis of the 
max 

lattice fringes in this way must be done very carefully. In order to 

obtain meaningful results from the lattice images, three different 

methods were used to determine 6a which then proved to be consistent 

with one another. 

In Cu-Ni-Cr alloy, spinodal decomposition occurs along the cube 

directions, the so-called elastically "soft" directions. Therefore, 

(200) lattice fringes were imaged to measure 6a. 
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II. EXPERIMENTAL PROCEDURES 

(1) The 
-~ .. --"-~-

The sample is a commercial Cu-based alloy. Chemical analysis from 

Paul Merica Laboratory gives the following result, expressed in weight %: 

Cu - balance C - 0.014% 

N" 1. - 28.9% Ti - 0.051% 

Cr - 2.84% Si - 0.091% 

Mn - 0.55% Fe - 0.32% 

Zr - 0.22% 

(2) Heat Treatment 

The alloy was encapsulated in evacuated quartz tube, homogenized at 

1100°C for 72 hours, quenched into ice brine and cold rolled down to 10 

mils thickness for transmission electron microscope specimens. 

After cutting and machining, the various experimental specimens 

were annealed in quartz tubes filled with purified argon at 1100°C for 

two hours and quenched again in ice brine. 

Specimens were subsequently aged at 700°C and 600°C for various 

times from 5 min. to 808 hours. 

(3) TensiJ e t 

For tensile test specimens, the alloy was first cut into strips 

(2" x 3" x 80 mils) <lncl the heat-treatment subsequently performed. The 

strips were then machined into standard flat tensile specimens (Fig. 2). 
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The specimens were tensile pulled in an Instron machine. In order 

to investigate the fracture surface of the specimens. the specimens were 

examined in a scanning electron microscope operating at 20 kV. 

(4) Polishing Procedures 

The heat-treated alloys were chemically polished in a solution of 

3 parts of RN0
3 

and I part of RF at room temperature to a thickness of 

3-5 mils, and mechanically polished on (600) grit emery paper. Small 

discs were punched from the alloys and thin foils for TEM were prepared 

by jet-electro polishing, with the following solutions and conditions: 

solution: 125 ml nitric acid and 375 ml methanol 

condition: temperature: _20DC to -25 D C (cold methanol was used 

as a cooling bath) 

polishing voltage: 20 V (DC) 

Specimens were then observed in a Siemens IA Elmiskop for conventional 

electron microscopy. 

(5) Lattice' 

For the lattice imaging technique. a Philips EM 301 transmission 

electron microscope equipped with high-resolution stage was utilized. 

The spedmen grains with rOOl] parallel Lo the microscope optical <Jxis 

were found and the crystal was then tilted such that two beam condi.tions 

with a strongly diffracted (200) spot was obtained in order to image 

(200) lattice fringes. These reveal the characteristics of spinodal 

decomposition along this direction. 
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(6) Calibration of tJ1e Magnification 

Usually lattice imaging pictures were taken in the electron micro-

5 
scope operating at high magnification (over 5 x 10 times), The 

calibration of the exact magnification of the microscope is very impor-

tant for any quantitative measurement on the lattice fringe spacings, 

Since the true magnification is only within ±10% limits of that normally 

shown on the microscope meter. the exact magnification \vas determined by 

the following procedures, 

Firstly, the average lattice constant of the alloy at each aging 

condition was determined by standard X-ray diffraction methods. The 

average corresponding (200) lattice fringe spacings was established on 

enlarged micrographs and the calibration found for this particular 

picture, 

(7) Measurement of Lattice Constants 

Three different methods WL~re used to measure the variations of 

lattice parameters between the two phases from lattice imaging negatives: 

(a) Optical diffraction: The lattice imaging negatives were placed 

in the path of a HeNe lazer beam in a standard optical bench. The 

fringes present in the negatives give rise to diffraction spots in the 

hack focal plane of the optical objective lens, Then hy measuring the 

distance r between the transmitted and diffracted spots, using the 

formula: 

AL := rd 

where AL is a constant, and by comparison with that of standard gold 

(200) fringes, then d, the corresponding lattice spacing giving rise 

to the diffracted spots, can ~e determined, 
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(b) Microdensitometer trace analysis: The individual lattice 

constants can be found by directly measuring the distance from peak to 

peak on a microdensitometer plot of the image and dividing by the 

appropriate magnification. 

Here in this research, pverage values were obtained over 15 fringes 

at a time, and standard deviations were calculated to give the accuracy 

limits. The final shape of the curve will then show the variations of 

the lattice parameters. 

(c) Direct measurement from enlarged micrograph. It is straight

forward just to measure the lattice spacings on an enlarged micrograph, 

divide by the magnification and the lattice constants can be obtained 

immediately. 

(8) Accu of Measurement __ ~ _____ . __ ~~ ____ ~~ __ ~:c:~~ 

The three different methods used to measure the fringe spacings 

have been described above. Since the maximum difference of lattice 

parameters is so small ('\,1I~), then the measurements must be done very 

carefully, and the accuracy of e<1ch method will be estimated as follows: 

(a) Optical diffraction provides the most reliable' results among 

the three methods. It converts fringe image information of lattice 

pInncs ill the specimen into diffractIon spots. By p1ncing a certflin 

size of operture in the be3111 path, diffraction infonn<1lion can be 

obtaincd cvcn fro111 a very small area in the material. 

The only limitation of this technique is govcrned by the aperture 

size, since the aperture will itself diffract. Fig. '3 shows optical 

diffraction patterns from the same area in the negative Ilsing three 

different aperture sizes. In a. the aperture size is comparable to 
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~35A in the real crystal. The aperture itself gives diffraction 

patterns as Fraunhofer rings, which will sometimes interfere with the 

diffracted spots and broaden the spots. The intensity is low due to the 

small size of aperture. It is also more difficult to locate the exact 

center of the diffracted spots as they are broadened and, hence the 

errors in measurement are increased. 

By sacrificing the resolution, a large aperture size gives sharper 

diffraction spots (Fig. 3b, c) \vhich results in more accurate measure-

ments. Generally, using a rule marked down to 0.5 mm, the estimated 

accuracy is ~0.5%. This is quite reproducible, the errors originating 

from uncertainty in measuring the distance between the diffracted spots. 

(b) Microdensitometer trace analysis will provide more accurate 

data as long as there are easily recognizable fringes in the negative. 

Fig. 4 shows (200) lattice fringes of a pure gold specimen and their 

corresponding microdensitometer traces. Since the fringes are clear in 

the micrograph. the microdensitometer trace is also very sharp and the 

fringe positions can be easily identified as those peaks in the plot. 

The exact position of each peak sometimes becomes unidentifiable 

due to lack of contrast in the negative near the fringe. For example, 

in the present spinodal alloy, clark and bright diffraction contrast 

occurs due to the decomposition :lnd this m:H;ks tlw exact pO~1Jtion or the 

fringc's. Tills effect is illustrated in Fig. 5 whIch sllmvs CWO) lattice 

fringes of Cu-Ni-Cr aged at 600°C for I hour and their corresponding 

microdensitomete~ traces. The fringe positions become smeared and 

broadened. This limits the accuracy of measurements. 
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Hence, in order to minimize these kinds of experimental errors. it 

is advisable to take an average value over 10 or 20 fringes and thus 

smooth the curves. Fig. 17 and Fig, 20 are results of averaging over 15 

fringes at a time, The accuracy limit is then estimated to be "-'1.0%, 

Nevertheless it is clear for these plots that the interplanar spacing 

profile can be revealed from such measurements. 

(c) Since the lattice fringes broaden at high magnification. it is 

difficult to locate the exact positions of fringes on tbe prints, Thus 

an error always exists for direct measurement from enlarged micrographs. 

Usually. the accuracy can be improved if measurements averaged over a 

number of fringes are made, Yet. a reasonable estimation of "-'2% error 

is possible in this method by measuring 10 fringes at a time~ 
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III. RESULTS 

The characteristics of spinodal decomposition as observed in the 

electron microscope are: (1) satellites in the diffraction pattern; 

(2) modulations in the image. 

The as-quenched specimen showed some evidence of segregation in the 

matrix (Fig. 6). This suggests that the alloy starts decomposing at 

that condition. Fig. 7 shows a (001) diffraction pattern for alloys 

aged 10 min. at 700°C. The satellites on either side of the 200 spots 

along cube directions can be seen from the pattern. This satellite 

phenomenon arises from a microstructure with fluctuations of composition 

in a periodic way along <100>. 

In spinodally decomposed alloys, the wavelength of the modulations 

increases \"ith aging time. In Fig. 8, a very fine and wavy microstruc-

ture is observed for specimens aged at 700°C for (a) 10 min., (b) 1 hour. 

As aging continued, the Cu-rich and Cu-poor regions separate into 

distinct phases (Fig. 9) and become cuboids. Then for still longer aging 

time (166 hours at 700 D e). the cuboids joint together and some of them 

start to lose coherency (Fig. lOa). Finally, aging for 616 hours at 

700°C, interfacial dislocations are created and the two phases become 

incoherent (Fig. lOb). This sequence is similar to spinodally decomposed 

(' N' L' 11 (17) ,u~ 1.-rC a .... oys. By diffraction contrast experiments (using the gob 

criterion), it was found that the Burger's vectors of interfacial dislo-

a 
cations are also of the type 2<110> (Fig. 11), as '\"as found in Cu-Ni-Fe 

alloys. (6,7) 
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A similar sequence occurs for alloys aged at 60Q DC (Figs. 12-14), 

the only difference being that the kinetics of transformation are slower. 

Thus the two phases remain coherent even after aging as long as 808 hours. 

B. ~e~surements of Decomposition Wavelength 

The wavelength of decomposition can be either measured directly 

from the micrographs, or by calculation from the spacing of satellite 

. th d' ff' . I D . 1 I . . (18) spots 1n . e 1ractlon pattern, uSlng tle anle - .lpson equatlon: 

where 8 ,~ Bragg angle for the (hkQ,) reflection in a crystal of lattice 

parameter a , 68 "" angular spacing between a satellite spot and its main 
a 

reflection. 

The results are summarized in Table 1 and Fig. 15 shows the Log-Log 

plot of aging time versus \oJavelength. The relation betvlcen log A and 

log t is linear in the early stages of decomposition and can be repre-

n scm ted by :\ ex t , where n is the slope of the Log-Log plot. The values 

of n are 0.25 for 600°C and 0.32 for 700°C. For longer aging time, the 

slopes of the curves change and the relatioship bet\oJecn log A and log t 

is no longer linear. 

C. Lattice 

As mentioned earlier, the high-resolution lattice imaging technique 

of transmi~sion electron microscopy is utilized in this research to 
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detect the lattice parameter difference between the two regions in a 

spino dally decomposed Cu~Ni-Cr alloy. Fringes on the micrograph result 

from interference between the transmitted spot and a strongly diffracted 

spot with periodicity corresponding to the d-spacing of lattice planes 

in the crystal giving rise to that diffracted spot. 

For a perfect crystal. the fringe spacings are identical to the 

lattice spacings in specimens near the exact Bragg imaging condition. 

In a crystal with variable d~spacing (as in a spinodal product). the 

situation is more complex. and the fringe spacings may not directly 

relate to the actual interp1anar spacings in the alloy.eI9) However, 

the measured fringe spacings in the later stages (Table II) in this 

research have been correlated with previous X-ray data from the two-

1 • ·L ( 8) plase materla .. The results indicate that the fringe and lattice 

spacings are identical within experimental error, so that it is reason-

able to assume that the same applies to the earlier stages of aging as 

welL 

Therefore, by measuring fringe spacings, the localized lattice 

parameter of the specimen can be obtained. Since the planar spacings 

depend on composition, then the lattice imaging method is useful for 

estimating compositions in the crystal. Thus composition profiles in 

the material can be shown directly with resolution dOWIl to the atomic 

level by plotting fringe spacing variations versus distance. 

In order to detect the compositional fluctuq.tions during the early 

stages of spinodal decomposition, interplanar spacings, which can be 



related to composition, are obtained by directly imaging the lattice 

planes in the crystal. 

Fig. 16 is a lattice imaging micrograph of (200) fringes and its 

diffraction condition of a specimen aged at 700°C for 10 min. The large-

scale dark and bright contrast is due to,the composition fluctuations 

(4 5) 
characteristic of a spinodally decomposed product.' The fringe 

spacings vary from one region to the other. 

Fig. 17 is the corresponding microdensitometer trace analysis of 

this micrograph averaged over 15 fringe spacings which shows that 

lattice parameter changes in a periodic manner. The (200) fringe spacing 
o 0 

varies from "'1.80 ± 0.02511. (Cu~rich) to 1.78 ± 0.02511. (Cu-poor), which is 

consistent with the reported results(8) that the lattice constant for the 
o o 

Cu-rich phase is 3.603 ± O.OlA and 3.571 ± 0.00211. for the Cu-poor phase. 

These also have been confirmed by X-ray analysis of this alloy. The 
o 

average wavelength from Fig. 17 is approximately 48 :+: 811., which is very 
o 

close to that measured directly on enlarged micrographs (65 ± SA) and 
o 

indirectly from the satellite spacings (50 :t SA) (Table 1). Measurement 

of fringe spacings by optical diffraction (using an aperture size about 
o 

5511.) gives similar results (Fig. 18) indicating that lattice parameter 

changes in a sinusoidal manner. 

Similarly, lattice images of alloys aged at 600°C [or 1 hour (Fig. 

19) also provide inforn~tion about wavelengths and difference in lattice 

parameter both by microdensitometer analysis (Fig. 20) and by optical 

diffraction (Fig. 21). 

Table II contains the summarized results of (200) fringe spacings 

obtained by the three different methods. For early stages, ~a varies 
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with a short wavelength periodicity and the values appeared in this table 

are estimates averaging over at least 100 fringe spacings. For the later 

stages, values are obtained by measuring fringe spacings in purely Cu-

rich or Cu-poor region. These results are in accordance with X-ray 

analysis. 

(2) Later Stages of Decomposition 

For later stages of aging, two distinct regions corresponding to 

eu-rich (the matrix with larger lattice constant) and Cu-poor (the 

particles with smaller lattice constant) are present in the material. 

Measurements of (200) lattice fringe spacings from the two regions can 

readily show the difference. 

Fig. 22 is the (200) lattice imaging micrograph of the alloy aged 

at 600°C for 808 hours. A series of optical diffraction patterns with 

° aperture size about l20A in the real crystal were taken from this area. 

each one corresponding to the region marked with the appropriate letter 

on the micrograph. Fig. 23 shows the lattice parameters calculated from 

these patterns. There is almost exact correspondence in lattice para-

meter obtained from optical diffraction patterns and by X-ray analysis. 

The data also prove that the matrix is Cu-rich of bright contrast region 

and has larger lattice parameter, while the particles arc Cu-poor of 

dark contrast region with smaller lattice parameter (as expected from 

volume fraction considerations). 

Interesting features of this series of diffraction patterns are 

shown as the aperture is place around the interface between the two 

phases. Then the optical diffraction pattern shows two diffracted spots 
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(in D, G, K, L of Fig. 22) which result from diffraction from the two 

phases in which the lattice parameters are different. 

Satellite spots are observed from area C in Fig. 22 and this 

suggests that a certain periodicity exists in that area. For a refined 

analysis of this area, a further series of optical diffraction patterns 

were taken (Fig. 24) which reveal that the lattice is continuous from 

one phase to the other. At the interface, expansion and contraction of 

the lattices occur which result in a greater separation of the diffrac-

tion spots. This effect is also confirmed by the direct microdensitometer 

measurements. These indicate that abnormally large and small d-spacings 

are present at the interface, which may result from: a) lattice strains; 

b) unusual composition profile; c) some electron optical effect. 

At present this observation is not fully understood, but it has 

important implications in interpreting fringe spacings near precipitate 

and matrix interfaces, and this aspect will be investigated further in 

future work. 

Similar results are obtained for alloys aged at 700 D e for 166 hours. 

Fig. 25 shows the (200) lattice fringes and optical diffraction patterns 

" 
(aperture size around 120A) which reveal the characteristics of the two 

phases. 

When aging at 600°C, the particles are coherent with the matrix. 

Fig. 26 is a micrograph of alloys aged at 600°C for 808 hours. At the 

interface, the fringes are continuous from the Cu-poor region to the Cu-

rich region, suggesting that the two regions are still coherent. This 

provides a direct observation of interfacial microstructure in the 
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material and it can be achieved only by utilizing such high-resolution 

tec~liques as lattice imaging. 

D. 'rests 

The results of the tensile tests are summarized in Table III. For 

alloys aged at 700°C, the yield stress remains almost constant between 

aging times as short as 10 min. and as long as 50 hours. It then 

decreases for longer aging times" For alloys aged at 600°C, the yield 

stress increases with aging time and then remains constant (Fig. 27). 

Fractography reveals that the as-quenched and the specimen aged 10 

min. at 700 0 e fractured in a ductile manner (Fig. 28a). The mode of 

failure then became intergrannular, with some small regions of ductile 

failure after ],onger aging times (Fig. 28b). 

Similarly when the alloy was aged at 600 D e, this kind of transition 

from ductility to brittleness was also observed. This is similar to the 

behavior of Cu-Ni-Fe,(7) 
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IV. DISCUSSION 

The rates of spinodal decomposition at high temperature (700 D e) and 

low temperature (600°C) were found to be different. When aging at 700°C, 

the decomposition is fast. From the data we believe that the whole alloy 

takes less than 10 min. to complete the transformation since the lattice 

parameters of the two regions remained almost constant after aging 10 

min. (Table II). The same situation occurs for alloys aged at 600°C. 

Due to small differences in lattice parameters between the two regions, 

it is very difficult to say how long it takes to complete the whole 

decomposition. 

The as-quenched specimen showed some sign of precipitates in the 

t ' (F' ") E I' IO O b d 'l'h I' , (9) 0 10°f ma"XlX 'lg. o. ,3ela, \lr y, an 10l a 1.Sln In stueYlng t1e 

strengthening of Cu-Ni-Cr alloys found that precipitation of an almost 

pure chromium phase took place in the as-quenched specimens. But here 

in this research, no evidence for this has been found. Preswnably 

quenching was sufficiently fast to prevent such a possillie reaction. 

As decomposition proceeds when aginQ, at high tel1'perature pOOOe), a 

second phase precipitates out from the matrix. The two phases are 

initially coherent. The wavy appearance of the particles during the 

early stLlges of decomposition (Fig. 8) can be understood qualitatively 

b 'j 0 ! I o. L' k(20) I Y conSloC erlng t 1(' C langes 1n mlcrostructure. :lva mil( e an 

analysis i.n a Cu-Ni.-Fe spinodal alloy and concluded that this wavy 

appearance i.s due to t.he fact that duri.ng the cArly stai;r's of decomposi-

ti.on, the matrix is pflrtially decomposed and thc microstrllcture consists 
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of a multi-dimensional distribution of particles. The particle 

morphology was transforming to a one-dimensional distribution and no 

preferred (l00) habit is developed until the equilibrium tie-lines were 

reached. Consequently. the microstructure had a wavy appearance as 

observed in the electron micrographs. 

The present alloy is a Cu-rich material. So as the second phase 

precipitates out from the matrix. this phase is Ni-Cr-rich. or Cu-poor. 

In the electron microscope, the two phases ShOH bright and dark contrast. 

C 1 I D 1 · (21) "' d 1 . hI' acoret ane e .avl.gnette studle t Ie contrast In tee ectron mlcro-

scope 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. This is confirmed by the lattice 

imaging technique which shows that the bright region corresponds to the 

larger lattice parameter area characteristic of Cn-rich phase, v/hile 

dark regions correspond to the Cu-poor phase. 

As soon as the decomposition reaches the equilibrium tie-line, 

particle coarsening becomes obvious. A log-log plot of wavelength versus 

aging time gave A ~ KtO.
32 

for 700 o e, and A ~ KtO. 25 for 600°C. This is 

pretty close to A ~ Ktl/3, which is consistent with the theories of 

diffusion controlled coarsening in which large particles grow at the 

C'xpense of sl1wll oncs. 

For aging over 166 hours at 700 0 e. loss of coherency of the 

particles was observed (Fig. 7). This is because of the large size of 

o 

the particles (A ~ 10nDA) and in order to decrease the strain energy 

between tIle two phases, interfacial dislocations are created. For aging 

at 600 D C, particles remain coherent even after aging as long as 808 hours. 



22. 

B. Correlations of Nicrostructures and l1echanical Properties 

From the tensile test results of this research. the yield stress of 

the spinodally decomposed alloys increased with longer 8bing time until 

the equilibrium tie~line compositions were reached. 
(ll) 

Dahlgren has 

calculated the yield stress of alloys with coherent lamellar microstruc~ 

tures and his theory is based on the elastic strains required to 

maintain coherency between the two 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. Butler and 'I'homas(6) and Livak and Thomas(19) have 

proved Dahlgren's theory by studying symmetric and asymmetric Cu-Ni-Fe 

alloys. They used Curie tempetature measurements to obtain composition 

profiles in the specimen and correlated these with lattice parameter 

changes. Then they found that the increase in yield stress is linearly 

proportional to the lattice parameter's difference of the two phases. 

The physical basis for Dahlgren's calculations was the same one as 

used by Mott and Nabarro(22) to derive the following expression for the 

average internal stress due to spherical, cohc>rent pn'cipilntes, 

O. "V 2Gcf 
l 

where G is the average shear modulus, E is the misfit parameter bet'iJeen 

solute and solvent atoms, and f is the volume fraction of: the precipi-

tating phase. 
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Cahn(23) found that the yield stress of spinodal alloys should be 

proportional to the product of the amplitude (A) squared and the wave

length (A) of the composition modulation, A
2

A, based on the resistance 

to dislocation motion being due to a Mott-Nabarro type barrier. But 

Ditchek and Schwartz(24) found that this has not been consistently 

observed by studying Cu-Ti and Cu~Ni-Fe alloys. Then they proposed a 

new mechanism of hardening for spinodal alloys. The model is based on a 

calculation of the shear stress due to misfit strains caused by the 

passage of a dislocation on its slip plane. The yield stress increment 

was thus found to be proportional to (AjA)S. where A is the amplitude of 

the compositional fluctuations. S is a "squaring factor." and when S was 

substituted by (A - A ). where A is the fundamental wavelength of 
o 0 

decomposition. a plot of ~Y.S. versus (A/A)()" - A ) shows a linear rela
o 

tionship. Hence. these researchers concluded that S is proportional to 

(A ~ A). For short aging times. the yield stress increment rises 
o 

rapidly due to the rapid rise in (A - A )/)... In the later stages. 
o 

().. ~ A )/).. nears unity and ~Y.S. ~ A. which is exactly Dahlgren's argu~ 
o 

mente 

For the present Cu-Ni~Cr alloy, the mechanical behavior is much the 

same as that of Cu-Ni-Fe alloys. When aged at 70Q"C. the yield stress 

does not change much between 10 min. and 50 hours. The reason for this 

luay be due to the fact that decomposition has been completed even before 

10 min. as suggested from the lattice parameter measurements (Table 11). 

The explanation for the decrease in yield stress for still longer 

aging times may be due to the large wavelength in the microstructure and 

the fact that the particles begin to lose coherency. The strengthening 
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of the coherent microstructure in decomposed Cu~Ni~Cr alloys arises 

from the difference in the lattice parameters and also the shear moduli 

of the two phases. When the particles became semi-coherent, the 

coherency strains are relieved and thus the yield stress is reduced. 

Livak(17) has studied loss of coherency in Cu~Ni~Fe alloys and 

concluded that when coherency is lost, the strengthening is due to the 

difference in shear moduli and also to the interfacial dislocations. 

When the particles are coherent (A small), a dislocation will encounter 

nmny obstacles as it glides through this structure under an applied 

stress. But when particles are very large, the interface encountered by 

a slip dislocation becomes more like that in the lamellar microstructure 

of the directional solidified eutectic alloys in which it has been 

-1/2 observed that yield stress is proportional to ~ . 

The decrease in yield stress of Cu-Ni~Cr alloy occurred when the 

particles began to lose coherency (Fig. 10). Also, it is found by light 

optical metallography that discontinuous coarsening along grain 

boundaries are observed at that aging time (Fig. 29), The fractography 

results showed intergranular fracture (Fig. 28b). This suggests that 

the fracture stress of the grain boundaries is less than that of the 

matrix and the fracture stress of the grain boundaries is reached before 

the nwtri x failed. This discontinuous coarscninlj <110n); tilL' grain 

boundaries results also in the decrease of the ultimate tensile stress 

(Table III). 

The yield stress increases as aging time increases for alloys aged 

at 600°C (Table III). Fig. 30 shows a plot of 6Y.S. versus the 

difference in lattice parameters of the two phases. From the above 
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discussion, any definite correlation between the mechanical properties 

and microstructure can be seen to depend on the compositional fluctua

tions. But in this research, the compositional fluctuations, or 8a, 

show only 'Vl% difference between the two phases and the experimental 

error is estimated to be around 1/2% to 1%. So it is inadequate to 

justify \vhether Dahlgren I s theory or Ditchek and Schwartz's correction 

is more applicable from the results in this research. Yet at least 

there seems to be a dependence of yield stress increment on the lattice 

parameter differences (Fig. 30). 
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V. CONCLUS IONS 

From this high-resolution electron microscopy study of spinodally 

decomposed Cu-Ni-Cr alloy, the following conclusions arc obtained: 

(1) This material behaves spinodally like that of Cu-Ni-Fe alloys. 

As aging proceeds, coarsening of particles occurs which obeys the law 

A ex tn, where n 'V~ at 700°C, n'V-t at 600°C. 

(2) Loss of coherency is observed for alloys aged at 700°C after 

166 hours. Interfacial dislocations with Burger's vector of ~ <110> 
2 

type are created. The yield stress is observed to decrease at that 

aging condition. 

(3) High-resolution lattice imaging technique has proved to be able 

to detect lattice parameter changes between the two phases even when the 

maximum difference is only 'Vl%. 

The significance of this fundamental \.JOrk in the interpretation of 

fringe spacings is important for future research in detecting small 

lattice parameter differences. It proves the capability of lattice 

imaging in resolving 1% lattice parameters difference in alloys and lays 

the foundation for future applications to other metallurgical systems. 

(4) From fringe spacings analysis, Cu-rich region with lattice 

° constant 3.60 ± O.02A and Cu-poor region with lattice constant 
o 

3.S6l O.02A are found which are consistent with previous studies by 

X-r<lY methods. Interesting features abollt interfaces are revealed 

through this lattice imaging technique and it suggests that there are 

other microstructural details down to atomic levels 1"ld,'11 con be observed 

by this technique. 
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(5) A drop in yield stress after aging at 700 De for 166 hours is 

observed and is a result of relieving strain when particles begin to lose 

coherency, 

(6) Due to the fact that (6a) is too small in this system, the 
max 

correlation between mechanical properties and microstructure is not 

unambiguous. That there is a dependence of the increment of yield stress 

on 6a can be indicated from the results. 
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Table L Neasuremellts of Wave 

700°C 
..,------- -.,- ~ 

r:.g Tir:~e 10 mill. hour 71 hrs. 125 hrs. 1166 ~616 hrs. 
>---

;,!easured from 0 0 T -- 1--'--50 ± SA 114 ± SA -- --Dirf. Pat tern 

'.\ , d f . I 0 0 0 0 0 

.. eas ure rom /65 ± SA 120 ± 8A 430 + 7A 661 ± i 979 ± lOA ",,2000A I :Hcrograph_, 

600°C 

min. 30 min. 1 hour 20 hrs. hrs. 808 hrs. 

000 

± SA 105 ± SA 215 ± 5A 

-------------~-------_+---------t----------_r----------+_----------r_----~ 

o 0 0 0 0 

± lOA 110 ± 8A 234 ± 8A 483 ± lOA 869 ± 9A 

I 

W 
f-' 



(A) 700 G C 
-

Time Region 

eu-Rich 
10 min. 

eu-Poor 
--------

eu-Rich 
166 hours 

Cu-Foor 

600°C 

Aging Time Region 

eu-Rich 
1 hour 

eu-Poor 
--- --

Cu-Rich 
808 hours 

Cu-Foor 
>-----

Table II. Fringe Spacing Measurements 

Direct Measurement 
Microdensitometer 

from ~1icrograph 

0 0 

3.60 ± O.lA 3.60 ± 0.05A 
0 0 

3.56 ± O.lA 3.56 ± 0.05A 

0 0 

3.60 ± O.lA 3.61 ± 0.05A 
0 0 

3.55 ± O.lA 3.56 ± 0.05A 

-
Direct Measurement 

Microdensitorneter 
from Micrograph 

0 0 

3.60 :+ O.lA 3.60 ± 0.05A 

0 0 

3.56 ± O.lA 3.57 ± 0.05A 

0 0 

3.61 ± O.lA 3.61 ::': 0.05A 
-- I----

0 (J 

3.56 ± O.lA 3.55 ::: 0.05A 
--'---

Optical Diffraction 

3.60 ± 0 
_0 

3.56 ± 0 

3.60 ± O. 

3.55 ± O. 

Optical Diffraction 

0 

3.59 ± 0.02A 

0 

3.57 :':: 0.02A 

3.60 !: O. 

0 

3.55 ± 0.02A 

• 

l-C 
N 



700°C 

ing Ti!:le 
--

Yield Stress 
(KSI) 

/ 

Clti:-Jate Tensile 
Stress 
(~SI) 

Elongation 

( 600~C 

TilLe 

Stress 
(RSI) 

L'lti:::-:ate Tensile 

I Stress 
(::~5=) 

r~10nga t ion 
--

Table III. Tensile Test Results 

As Quenched I 
-~-----.--

Idn. 1 hr. 50 hr~ 166 hrs. 
I 

22.5 .1 42.3 42.1 36.3 

I 

I 
51.0 

1
56

.
8 64.4 61.2 53.2 

-- I 5.4% 18.1% 11. 7% I -

As Quenched 10 min. 1 hr. 50 hrs. 360 hrs. 

22.5 29.6 37.9 48.6 , 51.4 ! 
: 

-------

i 
51.0 57.4 58.3 61.1 66.5 

I 

I 

15~.1% -- , 
-- 24.7% I 9. 6/~ 

616 hrs. 

34.6 

56.7 

--

616 hrs. 

49.6 

65.3 

7.3% 

w 
w 
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FIGURE CAPTIONS 

Fig. 1. Ni-Cr-Cu ternary phase diagram at 930°C. A: homogeneous h.c.c.; 

B: homogeneous f.c.c.; C: 2 f.c.c. phases; D: b.c.c. and Cu-

Rich f.c.c.; E: b.c.c. and Ni-rich f.c.c.; F: h.c.c. and 2 

Lee. phases. 

Fig. 2. Dimension of tensile specimens. 

Fig. 3. Optical diffraction patterns taken from same area with different 
o o o 

aperture size. (a) '\;35A, (b) '\;55A, (c) '\;120A. 

Fig. 4. tlicrodensitometer traces of Au (200) fringes. 

Fig. 5. Microdensitometer traces of Cu-Ni-Cr (200) fringes after aging 

at 600°C for 1 hour. 

Fig. 6. Transmission electron micrograph of as-quenched specimen (a) 

and its diffraction pattern (b). 

Fig. 7. (001) diffraction pattern of specimen aged at lOnoC for 10 min. 

Satellite spots can be seen along cube directions from <200> 

spots. 

Fig. 8. Transmission electron micrograph of alloy aged at 100De for 

(a) 10 m i. n . (lJ) 1 ho u r. 

Fig. 9. Transmissioll electron micrograph of alloy aged dt. 100°C for 

(a) 11 hours (11) 125 hOllrs. 

Fig. 10. Transmission electron micrograph of alloy ;]).;l'd nL 700 0 e for 

(a) 166 hours eb) 616 hours. Note that at this stage particles 

begin to lose coherency. 
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Fig. 11. Electron diffraction contrast experiment to determine the 

Burger's vectors of interfacial dislocations by using gob 

criterion for alloy aged at 700 D e for 616 hours. (a) g '" [200]; 

(b) g "" [220); (c) g "" [020]; (d) g "" [220]. 

Fig. 12. Micrograph of alloy aged at 600 De for (a) 10 min. (b) 30 min. 

Fig. 13. Electron micrograph of alloy aged at 60Q D e for (a) 1 hour; 

(b) 20 hours. 

Fig. 14. Electron ~icrograph of alloy aged at 600 D e for (a) 405 hours; 

(b) 808 hOtJrB. 

Fig. 15. Plot oE log (wavelength) versus log (aging time) for alloys 

. 16. (200) lattice imaging micrograph of alloy aged at 700 D e for 

10 min. and its corresponding diffraction pattern. d
l 

is the 

fringe spacing of eu-rich (bright) region while d
2 

is eu-poor 

(dark) region. 

Fig. 17. Microdensitometer trace analysis of Fig. 16. Note that fringe 

spacings change in a periodic manner and ~ calculated from this 
o 

plot is ~48 ± SA. 

Fig. Ill. Optical diffraction results of Fig. 16, indicltill{', 31so that 

fringe spacings change in a periodic way. 

Fig. 19. (200) lattice imaging microgr.Jph of nl10y ilgcd ,1t ()oooe for 1 

hour nncl its corresponding diffraction pntU'rn. r11 is fringe 

~c;pacing of Cu-rich (bright) region \vhi Ie' d 2 is thaL of ell-POOr 

(d;] r k) r C).,i on. 
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Fig. 20. Microdensitometer trace analysis of Fig. 19, revealing that 

fringe spacings change in a periodic manner and wavelength 
o 

calculated from this plot is ~100 ± 6A. 

Fig. 21. Optical diffraction results of Fig. 19. showing that fringe 

spacings change in a sinusoidal manner. 

Fig. 22. (200) lattice imaging micrograph of alloy aged at 600°C for 

808 hours and optical diffraction patterns (aperture size 
o 

~120A) taken from this same micrograph, each one corresponding 

to the region marked v.rith the appropriate letter on the 

micrograph. Satellite spots can be seen in (e), two 

diffracted spots can be seen in D, G, K, L. 

Fig. 23. Optical diffraction results of Fig. 22, showing the character-

istics of the two phases by larger (eu-rich) and smaller (Cu-

poor) fringe spacings. 

(200) lattice imaging micrograph of alloy aged at 600°C for 

808 hours and corresponding optical diffraction patterns (with 
o 

aperture size ~120A) taken from the same micrograph. Note 

around the interface, satellite spots can be seen and abnormal 

larger and smaller fringe spacings are observed at the 

interfacl'. 

Fig. 25. (200) lattice imaging microgr8pll of alloy il);('d at 700 0 e [or 

166 hours and optical diffraction patterns (with aperture size 
o 

'\,120A) taken from eu-rich phase, eu-poor phase, and at the 
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Fig. 26. (200) lattice imaging micrograph of alloy aged at 600°C for 

808 hours. Note that the fringes are continuous from Cu-poor 

phase to Cu-rich phase. showing that the two phases are still 

coherent. 

Fig. 27. Plot of yield stress versus log (aging time) for alloys aged 

Fig. 28. Scanning electron fractograph of alloy aged at700 D e for (a) 

10 min. (b) 616 hours, showing the change from ductile failure 

to inter granular failure. 

Fig. 29. Optical micrographs of al16y aged at 700 D e for 166 hours, 

showing that discontinuous coarsening along grain boundaries 

is observed [(a)-Cd)]. 

Fig. "3~. Plot of 1\ (yield stress) versus /1, (l<1ttice parallletl'r), incli-

cating the dependence of I\CY.S.) on I\a. 
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