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DISCONTINUOUS COARSENING DURING AGING IN SPINODALLY 
DECOMPOSED Cu-Ni-Fe ALLOYS 

Ronald Gronsky 

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

University of California, Berkeley, California 

ABSTRACT 

Two Cu-Ni-Fe alloys of symmetrical and Cu-rich compositions have been 

subjected to prolonged aging at three temperatures in an attempt to 

establish the nature of the grain boundary reaction and its relationship 

with the previously existing spinodal product. It has been found that at 

certain boundary regions,especially those of relatively large grain 

misorientation, select boundary segments migrate at a rate depending on 

time and temperature, leaving behind large irregularly shaped particles · 

which assume a cellular morphology. As a result of the combined influ-

ence of a dominant driving force (reduction in total interphase inter-

facial energy) and sluggish boundary migration rate, the particles with-

in the cellular constituent undergo additional coarsening, wherein 

their effective interparticle spacing (A2) varies as 

compared to that (A1) of the matrix, Al = k1 t 0 • 34 • 

A2 = k t0.7 2 , 

In both cases the 

rate constant (k) of the asymmetrical alloy is greater than that of the 

symmetrical alloy. The rate controlling process appears to be that of 

volume diffusion in.the coarsening of matrix particles and has been 

tentatively associated with boundary migration in the coarsening of the 

boundary migration product. No satisfactory account of Cu-Ni-Fe 
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discontinuous coarsening reaction kinetics can be made based upon 

current theories of thermally activated growth processes. 
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1. INTRODUCTION 

Copper-based Cu-Ni-Fe alloys are employed commercially in specialty 

1 . -applications as small permanent magnets, where their characteristic 

magnetic anisotropy can be maximized by extensive cold working. These 

alloys also provoke traditional academic inte~est since the first ob-

2 servation of x-ray diffraction sidebands was reported by Bradley for 

a Cu-Ni-Fe alloy aged inside the miscibility gap, and there has been 

3-7 8 9 subsequent x-ray diffraction and direct metallographic ' evidence 

of spinodal decomposition in this system. 

Aging within the miscibility gap of these alloys results in the 

decomposition of the fcc solid solution to a Cu rich paramagnetic phase 

and a Ni-Fe rich ferromagnetic phase, both of which have transitional 

3 face-centered tetragonal, and equilibrium face-centered cubic struc-

tures. Specific composition ranges allow the development of a homoge-

neous modulated microstructure by this process,· with a concomitant 

optimization of physical properties.
8 ' 9 Alloy strengthening can be 

attributed to the internal stress distribution10 arising from differ-

ences in lattice parameters and shear moduli of the product phases, 

which maintain coherent planar interface~ along the elastically "soft" 

cube directions. 9 

After longer aging times, the coarsened platelets respond to an 

accumulation of elastic strains normal to their interface planes with 

a loss of coherency and simultaneous formation of interfacial dis-

locations to relieve local matrix tetragonality. These misfit dis

locations lie in {001} with I< 110 > slip Burgers vectors inclined at 
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11 
45° to the interfacial plane containing the lines. Subsequent 

localized rotation of the semicoherent interfaces toward {110} has 

been observed, and the resulting configuration is favored energetical-

12 ly. The accompanying shape change to semicoherent rods ({100} axis, 
) 

12 
{110} faces) is believed to be a diffusion controlled growth process, 

based upon the magnitude of the observed interfacial rotations relative 

to the interfacial dislocation density. The strengthening associated 

with these semicoherent particles is due to the difference in their 

shear moduli and to the increase in dislocation density at their inter-

faces, where the dislocations are responsible for a net increase in 

flow stress.
13 

Although the ability to generate a high dislocation density by 

moderate thermal treatment is attractive from the point of view of im-

proving mechanical properties (e.g. alloy strengthening), the extent to 

which these dislocations might augment the work hardening response of 

Cu-Ni-Fe alloys is obscured by the occurrence .of intergranular fracture 

at low total strain. 8 9 According to previous studies ' of the 

mechanical properties of spinodally decomposed Cu-Ni-Fe alloys, a transi-

tion from transgranular to intergranular fracture is observed in aged 

tensile specimens with total elongations to fracture of - 10%. Livak 

and Gerberich14 attribute this failure mode to a competitive discontinu-

ous precipitation reaction which encourages crack propagation through 

the resulting softer grain boundary product by analogy to the behavior 

of Au-Pt (ref. 15) and Cu-Ni-Co (ref. 16) alloys. They also suggest 

that similar behavior may result from solute segregation or preferential 

particle coarsening along grain boundaries at lower aging temperatures. 
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Livak13 summarized the mechanical behavior of a wide range of aged 

Cu-Ni-Fe alloys based upon a model of the failure of brazed joints. 

Ultimate control of the grain boundary phenomena responsible for 

this apparent embrittlement requires an understanding of the exact 

17 18 nature of the reaction. Previous light optical metallography ' of 

the grain boundary regions in spinodally decomposed Cu-Ni-Fe alloys 

gave evidence of ahighly coarsened lamellar constituent. The measured 

cell dimensions and interparticle spacing suggested a discontinuous 

precipitation reaction nucleated at grain boundaries. The object of the 

present investigation was to characterize, by techniques of light 

optical and transmission electron microscopy, the nature of the grain 

boundary reaction (i.e. , whether it is nucleatiPn and/ or growth con-

trolled) with specific concern for its relationship with the previously 

existing spinodal product. The results are given below. An analysis 

of the kinetics of the coarsening reaction in these alloys after loss 

of coherency is also presented and compared with currently accepted 

theories describing the kinetics of thermally activated growth processes. 
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2 • EXPERIMENTAL .PROCEDURE 

2.1 Materials and Heat Treatment 

The two alloys chosen for this study have compositions on a binary 

section through the Cu-Ni-Fe ternary (Fig. 1) wWich connects the Cu 

corner and the point Ni0• 7Fe0 •3• These compositions permit a direct 

7 comparison with the quasi-binary (Fig. 2) employed by Hillert et al 

for correlation of kinetic parameters. The alloy compositions were 

determined by wet chemical analysis. They are (in atomic ~0 : 

Alloy A: 51.5 Cu - 33.5 Ni - 15 Fe 

Alloy B: 69.3 Cu- 19.4 Ni- 11.1 Fe. 

The miscibility gap and chemical spinodal calculated on a neares.t 

neighbor model for binary solutions (as shown in Fig. 2) are very near 

to the actual curves for this system. The peak .of the miscibility gap 

is only slightly off symmetry (- 53 at.% Cu). 7 Contact is therefore 

8 made with the work of Butler and Thomas by the choice of alloy A, 

which is identical to the symmetrical alloy they studied. 1 Both alloys 

were fabricated after the method of Livak and Thomas. 9 

Following a 72 hr homogenization treatment, the ingots were sliced 

into wafers and cold rolled with intermediate stress relief anneals to 

a final thickness of 7-9 mils. Care was taken to avoid any grain growth 

at this stage so as to maximize the ability to locate grain boundary 

regions during foil preparation for electron microscopy. The average 

grain size of the sheet specimens was determined to be 4 to 12 ~m 

,, 
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immediately before aging. Several bulk specimens - 1 em on each 

cube edge were also prepared for light optical metallography (average 

grain size, 50 to 90 ~m). Prior to every thermal treatment the sheet 

., 
specimens were thoroughly cleaned by light pickling in a solution of 

1 part HF to' 9 parts HN03 , and encapsulated in evacuated quartz tubing. 

After a final encapsulation at 2x10-5 to )xlO-S torr, the alloys 

were aged at 654°C, 748°C and 838°C for 10, 50, 100, 500 and 1000 hrs. 

Six capsules (one additional for breakage) were placed in each of three 

muffle furnaces and withdrawn for quenching into iced brine after the 

appropriate aging times. Furnace temperature was monitored with a 

chromel-alumel thermocouple in the specimen zone and maximum variation 

was found to be ±4° over the entire aging period. 

An additional batch of specimens, similarly encapsulated, was 
.~-~· 

furnace cooled directly to the aging temperature (800°C and 840°C), 

held for 200 hrs and 150 hrs respectively, and quenched into iced 

brine. The transition from homogenizing to aging temperature occurred 

within 15 minutes for these samples, as indicated by a thermocouple 

attached directly to the quartz tubing. 

2.2 Light Optical Metallography 

Optical metallographic specimens were hot press mounted two to a 

mount (one of each alloy for immediate comparison) in bakelite, . polished, 

and swabbed with an etchant of the following composition: 

10 g Fec13 

200 m1 ethyl alcohol 
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The extent of H2o dilution varied with aging condition in order to main

tain surface relief at a minimum while optimizing phase contrast. 

The volume fraction of the grain boundary constituent was deter-

20 mined by a systematic point count method using a 9-point square grid 

reticule at SOOx. At least 30 measurements per specimen were employed 

to assure a normal distribution of the resulting data points. Grain 

21 size was determined by Heyn's procedure, and where resolvable, inter-

particle spacings were measured from enlarged micrographs after the 

22 method of DeHoff and Rhines. The maximum linear growth dimension of 

the grain boundary product was determined using a calibrated filar eye-

piece. Proper sampling of the entire planar surface section was assured 

in each case by monitored stage movement in intervals corresponding to 

the size of the field of view. All light optical metallographic work 

was performed on a Zeiss Ultrapnot II optical microscope using polarized 

illumination. 

2.3 Transmission Electron Microscopy 

Specimens for electron microscopy were chemically thinned at room 

temperature in a solution of 1 part HF to 9 parts HN03 , followed by light 

grinding on 600 grit paper. Thickness before electropolishing was 3-5 

mils. All discs used in jet polishing were then spark eroded from the 

thinned sheet. Foils were prepared by jet polishing in fresh solutions 

of HN03 :methanol having compositions 1:3 and 1:4. The electrolytes were 

cooled to between -25°C and -30°C in an insulated methanol/liquid 

nitrogen bath. Jet speed was in each instance determined by the near 

threshold value necessary to prevent edge attack. The 1:4 electrolyte, 
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effective at 10 volts and 20/22 ma, was propelled at a lower jet speed 

than the 1:3 electrolyte, which required 15 volts and 25/42 ma. It was 

observed that these conditions produced excellent foils in transmission, 

even though they exhibited evidence of a slight surface etch under the 

light optical microscope. 

The interparticle spacings or effective wavelengths (A) of the 

coarsened spinodal alloys were obtained by direct measurement from 

enlarged micrographs. The magnitude of A was too large to be correlated 

with side-band spacing in selected area diffraction patterns. Micro

scope magnification readings at fixed intermediate and projector lens 

currents were calibrated for accuracy by a standard carbon diffraction 

grating. Although a foil orientation of ( 110) was most often employed 

due to the deformation texture introduced during cold rolling, sufficient 

reciprocal lattice sections were available through double-axis tilting 

to satisfactorily excite a number of useful reflections in either or 

both grains bordering the boundary regions. This technique facilitated 

the identification of interfacial structures, particle shapes and par

ticle densities in the immediate vicinity of the grain boundaries. 

Selected area diffraction (S.A.D.) analysis was similarly employed to 

establish the orientation relationships between the grain boundary 

product and contiguous grains. In a few cases, it was possible to 

determine the angle of misorientation across select grain boundaries 

when suitable Kikuchi electron diffraction was encountered (e.g. three 

pairs of'non-parallel Kikuchi lines23 or two spot-Kikuchi line pairs, 24 

the latter method requiring 90° specimen tilting). 
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Foil examination was performed on Siemens Elmiskop lA and E~ilips 

EM 301 electron microscopes (the latter equipped with a high angle 
~ 

tilt stage), both operated at 100 kV. High voltage electron microscopy 

(Hitachi, 650 kV) was also employed in order to exploit its particular ~' 

advantages 25 in accurate selected area microdiffraction and penetration 

of foil areas not affected by preferential polishing. 
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3. EXPERIMENTAL RESULTS 

3.1 Morphology 

3.1.1 Light Optical Metallography 

The gross morphological aspects of the grain boundary reaction 

are illustrated in the light optical micrographs of Figs. 3-6. Examples 

are shown for both alloys at two aging times. There are obvious dis-

continuities in particle size and number density between the matrix and 

cellular-like reaction product in most of the micrographs. However, 

in Fig. 3(c) (Alloy A aged 100 hrs at 838°C), only a slight thickening 

of the boundary region is observed, while Figs. 5(c) and 6(c) (Alloy 

B aged at 838°C for 100 hrs and 500 hrs respectively) show particle size 

discontinuities in the absence of a cellular enclosure. 

The particles comprising the grain boundary reaction product 

themselves exhibit shape variations from nearly equiaxed in Fig. 3(b) 
~ 

(Alloy A, 100 hrs at 748°C) to lamella('in Fig. 6(b) (Alloy B, 500 hr 

at 748°C). Other structures contain a range of particle size and 

density within the same apparent cellular enclosure (e.g. Figs. 4(a) and 

(b) of Alloy A, 500 hrs at 654°C and 748°C respectively). In some 

instances the reaction product is intersected by the plane of polish 

at an elevation where no contact is made with the visible grain boundary 

network, as in Figs. 5(b) and 6(a), and the irregularities of the three-

dimensional enclosures are revealed. The extremely coarse structure 

evident at the grain boundaries in Fig. 4(c) (Alloy A, 500 hrs at 838°C) 

is particularly interesting. Here the matrix particles have dimensions 

comparable to the cellular "lamellae" of the same alloy aged at 748°C. 
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Matrix particles are also resolved in Fig. 7, where the coarsened 

spinodal product is well developed after isothermal aging. This figure 

additionally suggests a parallel alignment between particles of the 

cellular enclosure and its lower bordering grain. 

3.1.2 Electron Microscopy 

A significant increase in resolution and thus morphological detail 

is achieved with transmission electron microscopy (T.E.M.) and dif

fraction. Difficulties encountered in this stage of the investigation 

included the low volume fraction (y) of the grain boundary constituent 

and occasional preferential polishing of the Cu-rich phase, both of 

which required the preparation of a large number of foils and the view

ing of thicker foil regions. The results of subsequent observations 

are presented below. 

In its early stages of growth, the grain boundary reaction product 

has the morphology shown in Fig. 8. Enhanced coarsening at the boundary 

is evidenced by the longer wavelength modulations present there (-115oA) 

as compared to those of the matrix (-40oA). The specimen (Alloy B) was 

aged at 654°C for 10 hrs. Note that the effects of preferential polish

ing of the Cu rich phase are clearly shown in the coarsened region, and 

the actual position of the grain boundary is obscured. Continued aging 

·of the same alloy for 1000 hrs results in the structure shown in Fig. 9(a), 

where matrix depletion of particles and augmented growth of the semi

coherent particles at the grain boundary are found. An identical 

morphology is produced by shorter duration (150 hr) isothermal aging at 

higher temperature (840°C), as seen in Fig. 9(b), suggesting that 

thermal treatment of this kind is ineffective in significantly altering 

It 
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any stage of the reaction (c. f. Fig. 7). In both (a) and (b) of Fig. 9, 

matrix particles located in adjacent grains are visible under kinematical 

diffraction conditions. They appear to extend continuously up to the 

boundary with no evidence of a denuded or "precipitate-free" zone. 

After aging in an identical manner to that described above for 

alloy B (1000 hrs at 654°C), the symmetrical alloy (A) exhibits (Fig. 10) 

a grain boundary constituent which morphologically resembles the genesis 

26-28 of cellular precipitation reactions in other systems. The two phase 

duplex structure appears to be growing outward at nearly constant inter-

particle spacing. Note also the appearance of cusps in the reaction 

front (arrowed). The growth direction in this case is marked by the 

black arrow indicating the operating reflection. 

At more advanced stages of development, the grain boundary reaction 

appears as shown in the transmission electron micrographs of Figs. 11 

and 12 (alloy.A). The large blunt grain boundary particles in these 

figures give only a slight suggestion of cube axis alignment by compari-

son with the more strongly aligned matrix particles. Their appearance 

in light optical micrographs (considerable variation in boundary 

particle size and density, e.g. Fig. 4) might also be explained as 

originating from the sectioning of these non-uniformly shaped particles 

at various levels during specimen polishing. The nearly equal volume 

fractions of the two phases characteristic of the symmetrical alloy is 

seen in Fig. 11, where the large particles are semicoherent (Fig. 12). 

Contrast analysis of the interfacial dislocations at interphase bound

aries in these images reveal that they have b = 1 < 110 > This Burgers 

c. 
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vector is identical to that found for interfacial dislocations in the 

12 matrix. A high density of residual dislocations (i.e., those not 

attached to any interphase interfaces) is observed within the cell 

structures. Again, sharp irregularities in the high angle grain bound-

ary forming the reaction front are seen (Fig. 12(a)), and a constant 

distribution of matrix particles up to the boundary is revealed under 

strong diffracting conditions (Fig. 12(b)). 

Another aspect of the well-developed grain boundary constituent 

is the existence of a relatively large expanse of interconnected Cu rich 

material at the boundary regions. This condition is shown in Fi~. 13(a) 

for alloy B aged 500 hrs at 748°C and in Fig. 13(b) for alloy A aged 

1000 hrs at the same temperature. In both cases the continuous network 

of the Cu-rich phase shows an abundance of stray dislocations and widely-

spaced "second phase" Ni-Fe rich particles. 

By combining both imaging and SAD modes available in T.E.M., it is 

found that the grain boundary reaction product has the same crystal

lographic orientation as the grain from which it has grown. Figure 14 

indicates the method of analysis used. Diffraction patterns b, d and 

f correspond to locations indicated by the intermediate aperture 

shadow in a, c and e respectively. A second, although less conclusive, 

indication of this relationship is the appearance of the images when 

a single strong reflection is excited in the grain boundary vicinity, 

as in Figs. 9 and 10. The cellular constituent and parent grain in 

these micrographs exhibit identical image characteristics. Hence 

the grain boundary reaction product is not completely enclosed by a 
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structural discontinuity; a grain boundary is located only at the 

I 
leading edge of the cell. Selected area diffraction analysis also 

reveals no apparent distinction in shape, intensity or position of 

spots arising from matrix and cellular particles, indicating that the 

large particles at the boundary are not heterogeneously nucleated in a 

discontinuous precipitation process, but rather form as the result of 

a migration of select grain boundaries. 

Further evidence of boundary migration is presented in the composite 

micrograph of Fig. 15. The region of the lower "border" of the large 

cell (shown at upper. left of the figure) is. illustrated in detail for 

two operating g's (particle "A" is marked for identification). It is 

seen that in fact there is no grain boundary located at this edge of the 

cell, but a transition in particle size due to the passage of the 

boundary is clearly evident. The presence of a boundary at the leading 

29 edge of the cell is verified by the fringe contrast visible at the 

extremities of the composite detail micrographs. The lower volume 

fraction of the Ni-Fe rich phase characteristic of the asymmetrical 

alloy (aged 500 hrs at 748°C) is also illustrated, as is the identical 

density of misfit dislocations at the interfaces of both matrix and 

boundary particles. 

Attempts at correlating the tendency for boundary migration with 

angle of grain misorientation remain inconclusive due to the relatively 

few number of quantitative measurements obtained. It is generally,ob-

served, however, that low angle boundaries appea~ to be unaffected by 

the grain boundary reaction, and that the maximum measured angle of 

misorientation for a statiorlacy'boundary is -5.2° in this study. 
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Coherent twin boundaries are also stable with ·respect to migration of 

the type described above, although some irregularity of the boundary 

plane occurs in well-coarsened structures (see Fig. 16). 

The 838°C aging temperature is very near to the spinodal limit 

(see Fig. 2) for alloy A, and outside the spinodal for alloy B. This 

temperature was chosen in order to determine if the morphology of the 

· equilibrium phases might include a discontinuously precipitated product; 

however, no evidence of such a reaction was observed. The matrix 

particles of "lamellar" size appearing in the light optical micrograph 

.of Fig. 4(c) are shown in transmission (Fig. 17) to be semicoherent. 

Their interfacial dislocations possess identical Burgers vectors to 

those analyzed for matrix particles above (e.g., in Fig. 17(d), dis~ 

locations at Y have 
a - a · = 2 [101] or 2 [011], while those at z have 

b =; [101] or I [Oll], in both cases the dislocations lie on or near 

(110) planes). An additional morphology was revealed however, by 

isothermally aging alloy B (200 hrs at 800°C). This treatment resulted 

in the formation of the Widmanstatten structure shown in Fig. 18. The 

arrowed.regions suggest that the Widmanstatten is the preferred 

morphology, and is growing at the expense of the large semicoherent 

structures which appear to be "breaking up" into the lenticular particles. 

In another foil orientation ([112] zone), the habit plane of the 

Widmanstatten is shown by trace analysis to be {100} (see Fig. 19). 
I 

Indications of displacement fringe contrast (Fig. 19(b)) and strain con-

trast at the broad plate faces are als.o observed in this figure. 
I 

\..' 

.. 
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3.2 Reaction Kinetics 

The relatively rare occurrence of the grain boundary reaction in the 

Cu-Ni-Fe system is depicted in the kinetic data obtained by light optical 

metallography and sunnnarized in Tables I and II. A maximum of -6.7% of 

the matrix is consumed by boundary migration after aging 1000 hrs at 

654°C. This value subsequently decreases with increasing aging tempera-

ture until at 838°C no more than -1.5 val.% grain boundary constituent 

is observed. A similar trend in the measured values of the maximum 

boundary displacement (r) also occurs, where r ranges from 70 ~mat 

838°C in alloy A. The scatter in volume fraction (y) data is reflected 

in tabulated values of the standard error (S.E.) of the mean y values. 

Since r is expressed as an absolute maximum, its accuracy is also limited 

by the number of measurements made. Both parameters are additionally 

subject to instrumental error, which was estimated in .this to be less 

than -1%. 

The temperature and time dependence of y and r are shown in 

Figs. 20 and 21. In all cases the rate of growth (G) of the grain 

boundary constituent, given by the slope of the curves and listed in 

Tables I and II, is slightly greater for the asymmetrical (B) than the 

symmetrical alloy (A). The pronounced curvature of these graphs 

indicates that the grain boundary reaction is subject to a time-

dependent driving force and/or activation energy over all temperatures 

for both alloys. The temperature dependence of the growth rate 

follows a behavior typica126 of cellular precipitation reactions. 

-·-- ------- -- -

G- inifialfy-lncreases with temperature, peaks at a maximum value, 
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and then decreases to zero as the solvent temperature is approached. 

dr From a plot of the instantaneous values of dt at constant time against 

the reciprocal absolute aging temperatures, an activation energy for 

boundary migration of order 20 kcal/mole is suggested for the initial 

stages of the lower temperature reaction. This value then steadily 

decreases as the reaction proceeds. 

The results of a quantitative T.E.M. study of the relative 

coarsening behavior of matrix and boundary particles at a single tempera-

ture (654°C) are presented in both Table III and Fig. 22. The effective 

interparticle spacings (A
1) characteristic of the matrix closely obey 

the empirical relationship 

' k 0.34 
Al = lt 

for both alloys A and B, where 

~>~ 
1 1 

(1) 

(2) 

The values of the interparticle spacings in the boundary region (A2) 

are also time dependent, and in spite of a relatively large scatter, 

their averages fit the kinetic description 

for both alloys, where again 

k 0.7 
2 t (3) 

(4) 

The rate constants for poth matrix and boundary coarsening in the same 

alloy are nearly identical for alloy A, 

(5) 
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while for alloy B, 

(6) 

It is also apparent from the tabulated values that the scatter in 

measured values of A2 undergoes a general decrease with increasing 

aging time. 
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4. DISCUSSION 

4.1 Nature of the Grain Boundary Reaction 

4.1.1 Driving Force 

In response to the aging treatments employed in this study the 

Cu-Ni-Fe spinodal product assumes for the most part a coarsened 

"particle" morphology rather than the characteristic composition 

"modulations" identified by their respective wavelengths. At this 

advanced stage in the aging sequence the outstanding morphological 

distinction between particles comprising the matrix and cellular 

constituent is their relative size. On this basis alone, the boundary 

migration process displays traits of a coarsen·ing phenomenon. 

At the 654°C and 748°C aging temperatures, both the alloys in

vestigated lie within the spinodal. Butler and Thomas8 have shown 

that the symmetrical alloy reaches equilibrium by a spinodal mode 

within 1 hr at 625°C, while Livak and Thomas12 determined that this 

condition is attained in an asymmetrical alloy after 10 hrs at 625°C. 

Hence, since spinodal decomposition will have relaxed all supersaturation 

(i.e. the alloys will have reached their equilibrium tie-line composi

tions) within a 10 hr upper limit, the chemical component of the 

driving force for any further growth, including the grain boundary 

reaction, should be effectively zero. In the present study, the failure 

of selected area diffraction analysis to reveal any differences between 

matrix and boundary particles supports this conclusion. 

The images (Figs. 10, 12, 13, and 15) of both particle types are 

also similar, and significantly, the particles are found to possess the 

same state of coherency. Since the strain fields associated with 

• 
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semicoherent particles are localized at their interfaces,
30 

the boundary 

migration process receives no impetus from the reduction of long range 

matrix strains. The occurrence of a grain boundary reaction after 10 hrs 

aging time (in this case, continuing up to 1000 hrs) must therefore 

necessarily result from the dominance of the interfacial energy component 

of the driving force for further growth. Hence by the displacement of 

those grain boundaries comprising the reaction fronts, the overall inter-

facial energy at two phase boundaries is reduced in a coarsening process 

which favors the growth of the large boundary structures at the expense 

of the smaller matrix particles. 

4.1.2 Role of Grain Boundaries 

A grain boundary generally possesses a higher energy than its sur-

rounding matrix as it is a less ordered region with greater free volume. 

Enhanced growth of particles bordering the boundary vicinity can there-

fore be explained on the basis of the high diffusivity paths afforded 

by grain boundaries. . 13 18 L1vak ' has previously observed preferential 

loss of coherency and preferential coarsening of the spinodal product 

at specific boundary regions where the effects of augmented solute dif-

fusion are evident. At the latter stages of aging, the results of the 

present study suggest that the larger particles existing at the boundary 

sense the presence of smaller matrix particles and proceed to coarsen 

in cooperation with the assisting mobile grain boundary. The reaction 

then assumes a "cellular" morphology, where boundary diffusion is 

continually operative in feeding the growing "lamellae" which it 

_l>o_rde_r~. _ I_t is_no.teworthy --that- many -particles- appear to -be- ''-left-

behind" by the displaced boundary in the images shown here (e.g. Figs. 
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11 and 15); however, given the characteristic three-dimensional inter-

31 connectivity of a spinodal product up to a theoretical 15±3% minimum 

volume fraction of the minor phase, it is possible that these particles 

may have had contact with the boundary at an elevation which was re-

moved during foil preparation. (The volume fraction of the Ni-Fe rich 

phase is -47% in Fig. 11 and -23% in Fig. 15). Light optical metal-
I 

lography of this feature, even after successive polishing, is also 

without conclusive results due to the irregular size and shape of the 

involved "particles." Alternatively, it may be argued that the observed 

irregularity in particle shapes favors the premise of interconnectivity 

due to the absence of any apparent spatial confinement of interphase 

boundaries. Of those particles which are in visible contact with the 

reaction front (see Figs. 11, 12, 14 and 15), an obvious increase in 

lateral growth nearer the boundary is evident. The absence of a de-

nuded zone ahead of the boundary emphasizes the necessity of boundary 

migration in providing sufficient solute for this process. 

The selectivity of grain boundaries which enter into the coarsening 

reaction would appear to be based on those observed properties which 

characterize discontinuous coarsening: (1) a high grain boundary dif-

fusivity (DB), and (2) a potentially high grain boundary mobility. 

32 33 
It is well known ' that high angle grain boundaries which separate 

grains of large misorientation (8) are effective "short circuit" dif-

fusion paths relative to the surrounding crystal lattice. Experimental 

evidence
34 

on controlled tilt boundaries in pure materials demonstrates 

a well-defined relationship between DB and 8, where the grain boundary 

diffusion coefficient varies over many orders of magnitude. Grain 

• 



-21-

boundary precipitation reactions have also been studied for the purpose 

of correlating these parameters. Using oriented bicrystals of a Pb-Sn 

35 alloy, Liu and Aaronson · analyzed via available theories the results 

of their measurements on the kinetics of the cellular reaction and found 

an increase in DB with increasing 8 over the range 8 = 15° to 8 = 25°. 

However, the reaction gave all appearances of being completely suppressed 

36 In a systematic T.E.M. study of an Al-Cu alloy, Vaughan 

also observed a low.er threshold value (-9°) for grain boundary precipita-

tion of the equilibrium 8 phase. Preliminary results on grain mis-

orientation correlations in this study suggest a similar relationship 

exists at the Cu-Ni-Fe coarsening reaction fronts, although more em-

pirical data is required to quantitatively predict the misorientation of 

the favored boundaries. 

Grain boundary migr~tion rates have recently gained attention in 

34 37-39 light of the more modern models ' of grain boundary structure. 

40 Gleiter's theory of grain boundary mobility is based on a description 

of boundary displacement by the movement of kinked steps on the surfaces 

of adjoining grains, the existence of which are known from transmission 

41 electron microscopy. He predicts that a high boundary mobility is 

the result of a low activation energy for the process and a high step 

density on both grain surfaces, where step density varies with both 

the orientation difference between grains and the efficiency of their 

spiral sources. The orientation dependence of grain boundary structure 

also entails that the activation energy for grain boundary migration 

depends-on- g-rai-n misorientaHon. ~ -Such an a-ctivariotr-energy/ grain -

misorientation dependence has been verified by the experimental work 
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42 of Rutter and Aust on the migration of ( 100) tilt boundaries in pure 

Pb, where the lowest activation energies are found to occur for bound

aries in coincident site37 orientations. 

The implication of these findings is that the mobility characteris-

tids of the Cu-Ni-Fe coarsening reaction fronts might be explained on the 

basis of their respective structures. It is known from the require-

ment of a high DB observed above that random high angle boundaries 

appear to be favored reaction fonts. Depending upon the exact orienta-

tion relationships existing across these boundaries, a range of migration 

rates will be expected. Those boundaries with sufficient step density 

have a high potential mobility which may be favored by certain coincident 

site lattice orientations that lower the activation energy for the 

process, and effect a "maximum" boundary velocity. Small angle boundar-

ies, which may also have a high potential mobility due to coincident 

site relationships are nevertheless stationary because of their low 

diffusivities which disqualify them as reaction fronts. 

Other factors which affect the overall low boundary migration 

rates observed in the study are the driving force for the reaction and 

possible boundary pinning by matrix singularities. These features will 

be considered in more detail in the discussion of coarsening kinetics 

(section 4.2). 

4.1. 3 "Discontinuous Coarsening" 

The discontinuous nature of the grain boundary coarsening reaction 

in Cu-Ni-Fe has its origin in the difference in particle sizes produced 

by passage of a suitable reaction front. Its primary distinction from 

43 
the more familiar discontinuous react-ions, which tra,ditionally include 
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(a) first order phase transformations of the type a-+ 8, (b) eutectic 

(L-+a-+{3) and eutectoid (a-+8 + y) decomposition, (c) recrystallization, 

(d) discontinuous precipitation (a-+ a' + 8) and (e) combined recrystal-

lization and precipitation of a duplex structure, is the absence of a 

nucleation event. In this respect, the Cu-Ni-Fe reaction is set apart 

as "discontinuous growth," or, with specific reference to the driving 

force for the reaction, "discontinuous coarsening." 

. 44-46 Similar reactions have been reported in a number of eutecto1d 

systems and the description "discontinuous coarsening" was first applied 

46 by Livingston and Cahn to describe the related phenomena. These 

authors were also successful in establishing a model of the discontinuous 

growth of aligned eutectoids, which, based upon grain boundary diffusion 

control, results in an equation for boundary velocity similar in form to 

41 '46 that of other discontinuous reactions.. In their description, the 

migrating grain boundary replaces the finely spaced matrix eutectoid with 

lamellae of much coarser spacing under the influence of a constant 

driving force. 

Certain precipitation systems have also been observed to exhibit 

features of discontinuous coarsening where grain boundaries are thought 

to form the reaction fronts. In Pb-Na alloys, a "slow" discontinuous 

reaction was reported by Petermann and Hornbogen
48

to consume the dis

-3 continuously precipitated matrix product at 10 times the velocity of 

the first reaction, and 10 times the original nodule spacing. Speich 49 

also mentions the observation of a "second cellular reaction" in an 

Fe-Ni-Ti alloy of much c~ars~r sp~f:tng j:h~n- the first cell-u~a-r -cons-ti-tuent-. 

The analogy of these systems with the eutectoids described above indicates 
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that their ultimate grain boundary reaction might be identically 

motivated; both are marked by similarly shaped particles before and 

after its occurrence, where the only reported discontinuity induced by 

boundary migration is in particle size. 

As shown in this study, a rigorous application of T.E.M. and dif-

fraction is essential to defining the mechanism and driving force for 

such reactions, and conclusionsbased on light optical metallography of 

morphological detail are for the most part speculative. In a recent 

50 T.E.M. study of nitrided Mo-Hf, Mitchell reports a mechanism for high 

temperature discontinuous growth of fully coherent HfN particles in-

volving the passage of a grain boundary which leaves behind larger, 

semicoherent particles. The driving force for this reaction clearly 

incorporates a component due to the recovery of matrix strain which is 

only made apparent by high resolution experimental techniques. Like-

wide the grain boundary reaction in Cu-Ni-Fe has been shown to possess 

a true coarsening character of discontinuous nature, and is therefore 

unambiguiously described in this respect. 

4.2 Coarsening Kinetics 

4.2.1 Matrix Particle (Continuous) Coarsening 

The empirical growth kinetics determined in this study for the 

semicoherent spinodal product a~e consistent with the theories of 

. 51 52 
Lifshitz and Slyozov and Wagner on the diffusion controlled coar-

sening of spherical particles in an isotropic medium. A t 113 behavior 

h 1 b d . 1 a,g f i f h h as a so _een reporte prev~ous y or coarsen ng o t e co erent 

Cu-Ni-Fe spinodal over a range of temperatures, the activation energy for 
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which is identified8 with the activation energy for volume diffusion. 

It is found by comparison with these earlier results that the empirical 

rate constant (k
1

) increases after coherency is lost, a behavior which 

8 Butler and Thomas speculated might exist due to a modification of 

particle interfacial energy as a result of the misfit dislocation 

structure. 

A theoretical description of the beginnings of particle coarsening 

i i d 1 11 h b d 1 d b Cahn. 53 B F i h d n sp no a a oys as een eve ope y y our er met o s 

he was able to show the existence of two major coarsening components 

based on the effect of non-linear terms in the diffusion equation. One 

of these components brings a gradual broadening of the fundamental 

spectrum and the eventual appearance of successively longer wavelengths 

in all spinodal alloys. Notably this term is the first to dominate an 

alloy of symmetrical composition. The second coarsening component 

dominates the behavior of asymmetrical alloys and in fact does not exist 

for symmetrical ones. During the initial composition excursions of an 

asymmetrical alloy, regions of lesser and greater amplification result 

from the "beating" of a narrow range of wavelengths. As the second 

term becomes significant in asserting the lever rule, the composition 

waves that will eventually become the minor phase are more developed in 

the regions of greater amplification. The lever rule (requiring less of 

the minor phase) can then only be satisfied at the expense of the minor 

phase in the less developed regions. Hence it is concluded that, at 

least during the early stages of particle coarsening asymmetrical alloys 

will tend to .f_O~rs_en_m()re~ rapidly __ than-symmetrieal- ~alloys.-- The--observa-- -

tion that k~ > k1 in the present study verifies that this behavior 
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persists even at the latter stages of aging. T.E.M. images also indicate 

a range in particle size throughout the aging response of the semi-

coherent asymmetrical spinodal that is not as pronounced in the symr 

metrical alloy, a condition which favors capillarity effects in the 

coarsening process of the former. 

4.2.2 Boundary Particle (Discontinuous) Coarsening 

The data presented in Table III and Fig. 22 indicate a dual descrip-

tion for the Cu-Ni-Fe grain boundary reaction. As a result of boundary 

migration, those particles in the vicinity of a mobile high angle grain 

boundary undergo (1) a discontinuous change in particle size with 

respect to the "matrix", and (2) a continuous coarsening process in 

conjunction with other boundary-fed particles, the kinetics of which 

follow a t 0 · 7 rate law. The interpretation of this behavior is apparent-

ly linked to the role of the high angle grain boundaries forming the 

reaction fronts. 

54-56 Published theories on the coarsening of grain boundary pre-

cipitates are limited to the case of heterogeneously nucleated hemi-

spherical caps situated symmetrically with respect to the boundary 

plane where solute diffusion is completely confined within the 2-

dimensional geometry of the high angle boundary. The average particle 

size is found to increase as t 114 in these treatments. Aaron and 

57 Aaronson observedthat the lengthening of grain boundary allotriomorphs 

1/4 in an Al-Cu alloy do indeed obey a t law, however, these particles 

thicken according to a t 112 behavior. Their analysis includes a 

theoretical description of lengthening kinetics controlled by volume 

diffusion to high angle grain boundaries, followed by boundary 
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diffusion to the advancing allotriomorph edges, and thickening kinetics 

controlled by diffusion along the allotriomorph broad faces. A t 112 

kinetic law is also generally
52 

known to describe coarsening phenomena 

which are subject to interfacial control. Higgins et a1.
58 

have recent

ly found t 1/ 2 coarsening in spinodally decomposed Fe-Be alloys where 

stoichiometric requirements at ordered interfaces are believed responsible 

for the result. 

The prospect of "interfacial" control of the Cu-Ni-Fe discon-

tinuous coarsening reaction remains a possibility, since the coarsening 

kinetics of similar matrix particles is found to depend on the slower 

rate of volume diffusion. That is, if the rate of addition of atoms 

to the growing matrix particles is subject, for example, to structural 

requirements at the dislocated semicoherent interphase interfaces, then, 

providing solute redistribution occurs by rapid volume diffusion, a t 112 

kinetic law would be anticipated. The fact that the particles forming 

the reaction product are favored by the intrusion of high angle grain 

boundaries as short circuit diffusion paths eliminates the volume-

diffusion rate controlling step. Even in light of these characteristics, 

there is still insufficient evidence to conclude the exact origin of the 

t 0 • 7 behavior; no currently known theories treat specifically the 

pecularities of this phenomenon. The consistency of the rate law for 

both alloys suggests only that they are sensitive to the advantages of 

augmented diffusivity in the same fashion. This observation might 

then be given a general interpretation on the basis of two distinctive 
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The first of these features is the interconnectivity of the high 

angle grain boundaries forming the reaction fronts and the semicoherent 

particle interfaces which they border. In a study of the coarsening 

kinetics of 8' precipitates in Al-Cu, Boyd and Nicholson59 observed the 

apparent operation of semicoherent particle-matrix interfaces as short 

circuit diffusion paths. Hence the entire cellular structure in the 

Cu-Ni-Fe grain boundary reaction is potentially susceptible to very 

rapid solute di_ffusion. On this basis, the application of the observed 

kinetic law to all boundary particles supports the previous implica-

tion of particle interconnectivity, if not by their direct contact, 

then at least through their misfit dislocation substructure (see Fig. 

15). 

The second feature is the mobility of the reaction front. Unlike 

the stationary "collector plate" analogy of Aaron and Aaronson57 where 

solute atoms must make their way by volume diffusion to the boundary 

region before they can experience a higher diffusivity, the Cu-Ni-Fe 

reaction front "sweeps" the matrix of sufficient solute for the dis-

conti~nous coarsening process, which again accounts for its initial 

rapid acquisition. Based upon the characteristics of other dis-

. 46 47 continuous react1ons, ' · a constant boundary migration rate at a 

given temperature produces a constant interparticle spacing within the 

cellular constituent. It therefore follows that the coarsening of the 

Cu-Ni-Fe cellular constituent is directly related to the progressively 

decreasing boundary migration rate observed in these alloys. 

The occurrence of a time dependent rate of boundary migration 

is not unique to the Cu-Ni-Fe discontinuous reaction, and has been 
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43 48 60 
reported ' ' in other systems to result from the influence of con-

tinuous precipitation on the advancing reaction front. However, these 

interactions are the primary result of a decrease in the chemical com-

ponent to the driving force for the reaction, or possible impingement 

effects requiring drastic boundary "bowing", neither of which are seen 

in the present study. The driving force for the Cu-Ni-Fe discontinuous 

coarsening reaction is the reduction in total interphase interfacial 

energy, and on the basis of Fig. 4(c), would appear to be constant 

throughout the aging process. This micrograph demonstrates, based upon 

the relative size of the "matrix" particles (c. f. Fig. 4(b)), that 

sufficient driving force exists" even to initiate a "secondary" grain 

boundary reaction, should the first go to completion. A comparison of 

Figs. 20 and 21 furtkermore shows that in some instances (e.g. alloy B 

aged at 748°C) boundary migration has ceased at a specific value of 

maximum displacement, while the volume fraction of the discontinuously 

coarsened material increases. Together these findings indicate the 

relationship between boundary particle coarsening and boundary migration 

rate. It is not that the rate of boundary displacement is retarded due 

to a decrease in driving force, but rather that the dominant driving force 

induces additional boundary particle coarsening behind a sluggish 

reaction front. Hence, having recognized that solute redistribution is 

most probably favored along the interphase and high angle boundary regions, 

h 
0 • 7 . k' i f h i b d . t e t coarsen1ng 1net cs o t e gra n oun ary const1tuent appear to 

be dependent upon the migration characteristics of the reaction front. 

The reas.on._for_ .reacti.on-front-'!pinning'~is- net---cle-ar--fr-om-th-is-

study, although its effects are obvious. At the earliest stages of 
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growth of the cellular constituent, an activation energy of - 20 kcal/mole 

is suggested from the boundary migration data. After the addition of 

7 10 kcal/mole indicated by Hillert et al. to account for the temperature 

dependence of the free energy change, the resultant is roughly 45% of 

the 66 kcal/mole activation energy for volume diffusion. 61 This figure 

: 27 
is within the range anticipated for grain boundary diffusion control, 

and indicates that initially the boundary is free to move as rapidly as 

permitted by solute diffusion along its interface. Subsequent reduc-

tion in the magnitude of this value is a measure of the increasing 

difficulty of boundary motion and therefore an effective change in rate 

controlling mechanism at the onset of the reaction. 

Some suggestion of boundary "pinning" is seen in Fig. 10 at the 

arrowed interphase interfaces. These cusps are believed to be the ef-

fects of a surface tension produced by the semicoherent boundaries. 

49 62 Similar cusping is reported in other cellular reactions , however, 

and the m~gnitude of the retarding influence is expected to decrease 

as the reaction produces large particles in its latter stages. In a 

. 63 
recent theoretical development on cellular precipitation, Sundquist 

criticizes previous theories for their lack of attention to the 

presence of solute drag and intrinsic grain boundary drag, both of 

which affect reaction front shape and velocity. An additional mechanism 

of boundary motion impedence might be found in the structural charac

teristics of the boundary. Wagner et a1. 64 reported the tendency in 

thin-film bicrystals containing relatively high index boundaries in their 

coincidence lattices to break up into low-energy facets during annealing. 
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If, during ,migration, the Cu-Ni-Fe reaction fronts undergo local 

faceting (sharp irregularities are seen in the reaction fronts in Figs. 

11 and 12), then the lower energy regions of the boundary might cause 

decreased diffusivity or mobility and thereby affect the overal reac

tion kinetics. A final argument for complete cessation of boundary 

movement might be given on a simple thermodynamic basis. Because any 

displacement of the boundary increases its effective surface area and 

consequently its associated surface tension, there may exist a maximum 

boundary displacement beyond which the available driving force is in

effective for growth. However, the activation barrier associated with 

interparticle coarsening both behind and ahead of the boundary may 

be sufficiently low to allow that stage of the reaction to proceed, as 

well as the migration of other boundaries not at their "limit". The 

rather sharp curvature of some of the cellular constituents observed 

here (see, e.g., Fig. 15) as well as the very localized occurrence of 

the boundary migration events seem to support this description. 

Either or all of these boundary pinning processes might therefore 

be in effect during the Cu-Ni-Fe discontinuous coarsening reaction. The 

inability to specify exactly the rate controlling mechanism is a result 

of the complexity of the reaction and a lack of sufficient experimental 

data. It is shown by this analysis that· a thorough knowledge of grain 

boundary structure is essential to answering the fundamental question 

as to why some portions of the grain boundary network are favored over 

others as mobile discontinuous reaction fronts. 
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4.3 General Comments 

4.3.1 Aging Sequence 

Although the light optical micrograph in Fig. 4(c) gives the ap-

pearance of a "complete" cellular reaction product within which a 

"secondary" reaction is occurring, such an event is highly unlikely 

because of the measured discontinuous reaction rates (Table I and II). 

The large matrix particles are therefore the product of decomposition 

of the supersaturated solid solution by a continuous reaction, which, 

based on the nearness of the aging temperature to the theoretical 

spinodal limit (see Fig. 2), might be either a spinodal mode or a 

homogeneously nucleated transformation. The large particle size can 

be explained by its rapid coarsening at the high aging temperature 

(838°C) employed, and the appearance of a discontinuous coarsening 

reaction gives some indication of the magnitude of the driving fierce 

involved. 

The possibility of consecutive grain boundary reactions is also 

lessened by the observed occurrence of a Widmanstatten structure (Figs. 18 

and 19) as the morphology preferred to the semicoherent structures. By an 

elastic energy analysis of the decomposition of a homogeneous solid 

solution, Khachaturyan65 predicts a "lowest energy" one dimensional 

regularly spaced distribution of parallel lamellar inclusions along 

< 100 > • The requirements for this favore.d morphology are at least 

locally fulfilled by the observed distribution of < 100 > Widmanstatten 

platelets. Hence any long term aging for the purpose of initiating 

secondary cellular growth would be expected to result instead in 

lenticular l.Jidmanstatten formation. 
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4.3.2 Effect on Properties 

It is seen that the entire progression of the grain boundary re-

action is marked by dissimilarities between the favored boundary regions 

and the surrounding matrix. This discontinuity in microstructure is 

. 9 13 14 ultimately responsible for a "discontinuity" in propert1.es. ' ' 

Reference to Fig. 13 indicates that, particularly at the latter stages of 

development, the coarsened boundary structure affords a large expanse of 

interconnected single phase material for ease of crack initiation. 13 

However, even in its earliest stages, preferential coarsening or loss of 

coherency at grain boundaries can provide a significant change in local 

particle size distribution or dislocation density (L.e. at semicoherent 

interfaces) that manifests itself in poor fracture properties. 14 

Unlike discontinuous precipitation or eutectoid decomposition 

reactions which have the potential through control of boundary migration 

rates for producing uniform fine lamellar microstructures, 
43 

the Cu-Ni-Fe 

discontinuous coarsening reaction results only in undesirable micro-

structural features. Because a homogeneous product yields in all cases 

8 9 the most acceptable mechanical behavior, ' optimization of properties 

at the latter stages of aging within the Cu-Ni-Fe spinodal requires 

complete avoidance of any discontinuous coarsening effects. 

4.3.3 Suppression of the Reaction 

The problem of controlling the grain boundary phenomena in Cu-Ni-Fe 

is aggravated by the fact that it is not a discontinuous precipitation 

reaction. As a consequence, it is not possible to suppr~s~ the reaction 

by thermal treatment to avoid the nucleation event. Discontinuous 

coarsening in Cu-Ni-Fe is sensitive only to the presence of mobile high 
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diffusivity paths and previous decomposition with the matrix. 

Even after successful (if possible) grain boundary "pinning" by 

impurity or quaternary alloy additions that reduce boundary mobility, 

there may exist sufficient impetus by nature of a high n5 for prefer

ential growth at grain boundaries. A reduction in boundary diffusivity, 

however, may be effected by changing grain boundary structure. For 

example, prolonged high temperature annealing might allow all boundaries 

to attain a low energy configuration which restricts diffusivity and 

mobility. 

An alternative to lowering boundary mobility is to increase the 

effective diffusivity of the matrix. 66 Kreye has shown that severe 

cold work prior to aging allows rapid pipe diffusion via the increased 

dislocation substructure within the grains. This treatment feeds 

sufficient solute to the matrix precipitates to reduce the attractive-

ness of a discontinuous precipitation reaction. A similar treatment in 

the case of the Cu-Ni-Fe spinodal might allow a competitive coarsening 

rate within the matrix to drain sufficient driving force away from the 

discontinuous reaction. However, it is expected that the danger of 

preferential growth at grain boundaries may still exist due to the 

significantly higher grain boundary diffusion rates. 

A final method of circumventing the discontinuous coarsening 

problem might involve the use of additional phase transformations to 

67 change the character of the matrix product. A possible choice for 

some composition ranges within the Cu-Ni-Fe ternary is the martensitic 

68 transformation studied by Thomas and Vercaemer. The dual spinodal/ 

martensite reaction imparts distinctive mechanical properties to the 

• 
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system as well as drastically changing its substructure. 

4.3.4 Suggestions for Future Research 

The time dependent y vs t (Fig. 20) and r vs t (Fig. 21) curves 

obtained in this investigation are not conducive to a rigorous analysis 

of activation energy and rate control mechanisms. A more promising 

approach appears to rest in a study of the linear variation of £n A 

vs ~n t (Fig. 22), where more data points at other temperatures should 

prove sufficient to determine completely the kinetics of the grain 

boundary reaction. However, the necessity of studying lower aging 

temperatures entails the prospect of employing extremely long aging 

times. 

The discontinuous coarsening reaction in Cu-Ni-Fe does not gener

ally lend itself well to correlations of boundary structure and dif

fusivity or migration characteristics, due to the uniqueness of the 

reaction and its severely reduced reaction rates. These studies might 

therefore be more appropriate in a simple binary system for which many 

of its thermodynamic parameters have been determined, and which can be 

aged at sufficiently low temperatures to produce a measurable dis

continuous reaction within the hot stage of a transmission electron 

microscope. As revealed in this study the need for such data is es

sential to a complete understanding of the mechanisms which initiate 

discontinuous reactions. 
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5. SUMMARY AND CONCLUSIONS 

As a result of this investigation of two Cu-Ni-Fe alloys at the 

latter stages of aging, the following characteristics have been dis

cerned: 

1. Those decomposition products which border certain grain 

boundary regions of relatively large grain misorientation are susceptible 

to enhanced growth. 

2. After sufficient aging time, select boundary segments migrate, 

and, in the role of reaction fronts, leave behind large irregularly 

shaped particles with the appearance of a cellular morphology. 

3. The rate of boundary migration (G) initially suggests grain 

boundary diffusion control (654°C), but decreases progressively with 

aging time. G undergoes an increase, peaks at a maximum, then decreases 

to zero as the temperature is increased to the solvus value. In some 

instances the maximum observed boundary displacement (r) remains constant 

while the volume fraction (y) of transformed material increases. A 

maximum of only- 6.7% of the matrix is consumed by boundary displacement 

·· after 1000 hrs aging at 654°C. 

4. The driving force for the grain boundary reaction is the reduc

tion in overall interphase interfacial energy, hence it is appropriately 

a "discontinuous coarsening" reaction. 

5. The effective interparticle spacings (A1) of the matrix spinodal 

product vary with time (654°C) according to the empirical rate law 

Al = klt0.34. 

,,. 
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By virtue of its larger rate constant (k
1
), the asymmetrical alloy {B) 

coarsens at a more rapid rate than the symmetrical alloy (A). The 

magnitude of the rate constants for both alloys is also greater than 

8 that observed for the coherent spinodal product. 

6. Within the cellular constituent, the effective interparticle 

spacing (A2) of the discontinuously coarsened particles obey a kinetic 

law of the form 

"\ k 0.7 
1\2 = 2t 

where again the rate constant (k2) of the asymmetrical alloy is greater 

than.: that of the symmetrical alloy. 

It is concluded that the grain boundary reaction in these alloys is 

sensitive only to the presence of suitable reaction fronts and previous 

decomposition within the matrix. Those boundary segments which form 

the reaction fronts appear to be characterized by a high diffusivity (DB) 

and a potentially high mobility, features which are attributed to 

peculiarities of boundary structure and grain misorientation. The 

coarsening of particles behind the reaction front is seen to result 

from the combined influence of a dominant driving force and a sluggish 

boundary migration rate. ~o satisfactory explanation exists among 

h . f h 11 . d h f h . 0 . 7 k. . current t eor~es o t erma y act~vate growt or t e t ~net~c 

law of these particles, and the rate controlling mechanism for the 

reaction is tentatively associated with boundary migration. Of 

particular importance is the demonstrated need for strict correlation 

between boundary structure and migration characteristics in establishing 

those mechanisms which initiate discontinuous reactions, account for the 
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selectivity of their reaction fronts and promote their ultimate 

suppression and/or control. 
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Table I. Light optical metallographic data for Alloy A 

y = Volume fraction of grain boundary constituent (%) 

S.E.= Standard error of the mean y value (%) 

r = Maximum linear migration of grain boundary during reaction (~m) 

~ 654°C 748°C 838°C 

S.E. r G(A/sec) S.E. r G(A/sec) S.E. r 
(hrs) ly(%) (%) < (~m) y(%) (%) (~m) y{%) (%) (~m) 

10 0.74 0.83 2 o. 36 1.11 13_.2 6 0.75 0.74 0.83 1 

50 0.37 0.60 4 0.19 1.11 13.2 10 0.22 0.74 0.83 1 

100 2.59 20.5 8 0.119 1.11 13.2 14 0.15 1.48 14.2 4 

500 2.59 18.6 22 0.095 1.85 12.4 26 0.099 1.48 14.2 12 

1000 6.67 26.7 39 0.095 2.96 17.1 46 0.099 1.48. 14.2 12 
----- ---- -------~·- ~-------·~--- - -~-----

~ 

G(A/sec) 

0.21 

0.13 

0.094 

0 

0 

I 
.1:'
.1:'
I 



~ 
(hrs) y(%) 

10 0.37 

50 0.37 

100 0.74 

500 3. 70 

1000 6.67 

.. 

Table II. Light optical metallographic data for Alloy B 

.y = Volume fraction of grain boundary constituent (%) 

S.E.= Standard error of the mean y value (%) 

r = ¥~ximum linear migration of grain boundary during reaction (~m) 

654°C 748°C 838°C 

S.E. r S.E. r S.E. r 
(%) (]1m) G(A/sec) y(%) (%) (~m) G(A/sec) y(%) (%) (~m) 

0.60 1 0.56 1.48 11.3 5 1.64 1.11 13.2 1 

0.60 6 o. 36 1. 85 12.4 14 o. 72 1.48 11.3 4 

0.83 12 0.21 3.33 19.5 42 o. 32 1.48 11.3 6 

17.9 38 0.18 3.33 19.5 44 0 1.48 11.3 6 

25.1 70 0.18 5.56 22.4 44 0 1.48 11.3 6 

G(A/sec) 

0.28 

0.19 

0.04 

0 

0 

I 
.p. 
V1 
I 
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Table III. Transmission electron microscopy coarsening 

data at 654°C aging temperature 

Al = average interparticle spacing, matrix 

A2 = average interparticle spacing, grain boundary 

reaction product. 

~· Alloy A Alloy B 

Max error Max error 
(hrs) \(A) A2 (A) in A2 A

1
(A) A

2
(A) in ).2 

) 

10 310±14 ---- ----- 370±26 1,070 40% 

50 590±30 2,250 33% 580±60 3,170 42% 

100 710±52 3,600 67% 760±43 5,800 29% 

500 1110±160 12,200 54% 1500±210 19,800 24% 

1000 1660±150 17,500 46% 1950±170 24,000 38% 
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FIGURE CAPTIONS 

Fig. 1. Ternary equilibrium phase diagram for the Cu-Ni-Fe system 

showing the 750°C and 850°C solvus lines after.reference 19. 

The trace of the pseudo-binary section employed in this study 

is also shown, as well as the compositions of the symmefrical (A) 

and asymmetrical (B) alloys. Alloy A is the symmetrical alloy 

8 studied by Butler and Thomas. 

Fig. 2. Cu-Ni0 . 7Fe0 • 3 quasi-binary section studied in this research, 

with the indicated solubility limit, spinodal, and alloy composi

tions. The position of the chemical spinodal is that calculated 

in reference 7, and is very near to the experimentally determined 

curve, which has its extremum at - 53% Cu. 7 

Fig. 3. Light optical micrographs of alloy A aged for 100 hrs at 

(a) 654°C,(b) 748°C and (c) 838°C. Note the typical cellular 

structures in (a) and (b) while only slight thickening of the 

boundary region is seen in (c). 

Fig. 4. Light optical micrographs of alloy A aged for 500 hrs at 

(a) 654°C, (b) 748°C and (c) 838°C. The radically coarsened 

matrix particles shown in (c) have dimensions comparable to the 

cellular lamellae in (b). Note also the extremely coarse boundary 

structure in (c). 

Fig. 5. Light optical micrograph of alloy B aged for 100 hrs at 

(a) 654°C, (b) 748°C and (c) 838°C. At the conditions responsible 

for the structure in (c), the allo~ is outside. of the spinodal; 

particle coarsening and boundary thickening are visible in this 

figure. In (b) a section of the grain boundary constituent is 
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seen to have no visible contact with the boundary network, 

demonstrating the irregularities of its confining reaction front. 

Fig. 6. Light optical micrograph of alloy B aged for 500 hrs at 

(a) 654°C, (b) 748°C and (c) 838°C. The cellular constituent shows 

a more regular "lamellar" structure in (b), but very coarse 

boundary particle growth is seen in (c). 

Fig. 7. Light optical micrograph of alloy B furnace cooled to 840°C 

and aged for 150 hrs. A well developed particle morphology is 

seen among the matrix spinodal product. Note the suggestion of 

parallel alignment between particles within the boundary cell 

and those of the lower bordering grain. 

Fig. 8. Transmission electron micrograph of alloy B aged 10 hrs at 

654°C, showing enhanced growth in the boundary vicinity (A~ 1150 A) 

compared to that of the matrix (A -400 A) • The effects of 

preferential polishing of the Cu-rich phase are evident, and the 

location of the grain boundary is obscured, Zone [110], B.F. 

Fig. 9. (a) Bright field image of alloy B aged 1000 hrs at 654 °C. Note 

matrix depletion in region of coarsened semicoherent particle at 

the boundary, which has a sharp bend at the particle interface. 

Electron beam parallel to [110] zone axis. 

(b) Alloy B isothermally aged 150 hrs at 840°C. Occurrence of 

a structure similar to (a) is indicated at the boundary, [110] zone, 

B.F. 

Fig. 10. Electon micrograph of alloy A aged 1000 hrs at 654°C. The 

equal volume fractions of both phases characteristic of a sym

metrical alloy are manifested by a nearly constant interparticle 
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spacing within the boundary structure, which has the appearance 

of cellular growth in the direction of the arrow indicating the 

operating reflection. Note also the appearance of cusps at the 

(arrowed) positions of the boundary particle interphase interfaces, 

[110] zone, B.F. 

Fig. 11. Bright field image at low magnification of a more fully 

developed cellular structure produced by aging alloy A for 1000 hr 

at 654°C. 

Fig. 12. Detail$ of the structure shown in Fig. 11: 

(a) B.F. micrograph exhibiting semicoherent interfacial structure 

of particles within the cellular constituent, and sharp irregulari

ties in reaction front, [110] foil. 

(b) Matrix particles are seen under dynamical diffraction 

conditions to extend continuously up to the boundary with no 

evidence of a denuded zone, B.F., [110] zone. 

Fig. 13. Transmission electron micrographs of the grain boundary 

reaction product showing a large expanse of interconnected Cu-rich 

material at the boundary regions, both foils oriented in [110] 

zone, B.F.: (a) alloy B aged 500 hrs at 748°C, (b) alloy A aged 

1000 hrs at 748°C. 

Fig. 14. Selected area diffraction analysis of orientation relationships 

between cellular constituent and contiguous grains. Diffraction 

patterns b, d and f correspond to the areas highlighted by the 

intermediate aperture in a, c and e respectively. It is seen 

that the cell bears the same orientation as the grain from which 

it has apparently grown. Specimen aged 100 hrs at 654°C. 
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Fig. 15. T.E.M. evidence that the cellular reaction is the result 

of grain boundary migration. The lower "border" of the cell at 

the upper left is shown at two reflection conditions (see particle 

"A" for identification) to have no boundary structure at all. 

Boundary migration has caused a discontinuous increase in particle 

size, where both matrix and boundary patticles have identical 

interfacial dislocation structures. Alloy B, aged 500 hrs at 

748°C, B. F., [110] zone. 

Fig. 16. Electron micrographs of coherent twin boundaries in alloy A 

aged 1000 hrs at 748°C. These boundaries show no tendency to 

migrate, although some interfacial irregularities are seen at the 

positions of the particles. (a) B.F., (b) D.F. (c) B.F., twin 

reflection, all in [110] orientation. 

Fig. 17. Bright field micrographs of the same area showing the inter-

facial dislocation structure of the large semicoherent matrix 

particles in alloy A aged 1000 hrs at 838°C, [110] foil. Dis-

- a - a locations at Y have b = 2 [101] or 2 [011] while those at Z have 

a a -
b = 2 [101] or 2 [011]. 

Fig. 18. Widmanstatten morphology produced by isothermally aging alloy 

B for 200 hrs at 800°C. This B.F. image indicates that the lenticular 

particles appear to be forming at the expense of the large semi-

coherent "matrix" structures (see arrows), [110] zone. 

Fig. 19. [112] foil of sa~e alloy as in Fig. 18 above showing the {100} 

habit of the Widmanstatten platelets. Indications of displacement 

fringe contrast and strain contrast at the broad plate faces are 

also observed in this figure. 
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Fig. 20. Summary of the light optical metallographic data on volume 

fraction (y) of the matrix transformed by boundary migration, 

alloys A and Bat 654°, 748° and 838°C. 

Fig. 21. Summary of the light optical metallographic data on maximum 

boundary displacement (r) during the discontinuous reaction in 

alloys A and Bat 654°, 748° and 838°C. 

Fig. 22. Plot of the interparticle spacing of matrix (A1) and 

boundary (A2) particles as a function of aging time at 654°C for 

(a) alloy A and (b) alloy B. 

' 
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