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Microstructural behaviour and mechanical 
hardening in a Cu-Ni-Cr alloy 
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Department of Metallurgical and Materials Engineering, University of Pittsburgh, 
Pittsburgh, Pennsylvania, USA 

In this investigation electron microscopy and diffraction have been employed to 
characterize the development of the modulated structures and associated sideband 
phenomena in a Cu-31.6 Ni-1.7 Cr alloy and the microstructural behaviour has been 
correlated with the age-hardening response. The microstructural behaviour is consistent 
with the notion of spinodal decomposition of a rather asymmetric alloy within the 
ternary miscibility gap in the temperature range 650 to 750 ~ C. The modulated structures 
which form during precipitation tend to undergo a morphological change during 
subsequent coarsening involving the sequence: cuboids ~ rods -+ platelets (or rafts); the 
driving force for this transformation is the minimization of the surface and strain energy 
of the coherent two-phase mixtures. Precipitate-free or denuded zones have been 
observed to develop after prolonged ageing apparently resulting from preferential loss of 
coherency and coarsening of particles in the vicinity of the grain boundaries. This micro- 
structural heterogeneity gives rise to a "discontinuous coarsening" reaction eventually 
involving the migration of high-angle boundaries. The mechanical strengthening 
accompanying the formation of the aligned and periodic precipitate morphologies can be 
accounted for quantitatively in terms of the interaction of dislocations with the internal 
stress fields associated with the coherent precipitates. 

1. Introduction 
Cupronickel alloys are well known for their su- 
perior properties in marine service. Substantial 
strengthening of cupronickels can be achieved 
through precipitation hardening of these nom- 
inally copper-nickel alloys modified by ternary 
and quarternary additions without significant loss 
of corrosion resistance and fabricability [1-5] .  A 
series of high-strength Cr-bearing cupronickels has 
been developed and these alloys have been 
reported to derive their properties through 
spinodal decomposition [4, 5]. 

Phase equilibria in the Cu-Ni-Cr system have 
been investigated experimentally and theoretically 
by Meijering, e t  al. [6, 7] who have shown the 
existence of a stable miscibility gap in the ternary 
system and on cooling a single fc c phase decom- 

poses into two conjugate fcc  phases of slightly 
different lattice parameters. Fig. 1 shows a calcu- 
lated and experimental isothermal section of the 
ternary system at 930 ~ C. The theoretical diagram, 
calculated using a regular solution model, agrees 
quite well with the experimental diagram. Manenc 
[8] first reported the appearance of "sidebands" 
in X-ray patterns during ageing of Cu-Ni-Cr 
alloys similar to those observed in the Cu-Ni-Fe 
system by Bradley [9] and interpreted by Daniel 
and Lipson [10, 11] in terms of a "wave-like" 
clustering or periodic redistribution of solute 
atoms during phase separation. Badia e t  al. [4, 5] 
verified the occurrence of sideband phenomena 
and the formation of the so-called modulated 
structures during ageing within the miscibility gap 
and concluded that spinodal decomposition 
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Figure 1 Isothermal section of the Cu-Ni-Cr system at 930 ~ C, (a) calculated, (b) experimental [6, 7]. 

occurred in the Cr-hardened cupronickels. The 
preliminary microstructural studies of Mihalisin 
et al. [5] working with a C u - 3 0 N i - l . 7 C r  alloy 
and a Cu-28.3 Ni-2.8 Cr alloy and Kreye and 
Pech [12] working with a Cu-30Ni-2 .9Cr  alloy, 
indeed, show the formation of modulated struc- 
tures and sideband phenomena consistent with the 
notion of spinodal precipitation within the ternary 
miscibility gap. 

Mortal and C ~ n  [13-15] and de Fontaine 
[16] have extended the treatments of spinodal 
decomposition in binary s~,stems to consider 
clustering and ordering in ternary systems. The 
analysis of the thermodynamic stability of a super- 
saturated state within a ternary miscibility gap 
requires that the directional derivative on the free 
energy surface be considered. The curvature of the 
free-energy-composition surface is positive in all 
directions if 

and 

32 F 32 F ( 32 F ~2 

ax~ ax~ > \axAaxB] 

32F 
- - > 0 ,  

where xA and xB are the two independent compo- 
sitional variables and F is, of course, the molar free 
energy of the ternary solution. When 

{ ] 

the free energy surface is saddle-shaped and the 
curvature is positive or negative, depending on the 
direction within the Gibbs triangle, and the 
curvature is negative in all directions when 

and 

32F 32F ( 32F 12 

32F 
- - < 0 .  

The chemical spinodal in a ternary system is given 
by 

3~F 32F ( 32F 12 

OX2A OX~ \ oXAOXB] "~ 0 

defining a curve along which there is just one 
direction in which the curvature is zero. Meijering 
[17, 18] has discussed the shapes of a variety of 
spinodal surfaces in ternary systems along with 
sections of corresponding phase diagrams. Ternary 
systems are essentially affected by strain energy in 
a manner similar to binary systems. 

The classical Cu-Ni -Fe  ternary alloys which 
have been thoroughly studied behave as pseudo- 
binary alloys and precipitation essentially occurs 
by redistribution of Cu atoms. The Cu-Ni-Cr  
system represents the more general ternary case. 

The development of commercially significant 
alloys which are apparently strengthened by 
modulated structures deriving from spinodal de- 
composition in binary and ternary systems has 
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served to focus new attention on the origin of  
mechanical strengthening in spinodal alloys. 
Schwartz and co-workers [19,20]  have recently 
provided a critical examination of  mechanical 
strengthening in spinodal alloys or in alloys 
strengthened by fine-scale, periodic arrays of  
coherent precipitates. Continued progress in this 
area will provide a fundamental basis for the 
exploitation of  the full potential of  spinodai or 
modulated structures in alloy design. 

In this paper the results of  an electron metal- 
lographic study of  the precipitation reactions 
occurring in an aged Cu-31 .6  N i - l . 7  Cr alloy are 
reported. Also, the microstructural behaviour has 
been correlated with the mechanical hardening 
observed during ageing. 

machine. Sheet tensile specimens 0.3 in. wide, 
0.015in. thick with a 1.0in. gauge length were 
used. The tensile specimens were carefully electro- 
polished to remove any surface scratches and 
oxidation products prior to testing. A strain rate 
of  4 x 10 -2 min -1 was employed for all tensile 
tests. The yield stress was defined in terms of  the 
0;2% offset strain. 

3. Results 
3.1. Microstructural behaviour 
In this study, no evidence of  precipitation was 
discernible in as-quenched specimens; decompo- 

2. Experimental 
2.1. Materials and heat treatment 
The C u - N i - C r  alloy used in this investigation was 
supplied by the International Nickel Company and 
the detailed processing schedule has been de- 
scribed elsewhere [4, 5].  The composition is given 
in Table I. 

The alloy was processed to sheet by cold rolling 
and annealing at 900 ~ C for 3 h and quenched into 
ice brine. The material was subsequently aged at 
650, 700, and 750~ for ageing times ranging 
from 5rain to 410h.  During all heat treatments, 
except for the very short ageing times, the speci- 
mens were contained in Ti-gettered evacuated 
quartz capsules and quenched by breaking the 
capsules in the quenching bath. 

2.2.  E l e c t r o n  m e t a l l o g r a p h y  
Thin foils for electron metallography were pre- 
pared by electropolishing 3 m m  diameter disc 
specimens punched from heat-treated sheets. Final 
polishing was accomplished in a twin-jet electro- 
polisher using a solution containing 375 ml acetic 
acid, 75 g chromium trioxide, 15ml H20,  and 125 
ml orthophosphoric acid. The foils were examined 
at 100 kV. 

2.3. Mechanical t e s t ing  
The room temperature tensile properties of  speci- 
mens aged at 650~ for different times were 
determined using a standard Instron testing 

TAB LE I Composition (wt. %) 

Ni Cr Fe Mn Zr Cu 

31.6 1.7 0.28 0.03 - Balance 

Figure 2 Electron micrographs of Cu-31.6 Ni-1.7 Cr 
alloy aged at 650 ~ C for 1 h revealing matrix strain con- 
trast striations along traces of the {1 0 0} matrix planes 
under different imaging conditions; the average wave- 
length of the modulated structure is ~ 170A. (a) Foil 
normal (0 0 1); g = [20 0] ; insert shows satellite flanking 
matrix reflection, (b) Foil normal near (001); g=  
[2 2 0] ; interpenetrating modulations revealed indicative 
of triaxially modulated structure. 
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Figure 3 Schematic showing disposition of satellites in 
reciprocal space. 

Figure 4 Absence of heterogeneous nucleation on grain 
boundaries or dislocations clearly reveals the homo- 
geneous nature of the transformation. 

sition was apparently suppressed as evidenced by 
the absence of contrast effects which could be 
associated with clustering, and selected area dif- 
fraction patterns did not exhibit sidebands. After 
ageing only several minutes to an hour at 650, 
700, and 750 ~ C the microstructure was character- 
ized by "wavy" strain contrast striations essen- 
tially along the traces of the {1 0 0} matrix planes 
as shown in Figs. 2a and b. The primary displace- 
ment vector R characterizing the net matrix strain 
determined by imaging under different diffracting 
conditions was found to be principally along 
(1 00). The disposition of satellites in reciprocal 
space was found to be consistent with the scheme 
predicted by the simple model of Daniel and 
Lipson [10, 11] depicted in Fig. 3. The average 
wavelength, X, of the triaxially modulated struc- 
ture can be estimated using a modified Daniel- 
Lipson relationship for electron diffraction where 

ha r X -  
(h ~ + k s + 12)Ar 

where r and Ar are the distances from the hkl  

spot to 0 0 0 and "satellite", respectively. Values of 
the wavelength calculated using this relationship 
agreed very well with those estimated by direct 
measurement of the spacing of the strain contrast 
striations. An important microstructural feature of 
the initial decomposition process is the absence of 
preferential precipitation on dislocations and grain 
boundaries as shown in Fig. 4. 

Prolonged ageing gives rise to a periodic array 
of coherent cuboids with distinct, planar interfaces 
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parallel to the {1 0 0} matrix planes as shown in 
Fig. 5. During this stage of the precipitation re- 
action the diffraction spots tend to "sprit" and 
show streaking along the (1 00) directions indi- 
cating the formation of two coherent fc c phases 
of slightly different lattice parameters. The streak- 
ing derives from the coherency strains which 
induce a local tetragonality in the vicinity of the 
coherent interphase interfaces [21]. The diffrac- 
tion contrast exhibited by the coherent cuboidal 
particles is found to be accurately described by the 
analysis of Sass et al. [22]. Fig. 6 shows that the 
microstructure resulting from precipitation is still 

Figure 5 Cu-31.6 Ni-1.7 Cr alloy aged for 24 h at 650 ~ C 
showing a modulated structure consisting of a periodic 
array of cuboids with faces essentially parallel to the 
{1 0 0} matrix planes; insert shows streaking along (1 00) 
deriving from coherency strains. 



Figure 6 Cu-31.6 Ni-1.7 Cr alloy aged for 25 h at 700 ~ C 
showing the absence of precipitate-free zones at grain 
boundaries. 

Figure 8 Cu-31.6Ni- l .7Cr alloy aged for 200h at 
700 ~ C showing rafts and rods and loss of coherency as 
evidenced by the development of interfacial dislocations 
at the interphase interfaces. 

relatively uniform and homogeneous right up to 
the grain boundaries even after the cuboidal pre- 
cipitate morphology has evolved. At 650~ 
maximum strength is obtained when the micro- 
structure consists of  a periodic array of cuboids 
having an average edge width of  about 120 A and 
the average wavelength, X, of  the periodic and 

aligned microstructure is approximately  200A.  
The coarsening of  the modulated structure at 650, 
700, and 750 ~ C obeyed a X 3 - -  X~ = Kt  kinetic 

law, where )to is the wavelength at the onset of  
coarsening and t is the ageing time. The experi- 
mental activation energy for the coarsening 

process was found to be approximately 41kcal  

tool -1 " 
Longer ageing times in excess of  about 24h  

show a change from a periodic three-dimensional 

array of  cuboidal particles towards a rod-like 
and/or  plate-like morphology as the cuboids align 
in rows or rafts and coalesce. The advanced stages 
of  this morphological  t ransformation are clearly 
revealed in Figs. 7 and 8. The rod-like morphology 
which develops by aggregation and coalescence of  
individual cuboids is clearly revealed by a charac- 
teristic elongated strain contrast  shown in Fig. 9. 
During this stage of  morphological  t ransformation 

Figure 7 Cu-31.6Ni- l .7Cr  alloy aged for 200h at 
650 ~ C showing tendency of cuboids to congregate into 
rafts and rods. 

Figure 9 Cu-31.6Ni- l .7Cr  alloy aged for 200h at 
700~ clearly showing tendency for rod formation as 
evidenced by characteristic elongated matrix strain 
contrast. 
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Figure 10 Direct evidence of attraction of matrix dislo- 
cations to the coherent interphase interfaces through 
elastic interaction. 

Figure 11 Cu-31.6Ni-l .TCr alloy aged 73h at 650~ 
showing the development of precipitate-free or denuded 
zones in the vicinity of the grain boundaries. 

the microstructure becomes somewhat inhomo- 
geneous exhibiting rather large variations in 
interparticle spacing and particle size. Concurrent 
with the cuboids -+ rods -+ plates transformation 
loss of  coherency occurs as evidenced by the 
appearance of misfit accommodating interfacial 
dislocations at the interphase interfaces, as seen in 
certain regions of Fig. 8. The interfacial dislo- 
cations are a/2(1 1 0) matrix slip dislocations 
attracted to the growing particles through elastic 
interaction with the coherency stress fields. 
Fig. 10 shows this process occurring in a specimen 
aged 72h  at 700 ~ C. The rods and plates become 
semi-coherent by matrix dislocations wrapping 
around them by complex glide and climb mechan- 
isms. 

Another important  feature of  the microstruc- 
tural behaviour after very long ageing times is the 
appearance of  precipitate-flee or denuded zones in 
the vicinity of  the grain boundaries as the result of  
a grain boundary reaction, as shown in Fig. 11. 
These precipitate-free zones apparently derive 
from a preferential coarsening of particles at or in 
the vicinity of  the grain boundaries. Particles near 
the grain boundaries appear to lose coherency 
relatively rapidly, while those particles within the 
grains remain coherent. Figs. 12 and 13 show the 
formation of  coarse semi-coherent precipitates at a 
grain boundary and a number of  particles in the 
vicinity of  the boundary in the process of  cap- 
turing dislocations. Fig. 13 reveals the formation 
of  a fairly well-developed misfit dislocation struc- 
ture at the interface of  a large irregular particle in 
the vicinity of  a grain boundary. The hexagonal 
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Figure 12 Direct evidence of precipitates in 
the near vicinity of a grain boundary losieg 
coherency through attraction of matrix dis- 
locations. 



minus that observed for the undecomposed alloy, 
is estimated to be about 4 to 5 kgmm -2 . 

Figure 13 Large semi-coherent particles in the near 
vicinity of a grain boundary. 

array which is forming consists of three sets of 
dislocations of the type a/2 <1 1 0). 

3.2. Mechanical properties 
The results of the yield stress measurements for 
isothermal ageing at 650~ are shown in Fig. 14. 
It is evident that the C u - 3 1 . 6 N i - l . 7 C r  alloy 
shows a substantial age hardening response. The 
yield stress of the as-quenched alloy was ~ 13 kg 
mm -2. The yield stress increased rapidly during 
ageing and reached a maximum of ~ 26 kgmm -2 
after about 2h at 650~ and then exhibited a 
rather broad peak during subsequent ageing. The 
critical resolved shear stress, re, of the age-hardened 
alloy at peak strength was estimated from the 
polycrystalline tensile data using a Taylor factor of 
3. This analysis yields a value of r~ ~ 8 to 9 kg 
mm -2 . The increment in the critical resolved shear 
stress, Arc, taken as the measured yield stress 

3 0  

4. Discussion 
4.1. Microstructural behaviour 
Transmission electron microscopy and diffraction 
have revealed microstructural features and 
diffraction effects during the ageing of the 
C u - 3 1 . 5 N i - l . 7 C r  alloy similar to the results 
reported in the literature for a number of sideband 
alloys, including the C u - N i - F e  [23-25] ,  Cu-Ti  
[26-28] ,  Ni-Ti  [29,30] ,  Cu -Ni -Sn  [19, 20], 
and Nb-Zr  [31] systems. The electron metallo- 
graphic observations suggest that the Cu-31.6 N i -  
1.7Cr alloy aged in the range 650 to 750~ 
decomposes within the ternary miscibility gap 
through the formation and development of  
extended compositional fluctuations along the 
elastically "soft" (1 0 0) directions. The attendant 

sideband effects are consistent with the notion of 
a "wave-like" clustering or the development of 
concentration waves along the three mutually 
orthogonal (1 0 0) directions producing a triaxially 
modulated structure. The compositional modu- 
lations are accompanied by periodic variations in 
the lattice parameter and scattering factor giving 
rise to the so-called "satellites" or "sidebands" 
[10, 11, 32,33] .  The initial breakdown of the 
supersaturated state was found to be relatively 
structure-insensitive as evidenced by the absence 
of heterogeneous nucleation at structural singular- 
ities such as dislocations and grain boundaries, and 
the periodicity and alignment characteristic of 
these fine-scale, periodic coherent precipitate 
morphologies is evident from the earliest stages of 
decomposition. It is concluded here that the 
decomposition of the supersaturated solid solu- 
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Figure 14 Age-hardening curve 
of the Cu-31.6 Ni-l.7Cr 
alloy aged at 650 ~ C. 
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tions within the miscibility gap was initiated by 
spinodal decomposition of a rather asymmetric 
alloy. Of course, the occurrence of spinodal 
decomposition cannot be established categorically 

based solely on microstructural evidence, although 
the microstructural behaviour and diffraction 
effects observed in these studies are virtually 
identical to those observed in alloys known to 
undergo spinodal decomposition as cited above. 
However, recent investigators [28, 34-36] have 
pointed out that aligned and periodic precipitation 
with accompanying sideband phenomena can 
derive from elastic interaction during classical 
nucleation, growth, and/or coarsening in an 
elastically anisotropic matrix, and the microstruc- 
tural development is likely to be virtually 
indistinguishable from spinodal decomposition. 

The morphological transformation cuboids~ 
rods -~ platelets or rafts observed in the Cu-Ni-Cr 
alloy during prolonged ageing can be understood 
in terms of the work of Khachaturyan [35, 36] 
which has shown that a periodic or quasi-periodic 
coherent two-phase mixture can progressively lower 
the elastic strain energy of the system by under- 
going such a transformation during coarsening. 
Khachaturyan's analysis shows that the periodic 
morphology of highest free energy is a three- 
dimensional array of cuboids. A periodic array of 
rods has a lower free energy and the lowest free 
energy morphology consists of a periodic array of 
platelets. Actually, the three-dimensional arrays of 
cuboids or rods in this analysis contain some 
partially decomposed matrix and thus these mor- 
phologies actually have higher chemical free 
energies than the platelet morphology. The mor- 
phological transformation is effected during 
coarsening by stress-affected diffusion [34]. 

Although no rigorous or comprehensive 
coarsening theory yet exists describing coarsening 
of modulated structures, a number of investigators 
have reported a X3 _ k~ = K t  or t 1/3 type relation 
as predicted by the Lifshitz-Slyozov-Wagner 
(L-S-W) theory [37, 38] of Ostwald ripening 
which was derived on the basis of volume-diffusion 
controlled coarsening of a random array of 
spherical particles driven by the overall decrease in 
surface energy. The coarsening of coherent 
precipitates under the apparent mutual influence 
of elastic strain and surface energy also has been 
reported to essentially obey the L -S -W theory in 
a number of Ni-base alloys [34, 39, 40]. A slightly 
modified L - S - W  theory has been developed to 
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describe the coarsening behaviour in Ni-Cr-A1 
and Ni-A1 alloys at large volume fractions [41]. 
The elastic interaction appears to act only as a 
perturbation on the coarsening process distorting 
the diffusion fields, resulting in a selectivity 
through anisotropic stress-affected diffusion 
alluded to earlier. However, the coarsening kinetics 
during the development of extended compo- 
sitional modulations is not well understood at all, 
although Cahn [42] has made a preliminary 
investigation of the latter stages of spinodal 
decomposition and the beginnings of particle 
coarsening. Furthermore, some investigators [43] 
have suggested that a t 1/2 relation should be 
expected to describe the volume-diffusion con- 
trolled coarsening in a number of modulated alloys 
considering the spatial distribution and mor- 
phology of the particles. It is concluded here that 
the fundamental basis for X a -X~ = K t  or t 1/3 

relationships reported to govern the coarsening 
behaviour of modulated structures from the very 
early stages of precipitation is not well under- 
stood. 

The experimental activation energy of ~ 41 kcal 
mo1-1 for the coarsening reaction in the 
Cu-Ni-Cr alloy appears rather low; however, this 
value could reflect an effect of quenched4n 
vacancies on the diffusion-controlled reaction 
[44]. The experimental value of 41kcalmol -I 
might represent the activation energy for mi- 
gration of the rate controlling species rather than 
the activation energy for diffusion which is a 
composite term including the energy of formation 
of vacancies in the alloy. Significant scatter was 
observed in the coarsening data which might be 
explained by a variable excess vacancy concen- 
tration. 

The formation of precipitate-free zones (PFZs) 
has been widely studied in high-strength N-base 
alloys and these effects generally have been corre- 
lated with vacancy and/or solute depletion in the 
vicinity of the grain boundaries and the attendant 
effects on nucleation and growth of zones and 
metastable or stable precipitates occurring in the 
precipitation sequence. Importantly, the presence 
of these "precipitate-free" or "denuded" zones at 
the grain boundaries is recognized to affect the 
ultimate properties of age hardened alloys in- 
cluding the ductility, fatigue resistance, and 
stress-corrosion cracking susceptibility [45-49].  
In the age hardened Cu-Ni-Cr alloy studied in 
this investigation apparent precipitate-free zones 



developed at the grain boundaries subsequent to 
the homogeneous precipitation reaction after 
prolonged ageing. This microstructural heterogen- 
eity is characterized by large semicoherent 
particles at or in the vicinity of the grain bound- 
aries surrounded by large denuded regions as 
shown in Figs. 11, 12, and 13. The particles near 
the grain boundaries lose coherency more rapidly 
since the boundary can provide a supply of misfit 
accommodating dislocations which are attracted to 
the precipitate/matrix interfaces through elastic 
interaction with the coherency strain fields. The 
transformation from a state of coherency to semi- 
coherency for particles within the grain depends 
on the availability of matrix dislocations. The 
semi-coherent grain boundary particles grow or 
coarsen at the expense of the coherent phase 
mixture within the grains. Short circuit diffusion 
along the grain boundary can also provide for 
preferential coarsening of the grain boundary 
particles. The denuded region grows out behind a 
reaction front across which there is a relaxation of 
surface and strain energy, and the process might be 
called a "discontinuous coarsening" reaction 
[50-52] initiated by morphological heterogen- 
cities deriving primarily from the unequal rates of 
loss of coherency and coarsening. After longer 
ageing times the discontinuous coarsening reaction 
involves the migration of segments of certain grain 
boundaries similar to cellular or discontinuous 
precipitation as discussed by Gronsky and Thomas 
[51] in their studies of spinodally decomposed 
Cu-Ni-Fe alloys. The migrating grain boundary 
moves up to the reaction front and the coarse 
arrays of irregularly shaped semi-coherent particles 
grow into the grains behind the sluggishly-moving 
boundary with the coarsening reaction occurring 
at the front via grain boundary diffusion. The 
reduction in total interfacial free energy and strain 
energy provides the driving force for the migration 
of the grain boundary into the predominantly 
coherent, two-phase mixture within the grains. 
However, initial migration of the boundaries sub- 
sequent to the formation of the coarse grain 
boundary precipitates and denuded regions, is 
perhaps triggered by normal grain growth tend- 
encies or boundary curvature as proposed by 
Foumelle and Clark [53] in their discussion of the 
genesis of cellular colonies in discontinuous 
precipitation. The latter aspects of the grain 
boundary reaction will be described and discussed 
in a subsequent paper. 

4.2. Mechanical hardening 
Although the yield stress measurements were 
defined in terms of 0.2% offset strain and, there- 
fore, subject to the effects of work hardening 
during the early stages of yielding, some interest- 
ing and important results stem from a quantitative 
analysis of the origin of the observed strength- 
ening. 

Cahn [54] has analysed the interaction of dis- 
locations with a periodically varying internal stress 
field resulting from spinodal decomposition; 
however, the analysis is essentially applicable as a 
first approximation to the interaction of slip dis- 
locations with a macrolattice of periodically 
varying obstacles regardless of the origin of the 
modulated structure. Cahn's internal strain hard- 
ening model incorporates analogues of both the 
Mott and Nabarro theory [55] and classical 
Orowan mechanism [56]. The model identifies 
two domains defined by extreme values of the 
parameter ArlYb/~/fl where 

A = amplitude of the composition fluctuations 
or modulations 

r~ = distortion parameter = - -  
b lna 

Oc 

Y =Young'smodulus 

b=Burgers vector 

7 = line tension of the di~ocafions 

=wave vector = 2n/X; 

X is the wavelength of the modulated structure. 
For A~Yb/Tfl < 1, there is little bending or bow- 
ing of the mobile dislocations and the critical 
resolved shear stress required to move the essen- 
tially straight dislocations through the periodically 
varying stress field is given by; 

A2~ 2 y2b 
r~ = 3 V ~ 7  (for screws) 

A2~2y2b 
~'~ - X/'2/~7 (for edges). 

The barrier to edge dislocation motion is about 5 
times that encountered by screw components. For 
AT Yb/3'~ > 1, the dislocations bow or bend around 
the particles (analogous to the Orowan bypass 
mechanism) and the critical resolved shear stress is 
given by; 
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ro = 0.57(A~y) l /3(~b): /3  

in this formulation. Therefore, Cahn's internal 
strain hardening model predicts a rising portion of 
the ageing curve proportional to X, the wavelength 
of the modulated structure, and a branch which 
falls off as X-2/3. The rising branch is the analogue 
or modification of the Mott and Nabarro theory 
[55] and the falling branch is the analogue of 
Orowan hardening [56]. 

The hardening by the modulated structure in 
the Cu-Ni-Cr  alloy falls well within the first 
domain. If the critical stress estimated by Cahn, 
to, is identified with the increment in the critical 
resolved shear stress, Are, resulting from precipi- 
tation hardening, using the elastic constants of 
pure Cu [57] and the data of Badia et al. [5] and 
Meijering et al. [6] a value of ~ 2 to 10 kg mm -2 is 
predicted compared with an observed value of 4 to 
5 kgmm -2 . The upper limit predicted by Cahn's 
theory is the critical stress for edge mobility and 
the lower limit for screw dislocation mobility. 
Considering that the experimental values of the 
critical resolved shear stress are probably over- 
estimates by as much as 20% because of the effects 
of work hardening, and that perhaps the macro- 
scopic yielding behaviour will generally derive 
from some average behaviour of the edge and 
screw components within the dislocation arrays, it 
is concluded here that Cahn's theory of spinodal 
hardening predicts at least the magnitude of the 
observed strengthening in the Cu-31.6 Ni-1.7 Cr 
alloy hardened by modulated structures to within 
a factor of 2 or better. 

Schwartz and co-workers [19, 20] have recently 
examined the mechanical strength of spinodal 
alloys or alloys strengthened by modulated struc- 
tures. In their analysis it is concluded that the 
Cu-31.6Ni-1 .7Cr  alloy offers no comparison 
with Cahn's theory based essentially on the 
preliminary results of Badia et al. [4,5] and 
further concluded that the yield stress theory of 
Gerold and Haberkorn [58] best fits the exper- 
imental data. The Gerold and Haberkorn version 
of the critical stress is; 

ro = aG(e)Z/al-Y -} fl/2 
\D/ 

where a = 1 for screws and 3 for edges 

G = matrix shear modulus 
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A a  
e = linear matrix/particle misfit, - -  

a 

R = particle radius 

f = volume fraction. 

The microstructure at maximum strength in the 
Cu-Ni-Cr  alloy consists of a periodic array of 
cuboids aligned along the (1 0 0) matrix directions 
with faces essentially parallel to the {1 0 0} matrix 
planes. Taking (D/X) a = f ,  where D is the average 
length of a cube edge and 2R ~ D ;  e = Aa/a 
0.6x 10 -2 , X ~ 2 0 0 A ,  R " 6 0 A ,  and using the 
elastic constants of pure copper yields a calculated 
value of the critical stress of ~ 7 to 21 kg ram-2. 
The lower limit for screw mobility does indeed 
agree rather well with the experimentally observed 
values. 

Schwartz and co-workers [19, 20] have pointed 
out that Cahn's model should be somewhat of an 
underestimate of the strengthening since the 
analysis is strictly applicable to the early stages of 
ageing when a sinusoidal profile is approximated; 
however, the modulated structure that evolves 
after longer ageing times is best described by a 
square or rectangular wave form and the strength- 
ening should, in general, derive for a summation 
over a spectrum of wavelengths. The results ob- 
tained in this study suggest that a modification of 
Cahn's analysis to include the effects of a general- 
ized composition profile should provide excellent 
agreement with the experimental results. However, 
the lower bound of the Gerold and Haberkorn 
theory based on the interaction of screw dislo- 
cations with the short range coherency stress fields 
of the particles also predicts the strengthening to 
certainly within a factor of 2 or better. Import- 
antly, as the modulated structure evolves towards 
a square or rectangular wave form and as the inter- 
faces sharpen, the coherency stresses become more 
localized at the discrete interphase interfaces. 
Cahn's theory may describe accurately the early 
stages of hardening and a generalization of the 
Cahn treatment may converge to the Gerold and 
Haberkorn model as the interfaces sharpen and 
discrete particles evolve. 

The analysis presented here certainly is not a 
critical evaluation of the strengthening models 
discussed since a rigorous correlation between the 
experimental results and predicted hardening 
behaviour would require correlation between not 
only the levels of strengthening but also between 



the variation of the yield strength with salient 
rnicrostructural parameters such as the wavelength, 
particle size, volume fraction, etc. However, the 
attempt presented here to establish an approxi- 
mate quantitative relationship between microstruc- 
ture and properties in these age-hardened alloys 
suggests that one can conclude that the mechanical 
strengthening deriving from the formation of the 
modulated structures in the C u - 3 1 . 6 N i - l . 7 C r  
alloy can be accounted for quantitatively in terms 
of the interaction of dislocations with the internal 
stress fields associated with the coherent precipi- 
tates. 

C u - 3 1 . 6 N i - l . 7 C r  alloy can be accounted for 
quantitatively in terms of the interaction of dis- 
locations with the internal stress fields associated 
with the coherent precipitates. 
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5. Conclusions 
(1) Transmission electron microscopy and diffrac- 
tion have revealed the formation of modulated 
microstructures and associated sideband 
phenomena in a C u - 3 1 . 6 N i - l . 7 C r  alloy aged 
within a ternary miscibility gap in the temperature 
range 650 to 750~ and the microstructural 
behaviour is consistent with the notion of spinodal 
decomposition of a rather asymmetric alloy. 

(2) The modulated structures which develop 
tend to undergo a morphological change during 
coarsening involving the sequence: cuboids -+ 
rods -+ platelets (or rafts); and the driving force for 
this transformation is the minimization of the 
surface and strain energy of the coherent two- 
phase mixtures. 

(3) Precipitate-free or denuded zones tend to 
develop after long ageing times, and this micro- 
structural heterogeneity appears to derive 
primarily from a relatively rapid loss of coherency 
of precipitate particles at or near the grain bound- 
aries, and the preferential growth or coarsening of 
these particles at the expense of the coherent 
particles within the grains. The particles within the 
grains lose coherency predominantly by the attrac- 
tion and adsorption of matrix dislocations, 
whereas the grain boundaries apparently can 
readily supply misfit dislocations to particles near 
grain boundaries. 

(4) The coarse precipitate structure and 
denuded regions in the vicinity of the grain bound- 
aries trigger the migration of certain boundaries 
and the "discontinuous coarsening" reaction 
eventually involves the migration of high-angle 
grain boundaries and boundary diffusion, anal- 
ogous to cellular or discontinuous precipitation. 

(5) The mechanical strengthening deriving from 
the formation of modulated structures in the 
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