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ABSTRACT 

The morphology of cellular precinitation in a Cu-9.5at.%In alloy 

has been investigated by light and electron microscopy and x-ray and 

electron diffraction. Both cellular and general orecipitation were 

observed to occur simultaneously in quenched and aged alloys while 

only cellular precipitation was observed to occur in isothermally 

aged alloys. Because of the presence of wide, vacancy depleted pre

cipitate free zones in the vicinity of grain boundaries, qeneral pre

cipitation was observed to have no effect on the early development of 

cellular precipitation. Hence, the early development of cellular 

precipitation was found to be identical for both types of heat treat

ment. By light and electron microscopy of the early stages of pre

cipitation a mechanism for the development of cells from an initially 

unoccupied grain boundary was developed. According to this mechanism 

the grain boundary allotriomorphs begin to form, the boundary inter

acts with them by bowing out between them and trailing precipitate 

behind to eventually develop a steady state cellular structure. 

Assuming that the critical step in the development of a cell is the 

ability of the boundary to bow between initial allotriomorphs, a 

criterion for the occurrence of· cellular precipitation was developed. 
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I. INTRODUCTION 

In precipitation hardeninq alloys solute can seQreQate from super

saturated solid solutions by one of four possible mechanisms. These 

are general or continuous precipitation, grain boundary precipitation, 

spinodal decomposition and cellular or discontinuous precipitation. In 

cellular precipitation, the qrain boundary between ad.iacent supersatu

rated grains migrates from one qrain into the other. As it miQrates a 

lamellar aggregate of depleted solid solution and precipitate phase 

are formed behind the advancing boundary. 

In general, the duplex lamellar structures formed during cellular 

precipitation are deleterious to the mechanical and stress corrosion 

properties of age hardening alloys; therefore, it is of interest to 

determine the cause of the reaction in order to establish a basis for 

the development of techniques to suppress it. Until now most studies 

of cellular precipitation have been concerned with either the morphol

ogy of the reaction or its growth kinetics. Of these studies only a 

few have discussed possible causes, and only one has been concerned 

with the early staqes of the development of cellular nodules from an 

initially unoccupied grain boundar.v. 

Because few studies have considered the early staqes of the devel

opment of cellular nodules and because such studies may qive further 

insight into the cause of cellular precipitation the present study was 

undertaken. In this study an attempt is made to establish a mechanism 

for the genesis or nucleation of cellular structures by an investiga

tion of the early stages of cellular precipitation in an alloy that is 



representative of alloy systems exhibitinq cellular orecipitation and 

to relate this mechanism to possible causes of the reaction. 

2 
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II. REVIEW OF LITERATURE 

A supersaturated solid solution, such as that formed by quenchin~ 

an alloy of composition Xa' in Figure 1 from temperature T1 in the a 

phase field to temperature T2 in the a+ a phase field, can decompose 

to equilibrium a and a or other transitional phases by four different 

mechanisms during aging at T2• Three of these four mechanisms are 

shown schematically in Figure 2. According to this fi~ure, solute 

segregation can occur by (1) aeneral precipitation, in which an equi

librium or transitional phase nucleates and grows throuqhout the grain 

interior gradually depleting the solid solution of excess solute by 

volume diffusion. It can also occur by (2) qrain boundary precipita

tion, in which the precipitate phase, a, nucleates heterogeneously at 

grain boundaries, edges or corners and qrows, gradually depleting the 

area near the boundary of solute. Finally, the system can transform by 

(3) cellular precipitation, in which an originally unoccupied qrain 

boundary migrates from one grain into· another leaving behind an aggre

gate of equilibrium a and B. The fourth mechanism by which the system 

can decompose, spinodal decomposition, is characterized by a fine 

periodic coherent composition fluctuation within the alloy. Any one 

or all of the above methods of segreaation may be active in a ~iven 

alloy system and, in certain cases, two or more of these may compete 

with one another at a given aging temperature. 

Although the above discussion deals with a binary alloy system it 

is equally applicable to any multicomponent system exhibitina 

decreasing solid solubility of solute elements with decreasing tem

perature. 
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A. Morphology and General Characteristics of Cellular Precipitation 

1. General 

Smith( 54 ) was the first to describe the general nature of cellular 

precipitation. Later reviews by Gruhl and Kramer( 2J) and Bohm(S) con

firmed these observations, and since then numerous individual studies 

have proven them to be correct. According to Smith, in studies of pre

cipitation in Zn-Cu* and Cu-Ag alloys, cellular precipitation occurs 

when the boundary between two supersaturated grains becomes unstable 

and migrates from one grain into the other. As the boundary migrates 

an aggregate of precipitate phase and depleted solid solution is 

formed behind the advancing interface as shown in Figure 3 for a Zn-Cu 

alloy. As no visible gradient existed in front of the advancing 

interface, Smith hypothesized that solute segregated along the advanc

ing boundary, which he described as disordered. In Figure 4 he showed 

further that the depleted solid solution within the cellular nodule in 

Figure 3 had the same crystallographic orientation as the grain from 

which it grew. From these characteristics he compared the reaction 

with that of recrystallization in that both reactions proceed by the 

migration of a boundary. The driving force for cellular precipitation 

was, however, described to be the decrease of chemical free energy 

accompanying decomposition of the supersaturated solid solution rather 

than the reduction of the strain energy of cold work for recrystalliza

tion. To show the similarity between the two reactions Smith cited the 

*Throughout this text the first element will represent the major 
component and the second the minor component. 



work of Beck and Sperry(4) on strain induced boundary migration in 

pure aluminum. Figure 5 shows a migrating boundary in prestrained 

aluminum for comparison with Figure 3. 

2. Structure and Composition of the Cellular Aggregate 
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Numerous studies, some of which are referenced in Table I, have 

shown that the aggregate formed behind the advancing interface consists 

of alternate lamellae of depleted solid solution and precipitate phase; 

however, aggregates with rod like precipitate morphologies have also 

been observed( 59 >. In general, these observations have shown that a 

constant lamellar spacing is characteristic of a given alloy composi

tion and aging temperature and that this characteristic spacing 

decreases with increasing supersaturation, whether this supersaturation 

is achieved by decreasing temperature and constant alloy composition or 

by increasing solute concentration at constant temperature. Precipita

tion studies of Pb-Sn,< 64 •65 •66 ) Fe-Ni-Ti,< 55) Cu-Cd,< 59) Ni-Cu,(JO) 

Pb-Na,<43) and Zn-cu< 54 ) alloys have shown that precipitate lamellae 

can have definite habit planes and crystallographic relationships with 

the depleted matrix phase. In other studies of Fe-Zn,< 56 ) Cu-In< 50 •52 ) 

and Cu-co<44 > alloys, however, no definite habit plane appears to 

exist. Branching and gradual changes in direction seem to be charac

teristic of precipitate lamellae in these systems. 

In a theoretical study which will be discussed later, Cahn(l2) 

suggested that for any non-zero growth rate the cellular lamellae can

not attain their equilibrium compositions. X-ray lattice parameter 

investigations of the depleted matrix phase in Fe-Zn,< 56 ) Cu-In( 50 •52 ) 

and Cu-Cd( 59 ) alloys have shown that this is indeed the case. This 



has also been shown to be true for Al-Aq(l) and Pb-Sn( 3S) alloys by 

studies of the volume fraction of reaction products formed. 

6 

A second kind of cellular aqoreqate was observed by Sulonen(sg) to 

form in Cu-Cd alloys at temperatures above those where ordinary cellu

lar precipitation occurs. According to Figure 6, the boundary appears 

to bow out between precipitate particles and then break away to form a 

new row after advancing a short distance. 

3. Rate of Growth of the Cellular Nodule 

Like the lamellar spacing, a constant rate of advance of the cell

ular interface has been found to be characteristic of cellular precip

itation at constant temperature in the absence of other competing 

reactions. In a theory to be disucssed later, Turnbu11< 67 •69) proposed 

that a relationship between growth rate and lamellar spacing exists 

once precipitation has achieved a steady state. According to this 

theory, 

G = 
D * v 
s• 

if solute diffusion in front of the advancing interface is the rate 

controlling process, or 

(1) 

(2) 

if solute diffusion in the advancing interface between the supersatu

rated and depleted phases is the rate controlling process. 

*For consistency all symbols used in this study have been 
standardized and are listed in Table II. 
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In almost all investigations listed in Table I in which this 

theory was tested. solute diffusion in the advancing interface was 

found to be rate controlling. No alloy system exhibiting cellular 

precipitation has yet been found in which volume diffusion in front of 

the advancing interface can be conclusively proven to be the control-

1 i ng process. 

4. Structure of the Advancing Interface 

Smith(S4) observed that the only orientation relation that needed 

to be fulfilled by two adjacent grains in order for a cellular reaction 

to occur was that certain orientations that give rise to ordered 

boundaries be avoided. In polycrystalline specimens of Cu-Be and 

Cu-Ni-Mn with [100] fiber axes. Gruhl and Ammann( 22 ) showed that the 

amount of cellular precipitate at a grain boundary decreased as the 

tilt orientation of the boundary decreased. They explained this behav

ior as resulting from decreased nucleation rates at low angle grain 

boundaries. Cahn( 11>. however. interpreted the behavior to result from 

a decreased growth rate resulting from a decrease in grain boundary 

diffusivity. Watanabe< 74 > using a special metallographic technique has 

shown a similar behavior in Zn-Cu alloys. and Liu and Aaronson(JS) in 

kinetic studies of cellular precipitation in Pb-Sn bicrystals have 

shown that the growth rate of cells decreases with decreasing [001] 

tilt misorientation. They further observed that precipitation by the 
II 

cellular mechanism ceases at misorientations of 13° or less. Mader 

and Hornbogen(JB) have observed a distribution of growth rates in Pb-Na 

alloys and have described this as resulting from variations in the 

boundary structure. These variations in boundary structure are 



described as bein9 similar to those shown by Gleiter( 20 •21 ) to be 

responsible for the differences in grain boundary migration rates in 

single phase Al-Cu alloys. 
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The above observations seem to confirm Smith's hypothesis that the 

advancing interface has a disordered structure. 

5. Effect of the Simultaneous Occurrence of General Precipitation 

Cellular precipitation can occur as the only mode of precipitation 

as in Pb-Sn,< 35 •68 ) Cu-Cd(sg) and Fe-zn( 31 •56 >; simultaneously with 

general precipitation as in Mg-Al,(lJ) Cu-Mq,C4l) Zn-Cu,(23,54) 

Cu-Be(23•72 •73) and Pb-Na<43 >; or after general precipitation as in 

Al-Ag(l). In those systems in which qeneral precipitation occurs 

simultaneously with cellular precipitation, cellular precipitation is 

generally favored at low aging temperatures and hiqh supersaturations 

while general precipitation is favored at higher temperatures and 

lower supersaturations. This behavior is generally described as 

resulting from the increased growth rate of the qeneral precipitate, 

which results from increased volume diffusion, and the correspondingly 

decreased driving force for cellular precipitation, which results from 

low supersaturation at hi9h aging temperatures. At lower aging tem

peratures the volume diffusivity is lower while the supersaturation is 

higher, and cellular precipitation is favored. 

In some of the systems described above such as Pb-Na, Cu-r1q and 

Cu-Be the simultaneously forminq general precipitate retards and even

tually stops the growth of the cellular precipitate by depleting the 

matrix of solute supersaturation. In other systems, such as Zn-Cu and 



Mg-Al, the cellular reaction completely consumes the matrix before 

general precipitation can completely remove the supersaturation. 

6. The Effect of Deformation Prior to Aqing 
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Deformation prior to aging was found to increase the rate of cell

ular precipitation in both Pb-Sn(6B) and Cu-Cd(sg) alloys. In 

Cu-Be(lS) and Mg-Al (lJ) alloys it was found to decrease the qrowth rate 

and in Cu-In and Cu-Mg(lO) alloys the qrowth rate was not affected. 

The increased growth rates are thouqht to result from an increased 

driving force resultinq from the stored enerqy of cold work. In those 

alloys in which the growth rate is retarded, deformation is thouqht to 

aid the nucleation of general precipitation which depletes the matrix 

of solute and retards the growth of cellular precipitate. 

7. The Effect of Small Additions of Third Elements 

Bohm(l) has studied the behavior of cellular precipitation in 

Cu-Mg, Cu-Sb, Cu-Be, and Cu-In alloys which had been doped with small 

amounts of iron. silicon. beryllium. indium. magnesium and antimony. 

Cellular precipitation was found to be favored when the third element 

differed only slightly from the solute element in atomic size. and it 

was found to be suppressed when the atomic size differed markedly. 

According to Bohm(B) this behavior is best explained by considering the 

effect of the third element on the qrain boundary diffusivity of the 

solute. That is, the dopinq elements either retard or enhance the 

interface diffusivity and. thereby, cause corresponding changes in the 

growth rate. 



In a Pb-Na alloy Hader and Hornboqen( 3B) found that small addi

tions of silver retarded the rate of cell growth by a factor of 10. 
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An attempt was made to describe this observation by the Gleiter< 20 •21 ) 

theory of grain boundary migration. 

The effect of small additions of indium. thallium. lead and 

gallium on cellular precipitation in a Aq-Cu alloy has been studied by 

Predel and Ruge<46 ) who found that the qrowth rate of cells was accel

erated by additions of gallium and retarded by additions of the other 

elements. Bohm's theory. described above. accounts well for these 

observations. 

8. Miscellaneous Observations on Cellular Precipitation 

Studies by Speich< 55 ) on an Fe-Ni-Ti alloy and by Petermann and 

Hornbogen<43) on Pb-Na alloys show that two discontinuous precipitation 

reactions can occur simultaneously. with one growing much faster than 

the other. In both cases the slower reaction. which has a much larger 

lamellar spacing 1 eventually grows into the area transformed by the 

first reaction and decomposes it. The driving force for the reaction 

apparently is associated with a decrease in the lamellar surface ener-

gy. 

Spencer and Mack< 57 > have shown that a eutectoid Cu-Ga alloy. 

transformed massively to the supersaturated. metastable ~S phase. can 

subsequently decompose by a cellular reaction to equilibrium~ andy. 

Mack< 37) has observed a similar decomposition of a martensite formed by 

quenching and aging a eutectoid Cu-Al alloy. 



In undercooled Ni-Sn alloys Jones< 32 ) has observed cells to 

initiate at ydendrite-eutectic boundaries and to arow into the nickel 

rich ydendrite. 

B. Growth Theories 
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In Section I.A. cellular precipitation was described as a reaction 

that has a constant growth rate and a constant lamellar spacing at a 

given reaction temperature for a given alloy composition. In other 

words cellular precipitation is one of several phenomena, such as 

eutectoid decomposition and eutectic solidification, which are classi

fied as steady state cooperative growth phenomena. Such phenomena are 

amenable to analytical interpretation, and a brief review of the pre

sent theories of cellular growth is given in this section. For con

sistency and simplicity all theories are discussed with reference to 

the alloy of composition Xn' in Figure 1 at the aaing temperature T2 

and with reference to Figure 7, a schematic diagram of an advancing 

cellular interface which shows all pertinent quantities. For simpli

city most symbols used in this study are niven in Table II. 

1. Turnbull's Boundary Diffusion Control Theory 

Turnbull( 67 •68 •69), after observing that precipitation in Pb-Sn 

occurred at a rate much faster than could be predicted by volume 

diffusion alone and that the reaction product appeared similar to that 

of pearlite, suggested that transformation occurs in a manner similar 

to that described by Zener< 76 ) fOr pearlite formation; however, Turn

bull suggested that solute segregation occurred within the advancing 

interface by boundary diffusion rather than in front of it by volume 
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diffusion. Using dimensional arguments and Fisher•s< 16 ) modification 

(Equation 1) of Zener's relation between growth rate and lamellar 

spacing, Turnbull obtai ned the relation sho\'m in Equation 2 for the 

case of interface diffusion control. 

G= (xa'x:.xa) (1) 

G= (xa'x:.xa) (2) 

Comparing Equations 1 and 2 he further stated that interface diffusion 

becomes the controlling mechanism when 

(3) 

Noting that the concentration term in Fisher's equation was 

unduly approximate Aaronson and Liu( 2) derived a modified version of 

Equation 2 using a flux balance between solute precipitated at the B 

lamellae and solute flux in the cell interface. This relation is 

(4) 

As mentioned previously, numerous studies have sho\tm that cellular 

reactions in most systems are controlled by diffusion in the advancing 

interface. 

2. Cahn's Boundary Diffusion and Reaction Control Theory 

After noting that incomplete partitioning of solute resulted from 

cellular precipitation Cahn< 12) suggested that, if diffusion is limited 
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to the advancing cell boundary. the lamellar product ohases cannot 

attain equilibrium composition for any non-zero growth rate and that 

diffusion rates alone cannot account for the growth rate of the cells. 

He indicates that at least two controlling kinetic parameters are 

required to describe the reaction and suggested that these could be 

grain boundary diffusivity and grain boundary mobility. where growth 

rate is proportional to the net free energy change for the reaction. 

Accordingly. assuming mobility control. Cahn writes for the cell 

growth rate. 

G = -MilF • 

where. considering the incompleteness of the reaction. the net free 

energy change. ~F. is given by 

Here the chemical free energy change l1F0 is qiven by 

[ 
X . (1-Xcxe) l 

= RT \x• ln x:~ + (1-xcx,) ln tl-xcx.J] 

(5) 

(6) 

( 7) 

Assuming a flat interface. uniform boundary thickness and diffu

sivity. and a steady state. diffusion in the interface is described by 

d2X 
DBA -2B + G (X I - xcx) = 0 • ( 8) 

dZ a. 

Assuming that the composition of the ex lamellae is related to the 

boundary composition by k = Xcxtx8• Equation 8 has the following solu-

tion. 

(9) 
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where A is a constant and e = kGS2to6A. lnteqratinq (X -X .)/(X -X 1 ) 
a a ae a 

over the entire a lamellae gives the following expression for the 

fraction of solute precipitated. 

2 v'lf Q =-tanh-
v'lr 2 

(10) 

Assuming that the free enerqy of the a phase is a quadratic function of 

the solute concentration, the fraction of chemical free energy released 

is obtained by inteqration to be 

_3 v'lf 1 2ve-p - - tanh - - - sech -ve- 2 2 2 
( 11) 

Substituting this expression into Equation 6 and maximizinq 6F with 

respect to e, Cahn, finally obtains a parameter, a, in tenns of basic 

quantities associated with the precipitation reaction. 

Figure 8 shows the values of P, Q and R plotted as functions of a. 
Using values of a detennined from fundamental quantities associated 

with the reaction, Fiqure 8 can be used to determine P, Q and Rand 

thereby establish the completeness of precipitation. 

(12) 

Kinetic studies of precipitation in Pb-Sn(JS) and Al-Aq(l) have 

shown that the theory correctly predicts solute seqregation by inter

face diffusion. In Cu-In alloys< 50 •52 ) determinations of M from 

Equation 5 and from Figure 8 have shown the theory to be internally 

consistent although the values of M were much lower than those for 

other mobility controlled reactions. 

In the only study in which 6F0 was calculated from measured 

activities, Speich< 56 ) has shown that, in Fe-Zn alloys, the qrowth rate 
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is proportional to (6F) 3 rather than 6F. However, an analysis similar 

to Cahn's using this third power dependence correctly describes the 

behavior of the reaction. 

3. Shapiro and Kirkaldy's r1etastable Monotectoid Theory 

Noting the morphological similarity between cellular orecipitation 

and eutectoid decomposition, Shapiro and Kirkaldy(SO) suqqested that 

cellular precipitation might be the result of the existence of a meta

stable monotectoid. Such a situation is shown graphically in Figure 9. 

Assuming the existence of this condition the authors further suggested 

that the precipitation behavior could be described by their theory of 

eutectoid decomposition,(Sl) which assumes local equilibrium across and 

boundary diffusion along the advancing interface. Usino these assumo-

tions and entropy optimization the following relation was obtained. 

where q 

( S6F0 ) 
48 A o8 V 2cr V - 1 

GS3 = a/S 

q(~-~2 
• (13) 

a2F 
= l~ and a is a concentration term denendent on the rela-

2 ax 2 
a 

tive locations of the a and S phase boundaries. As the details of the 

development of Equation 13 are lenothy they will not be oresented here. 

A kinetic study of precipitation in Cu-In alloys by Shapiro and 

Kirkaldy< 50 •52 ) has shown that the theory predicts a reasonable activa

tion energy for interface diffusion. No other investigations have yet 

evaluated this theory. 
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4. Hillert's Interface Control Theory 

Noting that previous theories failed to describe the mechanism by 

which the net free energy change, ~F. available for the cellular 

reaction dissipated itself, and hence, the mechanism by which part of 

this energy is converted to a driving force for boundary miqration, 

Hillert( 26 ) suggested that a model that considers the thermodynamic, 

mechanical and diffusional prooerties of the advancing interface might 

describe the partitioning of this free energy. Accordingly, he pro

posed that the advancing interface could be treated as a thin film of 

material of constant composition, x8, and uniform thickness A. He 

further proposed that this layer of boundary phase could have a 

characteristic free energy curve just as do the a and 6 phases as shown 

in Figure 10, a free energy composition diagram for the system shown in 

Figure 1 at temperature T2• In addition to the free energy-composition 

diagram, composition profiles of the advancing interface for both the 

a and 6 lamellae are given. According to diagrams such as this, Hillert 

shows that only a portion of the free energy, ~F. available for precip

itation is converted to a driving force on the boundary. In this par

ticular case, in which no volume diffusion occurs in front of the 

advancing interface, the driving force is given by ~FP for a lamellae 

and ~FB for 6 lamellae. 

To convert these free energies into driving forces Hillert intro-

duces a force balance for a curved migrating a/a' interface. 

cra/a' = ~F p - .1L (14) 
r V VM 



The y component of the force, a 1 ./r, is then inteqrated over the a a 

entire interface and equated to that fraction, L, of the a/S inter-

facial energy, aa/S' balanced by aa/a' to oive 

sa 
+-2 
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(*--~) f 2Laa/S = dZ • (15) 

sa 
-r 

A similar equation results for the a'/S interface. 

{16) 

For the case of solute seqregation in the advancinq interface, 

Hillert solved Cahn's diffusion equation (Equation 8) for a lamellae 

assuming, as did Cahn, that Xa = kX8• However, for the S lamellae he 

assumed that the composition, x8, was constant. The solutions for the 

a and S lamellae are respectively 

~ z 
XB - Xa' 

cosh 
Sa (17) = 

Xs - xa. J;t; 3 
cos 

and 

XB - XB GS 2 r -(~) J . (18) 3 = f3 
xa• - Xa 8k o8 'X 
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where x8 is the boundary composition at the intersection of the a/a', 
3 

a/a and a'/S interfaces. 

Substituting compositional expressions based on Henry's and 

Raoult's laws into Equations 15 and 16 for ~FP and ~FP and using the 

two solutions of the diffusion equation (Equations 17 and 18), Hillert 

obtains the following expressions for sa and Sa. 

1 + .!:!. (1 + I§' l 
4 sinh~§' 

I§' 
1 +---

L • 
tanhv'lf/2 

(19) 

sinh~ 

1 + _4H (1 + ~ l 
Sa sinh~ 
-- 2L • --------- , 
sao 1 + ~ 

(20) 

sinh~ 

where e = (VSa)/(kD8A), Sao and s80 are the minimum values of Sa and 

Sa• and H is a constant for a qiven alloy and aqinq temperatures. The 

term G/V~1 in Equations 15 and 16 was neglected in these calculations. 

As yet no experimental investigations have been performed to test 

the theory. 

5. Petermann and Hornbooen's Mobility Control Theory 

To explain time dependent cellular qro\'tth rates in Pb-Na alloys 

Petermann and Hornbogen<43>, using a dimensional argument similar to 

that used by Turnbull , adapted Lucke's mobi 1 i ty contra 1 theory for 

grain growth and recrystallization< 36 ) to the cellular reaction. 

According to Lucke the rate of grain boundary migration in single phase 

alloys is given by 

(21) 
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where T is the time required for ever.Y atom in a orain boundary to ·urn - .) p 

into just one of the adjacent grains and A is the distance through 

which they jump. Petermann and Hornboqen suaqested that T could be 

associated with the time required to drain the solute from an advancing 

a/a' interface and that A could be associated with the distance of 

advance of the a lamellae as the result of the addition of these 

drained solute atoms. Thus, 

{22) 

and 

808A6F 
G=---. 

s2RT 
{23) 

Comparison of this equation with Equation 5 shows that the above devel

opment relates M and o8 by the equation, 

808A 
M=-

s2RT • 
{24) 

Until now insufficient investigations have been performed to truly 

evaluate this theory but it is interesting to note that if the growth 

rate, B, is maximized with respect to the lamellar spacing, S, the 

growth rate becomes 

8AD8(6F0 ) 3 
G = {25) 

27o 2v2RT 
a/B 

This agrees well with Speich's observation< 56 ) in Fe-Zn that 

G = C(6F )3, where C = C exp(-Q/RT). 
0 0 

In summary, all of the above described growth theories have been 

applied but have had only limited success in predictina cellular 



growth. Lack of specific thermodynamic and diffusion data have pre

cluded direct testing of the theories without qeneral assUMptions. 

c. The Cause of Cellular Precipitation 

Most previous theories of cellular precipitation have been con

cerned with the growth of the cellular nodules rather than with the 

fundamental cause of the reaction. A few observations have, however, 

been made on this subject and these are presented here. 
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Geisler(lg) in his review of precipitation phenomena suggested 

that cellular precipitation occurred by the same mechanism as recry

stallization and that the driving force for the migration of the cell 

boundary was supplied by the strain energy of the matrix phase result

ing from prior coherent general precipitation within the grains. This 

concept, however, cannot account for the orecipitation behavior of 

those systems, such as Pb-Sn and Fe-Zn, in which only cellular pre

cipitation is observed. 

Gruhl and Kramer< 23 ) have suggested that cellular precipitation 

will not occur unless the drivinq force for the reaction, as oiven by 

2cr /ev cr I ,v 
~F = ~Fo + a + a a ' 

S rn 
(26) 

where rn is the radius of the cellular nodule, is nenative. Although 

this may explain the fact that cellular precipitation occurs in some 

systems only after a certain amount of undercoolino it does not explain 

the total absence of the reaction in other systems. 

After studying the effect of uniaxial tension on the precipitation 
(57,58) 

behavior in Cu-Cd, Aq-Cu, Pb-Sn, Zn-Cu, Cu-Aq and Cu-Mg, Sulonen 

suggested that the driving force for the migration of the advancing 
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cell interface results in the formation of a solute impoverished zone 

in front of the advancinq cell interface. Within this imnoverished 

zone stresses are said to develop as the result of a chanqe in the 

lattice parameter of the supersaturated solid solution. These stresses 

are believed to supply the driving force for the advance of the inter

face in the same way that a deformed matrix supplies enerqy for recry

stallization. 

In his experiments Sulonen showed a dependence of cell qrowth rate 

in the above mentioned alloys on the direction and maqnitude of an 

applied uniaxial load. This dependence was described as being caused 

by the superposition of the applied stresses on those already existin~ 

in the impoverished zone. It must be noted, however, that this depen

dence was readily apnarent only in the case nf Cu-Cd alloys and that 

the effect appeared most orominent in those alloys in which creep was 

occurring simultaneously with precipitation. It must also be pointed 

out that this theory would limit cellular precipitation to those alloys 

whose lattice parameter exhibits a large dependence on composition and, 

hence, whose solute and solvent atoms show a large difference in atomic 

size. This agrees well with the results of Bohm(l,B} who showed that 

cellular precipitation in copper base alloys occurs only in those 

systems in which solute and solvent atomic radii differ by at least 

11%; however, it does not explain the cellular orecipitation in other 

alloys such as Al-Ag and Cu-Co where the atomic mismatch is very 

slight. In addition, the theory is in direct conflict with Hillert•s 

interface theory< 26 ) which predicts that cellular precipitation can 

occur only when boundary segregation is sufficiently rapid to prevent 



the formation of a solute depleted zone in front of the advancing 

interface. 
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In conclusion it should be noted that of the above theories, only 

that of Gruhl and Kramer< 23) attempts to describe the cause of the 

reaction in terms of the basic thermodynamic quantities associated with 

it and that none of the theories attempts to establish a criterion for 

the occurrence of cellular precipitation in terms of these quantities. 

D. The Tu-Turnbull Theory for the Genesis of Cellular Lamellae in 

Lead Rich Lead-Tin Solid Solutions 

As mentioned in the introduction only one previous investiqation 

of the initiation of a cellular reaction and the nucleation of precip

itate lamellae had been performed prior to this study. In this inves

tigation Tu and Turnbu11< 64 •65 •66 ) studied the morpholoqy of the early 

stages of precipitation in lead rich lead-tin solid solutions by liaht 

and electron microscopy and x-ray diffraction. A review of the 

results of the investigation is given in reference 70. 

According to this and other studies< 35 •68) tin, B, has been shown 

to precipitate from supersaturated lead rich solid solutions only by 

cellular precipitation, and that seqreqation of solute occurring 

during this reaction is incomplete. It has also been shown that the 8 

lamellae have a rigid habit in and a strong orientation relationship 

with the depleted lead rich a lamellae with which they form. {111} 

planes in the a lamellae form the habit for the 81 and the orientation 

between a and 8 is given by (010)sn I j(111)Pb and [0011sn1 lr1101pb• 

This habit and orientation relationship represents the matching of 

close packed planes in both a and 8 and should result in a 



semi-coherent, low energy interface. Electron microscopy of the a 
lamellae has shown that they are not interconnected and, hence, that 

branching does not occur. Laue back reflection x-ray techniques have 

shown that parallel lamellae within the same cell have the same 

orientation. 
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To determine how such lamellae could nucleate and multiply from 

an initially unoccupied grain boundary, Tu and Turnbull( 63 •64 ) studied 

the morphology of the early stages of precipitation in lead-tin bicry

stals misoriented about a [001] tilt axis. Figure 11 shows schemati

cally the mechanism resulting from this study. Accordinq to this 

diagram a cell develops from an initially unoccupied grain boundary 

(a) between two supersaturated a grains, a1 and a2, in the followinq 

manner. With time a a platelet forms at the initially unoccupied 

boundary (b) in such a way that it has a semi-coherent, low energy 

interface, characterized by the rigid habit and orientation relation

ship described above, with one grain (in this case a1) and an incoher

ent, high energy interface with the other grain, a2• After the plate

let attains a certain critical size the grain boundarv originally 

attached to the platelet at~ in (b) miqrates around the incoherent 

interface as shown in (c) eventually imbedding the platelet in a1 with 

semicoherent, low energy interfaces on both sides of the platelet. The 

driving force for this motion is proposed to be the decrease in inter

facial surface energy resulting from the replacement of the hiqh energy 

interface with one of lower enerqy. Once the platelet is imbedded in 

a 1 it reportedly grows, carrying the qrain boundary along as it advan

ces. Eventually the grain boundary is brought into a position favor

able for the nucleation of another a platelet of the same orientation 



as shown in (d). "Repl acive" motion of the grain boundary again 

occurs (e) and eventually, by this process, the number of platelets 

multiply and form a cell (f). Once the cell is formed it grows into 

a 2 with the boundary being carried forward by the advancing B 

lamellae. 
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It must be noted that this theory implies that the crystallo

graphic orientation of the initial grain boundary precipitate 

establishes the growth direction and morphology of the final cellular 

structure and that growth of the cell results from the a/a' interface 

being dragged along by advancing B lamellae. 

E. Precipitation in Copper Rich Copper-Indium Alloys 

1. Phases 

According to Figure 12, the copper-indium phase diagram from 

Hansen and Anderko< 24 >, indium has a maximum solid solubility of 

11.0 at.% (18.2 wt.%) in the copper rich f.c.c. a phase at 574°C. This 

decreases to 1.2 at.% (2.15 wt.%) at 300°C. The o phase which segre

gates from supersaturated a solid solutions during aging has a 

nominal composition of cu9In4 and actual composition limits of 29.9 

at.% In and 30.6 at.% In. Weibke and Eggers(lS) described the o phase 

as having a y brass type structure while the work of Hellner and 

Laves( 2S) indicates that it is a superlattice based on the NiAs type of 

structure. More recently, however, Reynolds, Wiseman and Hume

Rothery(4B) have shown that it can best be described as a tetragonal 
0 

distortion of the complex cubic y brass structure with a = 8.99A, 
0 

c = 9.16A and c/a = 1.020. 



2. Morphology and Kinetics 

Precipitation phenomena in ouenched and aged cooper rich copoer

indium alloys have recently been investigated by Bohm,(6,7,8,9,10) 

Corderoy and Honeycomb,< 14 ) and Shapiro and Kirkaldy( 50,52). The 

results of these investigations are reviewed below. 

In a kinetic study of precipitation in Cu-In alloys ranginq from 

4 wt.% In to 15 wt.% In, Bohm,< 6> using light microscop.v, observed a 

transition zone in the vicinity of o.a T , where T is the absolute s s 
solvus temperature, above which only qeneral precipitation occurred 
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and below which only cellular occurred. Corderoy and Honeycomb{l4) 1 

using transmission electron microscopy, observed, however, that in 8.5 

and 10.0 at.% In alloys general precipitation comoeted with and 

eventually stopped cellular precipitation at all temperatures at which 

cellular precipitation was observed. Shapiro and Kirkaldy< 50 •52 ) 

observed, on the other hand, that the reciprocal of the lamellar 

spacing extrapolated to a temperature below the absolute solvus, 

indicating that cellular precipitation does indeed require a certain 

amount of undercooling for its occurrence. 

Usinq transmission electron microscopy Shaniro and Kirkaldy( 50 •52 ) 

observed that cellular nodules developed from original qrain boundary 

all otriomorphs whose 11 Spaci ng" was 1 arqer than that of the 1 amell ae of 

the nodule. Regular lamellar spacinq was observed to obtain only after 

a steady state of co-ooerative qrowth was attained. Additional obser

vations by these authors of cell moroholoqy include {1) an identical 

orientation of the a lamellae to the a' of the qrain from which they 

qrew, {2) the existence of twins in the a lamellae, (3) hiah disloca

tion density in the vicinity of the oriqinal grain boundary and (4) a 
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concave forward a/a' interface. Finally, usinq x-ra.v diffraction, the 

depleted a lamellae were found to contain a sliqht excess of solute 

above that which would be expected at equilibrium. 

Corderoy and Honeycomb( 14 ), studyin~ ~eneral precipitation of o 

in the temperature range of 250°C to 400°C by transmission electron 

microscopy observed that o was the only phase precipitated at all agi nq 

temperatures and at all aqinq times and that all precipitates even

tually attained a length of about 1~. Selected area diffraction 

patterns from thin foils and carbon extracted precipitate olatelets 

were interpreted to give the following habit plane relationship. 

{111}0 lluoo}a 
After prolonged aginq of a 10.1 at.% In alloy at 330°C Shapiro and 

Kirkaldy( 50 •52) observed an additional fine precipitate which they 

called o •. 
Analyses of cell growth rate and lamellar soacing by B8hm(G) and 

by Shapiro and Kirkaldy( 50 •52 ) show that cell growth, as analyzed by 

Turnbull •s theory, is controlled by interface diffusion. As mentioned 

previously Shapiro and Kirkaldy's results show the consistent behavior 

of the Cahn theory. (12) 

As discussed earlier, Bohm( 7) has observed that additions of 

magnesium and antimony increase the growth rate while additions of 

iron, silicon and beryllium decrease it. He also observed that the 

growth rate was not affected by prior deformation. 



27 

TABLE I 

Systems Exhibiting Cellular Precipitation 

Ag-Cu (46,60) Cu-Mg (7,10,41,60) 

A l-Ag (1,18,73) Cu-Ni-Mn (22) 

Al-Zn (47,73) Cu-Sb (7) 

Au-Pt (62) Cu-Sn ( 7) 

Co-Nb {45) Fe-Ni-Ti (55) 

Co-Ni-Nb {45) Fe-Zn (31,56) 

Co-Ta (33) Mg-Al {13,73) 

Co-Ti { 17) Nb-Cr (29) 

Cr-Ni {30,53) Ni-Sn (32) 

Cu-Ag (39,49,54,60) Ni-Ti (40) 

Cu-Be (15,22,72) Pb-Na (38,43) 

Cu-Cd (59,61) Pb-Sn (35,60,64-68) 

Cu-Co (44) Zn-Ag (73) 

Cu-In (6,9,10,14,50,52) Zn-Cu (54,60,73,74) 



G 

s 

6F 
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TABLE II 

List of Symbols 

velocity of cell qrowth 

lamellar spacinq 

width of a lamellae 

width of 8 lamellae 

volume diffusion coefficient 

boundary diffusion coefficient 

universal gas constant 

absolute temperature 

molar volume 
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mole fraction of solute in the supersaturated a' solid solution 

mole fraction of solute in the depleted a lamellae 

equilibrium mole fraction of solute in the a solid solution 

mole fraction of solute in the 8 phase 

mole fraction of solute in the a/a' boundary 

width of the a/a' boundary 

surface energy of the a/a' boundary 

surface energy of the a/8 boundary 

surface enerqy of the a'/8 boundary 

radius of curvature of the a/a' boundary 

chemical free energy change for the formation of one mole of 
reaction products 

net free energy change for the formation of one mole of 
reaction products 

fraction of chemical free energy released during reaction 
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TABLE II - List of Symbols - (continued) 

Q fraction of minor component orecipitated durinq reaction 

R fraction of 6F0 converted to cra/S durinq reaction 

M interface mobility 
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Figure 1. Schematic diagram of a portion of a binary phase diagram 
showing limited solid solubility of 8 in A. 

Grain 
Boundary 
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General 
Prec ip i tate 

Cellular 
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Figure 2. Schematic diagram of a possible microstructure of an alloy 
of composition Xa• aged at T2• 



Figure 3. Zn-2at.%Cu. solution tre9ted 12 hours at 400°C 1 aged 
36 hours at 200°C. X200~54J 

Figure 4. Same area as in Figure 3 under polarized light. (54 ) 
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Figure 7. Schematic diagram of the advancing interface of a cellular 
nodule growing into and decomposing a supersaturated solid 
solution according to the reaction. a' ~ a+B. 
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monotectojd reaction according to Shapiro and 
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Figure 10. Free energy-composition diagram for the system illustrated 
in Figure 1 at T? showing Hillert•s thermodynamic concept 
of the a/a' interface. Composition profiles of the a/a' 
and a/S interfaces are also shown. 
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Figure 11. Schematic diagram showing the nucleation of S lamellae in 
a lead rich lead-tin solid solution. 
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Figure 12. Copper-Indium Phase Oiagram( 24 ) 



III. EXPERIMENTAL OBJECTIVES 

As mentioned in the introduction, this investiqation seeks to 

determine a mechanism for the genesis of cellular nodules from an 

initially unoccupied grain boundary and to establish a cause for the 

reaction based on this mechanism. 
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Consistent with this overall objective the following experimental 

objectives were set forth for a systematic investigation of the mor

phology of cellular precipitation. A preliminary study was performed 

to select an alloy system exhibiting appropriate precipitation pheno

mena and desirable properties for experimental examination. After the 

alloy was selected the major characteristics of both cellular and 

general precipitation were established for both quench and age and 

isothermal aging heat treatments. These characteristics included the 

habit plane and orientation relationship for both the ~eneral precip

itate and the cellular lamellae, the qrowth kinetics of the cellular 

nodules and any extraordinary morphological features that require an 

explanation. 

Once the general characteristics of general and cellular precip

itation had been established, the time-temperature-transformation 

curves for the start of qeneral and cellular precipitation were deter

mined for both types of heat treatment usinq liqht microscopy. Usinq 

these curves and other background information as a basis, light and 

electron microscopy studies of the early stage morphologies at all 

aging temperatures where cellular occurs were performed to establish 

a mechanism for cell formation. After a mechanism for the genesis of 



cellular precipitation had been established an attempt \'las made to 

relate this mechanism to a possible cause of the reaction. 

40 
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IV. EXPERH1ENTAL PROCEDURE 

A. Preliminary Study for the Selection of an Alloy System 

In accordance with Section III a preliminary investioation was 

performed to select an alloy system for study. The criteria for the 

selection of a system required not only that characteristic cellular 

precipitation occur durinq aqinq but also that the system be amenable 

to the various metallooraphic techniques. Some of these criteria are 

listed below. 

From a metallographic standpoint the cellular aqqregate should 

have a lamellar rather than a rod like or degenerate morphology, the 

lamellar structure of the cells and the initial qrain boundary struc

ture formed in the alloy during aqino should be coarse enouoh to be 

resolved by light microscopv, a sufficient amount of cellular precipi

tate should be formed at all aging temperatures and the alloy should be 

amenable to standard specimen preparation techniques for light and 

electron microscopy. From an experimental standpoint the alloy must be 

capable of being melted, cast and formed to rod and foil specimens by 

standard metallurgical techniques. These rod and foil specimens must 

then be adaptable to heat treatment in commercial salt baths and, in 

conjunction with this, the precipitation reaction should occur at 

reasonable aging temperatures and times. Finally, the transformation 

should be amenable to observation by hot staoe metalloqraphic tech

niques. These techniques may be either those of lioht microscopy or 

those of transmission electron microscopy. 

Considering the above criteria a review was made of the available 

literature, some of which is referenced in Table I, in order to select 
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systems for the preliminary investigation. A survey of the systems 

listed in Table I shows that cellular precipitation is characteristic 

of many copper base alloy systems and that the morphology and qrowth 

kinetics of cellular nodules in these systems are characteristic of 

the cellular reaction as described in Section II. In addition, ma~y 

of these copper base systems were found to be adaptable to the various 

experimental techniques. Therefore, on the basis of this review, 

three copper base systems, Cu-In, Cu-Mq and Cu-Sb, were selected for 

the preliminary investigation. Other copper base systems were excluded 

from this study either on the basis of the morphology of the cellular 

aggreqate or the nature of the alloy element; e.g •• beryllium was 

excluded because of its toxicity. 

For the experimental evaluation of the above alloy systems 

cylindrical alloy ingots of Cu-7at.%In, Cu-5at.%Ma and Cu-5at.%Sb were 

prepared by melting and casting in a manner similar to that described 

in Section IV. A. 2. Followinq casting, during which no difficulty 

was encountered, an attempt was made to swage the in~ots to 0.3 inch 

diameter rods. Here the Cu-5at.%Sb alloy proved to be too brittle to 

be cold or hot swaged and was eliminated from the investiaation. Both 

the Cu-In and Cu-Mg alloys were ductile enough to be swaqed and rolled 

to rod and foil form although the Cu-In alloy could only be hot swaaed. 

After being solution treated, water quenched and aged for various 

times at various temperatures samnles from both alloys exhibited 

cellular nodules with easily resolvable lamellar structures when 

observed by light microscopy; however, attempts to prepare thin foils 

of the Cu-Mg alloy for transmission electron microscopy by standard 

electrolytic techniques failed to retain the Cu2Mg precipitate phase 
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and this alloy \'las eliminated from study. Thus, only the Cu-7at. %In 

alloy satisfied the criteria for selection, and, subseauently, a 

Cu-9.5at.%In alloy was selected for study. This hiqher indium content 

alloy was selected because the range of temperatures at which cellular 

precipitation occurs is larqer for this alloy than for the 7at.%In 

alloy. 

B. Preparation of the Cu-9. 5at. %In Alloy Specimens 

1. Alloy Elements 

The Cu-9.5at.%In alloy used in this study was preoared from elec

trolytic copper of 99.997% puri~y donated by Anaconda AMerican Brass 

Company and indium shot of 99.99% purity purchased from Atomeraic 

Chemetals. 

2. Alloy Preparation 

About 820 grams of Cu-9.5at.%In alloy in the fonn of three inqots, 

0.65 inch in diameter, were obtained by meltinq appropriate quantities 

of the above components in a graphite crucible and chill casting the 

melt in graphite molds, 0.65 inch in diameter. Prior to meltinq, the 

alloy elements were cleaned in dilute nitric acid, water and methanol 

after which they were degassed in a vacuum. Following a final 

weighing, the copper was melted in the graphite crucible under a char

coal top by induction heatinq. The indium shot was then added, 

wrapped in copper foil, and the resultant solution was stirred with a 

carbon rod to insure homoqeneity. Then, after superheating the melt 

200°C to 1,150°C the alloy was chill cast as described above. 
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t1easurement of the v1eiqht of the inqots showed the loss of 1.1 qrams, 

or < 0.2% of the total weiaht of the alloy elements, during melting. 

As \'lith the alloys of the preliminary study little difficulty was 

encountered in melting and casting. 

3. Alloy Specimen Preparation 

The alloy ingots described above were annealed, swaged and rolled 

to form rod stock for light microscopy specimens and foil stock for 

transmission electron microscopy specimens. A solution anneal at 

65ooc was performed prior to swaging to remove any solute seqregation 

resulting from the cooling of the ingots through the wide a+ liquid 

phase field, shown in the copper-indium phase diagram, during solid

ification. The ingots were cleaned by belt sandinq, encapsulated 

under argon, annealed for 200 hours at 650°C and water quenched. Prior 

experience in the preliminary study showed that such an anneal would 

remove all of the dendritic seqregation. 

After annealing, the ingots were reduced by hot swaginq to rods 

having a 0.316 inch diameter. Some of these rods were cut to form 1/4 

inch thick discs for light microscopy specimens while other rods were 

hot and then cold rolled to form 0.007 inch thick foil for electron 

microscopy specimens. The metallograohic disc specimens were subse

quently annealed under argon for 96 hours at 650°C to give a grain size 

adequate for light microscopy studies. This arain size was found by 

the intercept method to be about 0.5 millimeter. Later it was found 

that aged light microscooy specimens could be recycled by solution 

treating them at 650°C for 2 hours without siqnificantly affecting the 

above grain size. 



Two samples, which reoresented what had been the center and the 

top of an ingot, were cut from a swa9ed rod and analyzed chemicallv 
' -
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and spectrographically by Industrial Testing Laboratory, St. Louis, 

Missouri, for copper and indium content and for impurity level 

respectively. The results of these analyses, qiven in Table III, show 

that vertical segregation of copper and indium is neqliqible, that the 

minimum purity of the alloy is 99.9% and that the impurities present 

are within their solubility limits in copper. 

C. Specimen Heat Treatment 

As mentioned in Section III two different a9inq heat treatments 

are used in this investigation. These are (1) quench and age heat 

treatments in which the alloy is quenched from the solution treatment 

temperature into water and then heated to and held at the aoino tem

perature and (2) isothermal aginq heat treatments in which the alloy 

is transfered directly from the solution treatment temperature to the 

aging temperature. 

Schedules for both of the above heat treatments and for both light 

and electron microscopy specimens were standardized to eliminate any 

time dependent annealinq effects. Liqht microscopy specimens \'tere all 

solution treated for two hours at 625°C prior to aqing while those for 

electron microscopy were held only five minutes at 625°C. All ~uenched 

and aged samples were held five minutes at room temperature prior to 

aging. All samples were quenched in water after a~in9. 

Except for the solution treatment of the specimens used for the 

determination of the time-temperature-transformation diagram for 

quenched and aged alloys, all solution and aging heat treatments were 
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performed in salt baths \'/hose temperatures vtere controlled to ± 1oc. 

Houghton Liquid Heat 300 was used for solution treatments while 

Houghton Draw Temp 275 and 430 were used for aginq treatments. The 

solution treatment of the quenched and aged specimens used to establish 

the TTT curve was performed in a muffle furnace after encapsulation 

under argon. 

D. Metallographic Techniques 

1. Light Microscopy 

Aged specimens were prepared for metallographic examination by 

cold mounting, belt sanding and wet grindinq through 600 grit paper 

after which they were polished, using first 9~ and then 1~ diamond 

paste. Final surface preparation consisted of alternate polishing 

with 0.05~ alumina and etchinq with a potassium dichromate etch whose 

composition is given below. 

K2cr2o7 •••••••••• 2 grams 

NaCl ••••••••••• 1.5 grams 

H2so4 •••••••••••• 8 milliliters 

H2o .....•.••.•. 100 milliliters 

In all cases etching was performed by swabbing. All light microscopy 

was performed on a Bausch and Lomb Research Metallograph. 

2. Electron Microscopy 

Thin foil transmission electron microscopy specimens were prepared 
(28) . . t . . d electrolytically by the 11Window 11 method us1ng a n1 r1c ac1 -

methanol electrolyte containing 33% nitric acid by volume cooled to 
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below -4ooc. A copper screen was used for the cathode and 6 to 7 volts 

was found to be best for uniform specimen thinning. Appropriately 

thinned specimens were rinsed twice in methanol, cooled to less than 

-4ooc, and then dried in air after excess methanol had been removed by 

absorption onto a paper towel. Specimens were cut from the thin foil 

with a scalpel using a rolling motion rather than a cutting motion. 

All electron microscopy observations, including hot stage observations, 

were obtained with a Hitachi HU-118 electron microscope equipped with 

an HK-2BM heating and rotating tilt stage. 

E. Sequential Heat Treatment Technique 

Because the grain boundary and cellular morphologies were too fine 

at most aging temperatures to be studied at low magnifications 

(<X1,000) and because surface precipitation occurred at all aging tem

peratures, light microscopy hot stage techniques could not be utilized 

for the study of precipitation behavior in this alloy. Therefore, a 

technique was developed that would allow the observation of the com

plete development of cellular nodules at a single grain boundary. As 

this technique is sufficiently different from standard metallographic 

techniques, it is briefly outlined here. 

The special metallographic specimen developed for this technique 

consists of one of the 0.316 inch diameter light microscopy disc 

specimens imbedded in a mount of pure aluminum as shown schematically 

in Figure 13a. The specimen was fabricated by casting pure aluminum 

around a light microscopy disc specimen centered in a graphite mold as 

shown in Figure 13b. Before casting, grooves were filed in the Cu-In 

sample to provide an anchor for the aluminum, after which it was held 
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at 400oc in air to form a thick oxide film to prevent reaction with 

the molten aluminum. After casting, the resultant aluminum mounted 

metallographic specimen was used to study the development of cellular 

structures as described below. 

The specimen was first given one of the standard aging treatments 

described in Section IV. c. with the aginq time beinq just long enough 

to start some of the boundaries migrating but not long enough to form 

steady state cellular structures. Following this heat treatment, the 

specimen was ground, polished and etched using the procedure described 

for ordinary specimens in Section IV. D. 1. After placing a Knoop 

microhardness indentation in the center of the Cu-In sample and 

scribing a reference mark on the back of the aluminum mount, the 

specimen was examined by light microscopy using the oil immersion lens 

with the largest numerical aperture, and photomicrographs of bound

aries whose initial behavior appeared interesting were obtained. The 

locations of these boundaries with respect to the Knoop indentation 

were established using the micrometer adjustments on the microscope 

stage. 

Following examination the specimen was cleaned of immersion oil, 

wrapped tightly in aluminum foil to prevent contact of the polished 

surface with the molten salt, given an additional short aging treatment 

and quenched in liquid nitrogen until just cool. After polishing 

lightly with 1~ diamond and 0.05~ alumina to remove a surface precip

itate layer that had formed, the alloy was reetched, and the boundaries 

observed initially were reexamined and photographed. The above process 

was then repeated several times to obtain a sequence of photomicro

graphs showing the development of cellular precipitate and qrain 



boundary morphologies. 

It should be mentioned that the light polishing step described 

above was required to remove a surface precipitate that formed even 
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at short aging times and low aging temperatures, and, although no 

measurement of the thickness of the layer of material removed was made, 

it was sufficiently thin that distinguishing details of cellular devel

opment could be traced through the sequence of photomicrographs. 

F. X-ray Diffraction Techniques 

Debye-Scherrer x-ray techniques were used to study the crystal 

structure of the o precipitate phase while compositional changes in 

the copper rich a phase were followed by changes in the a lattice 

parameter obtained from diffractometer measurements. The former 

techniques are described in Appendix A while the latter are given 

below. 

Diffractometer measurements were obtained from light microscopy 

disc specimens which had been mounted in such a way as to minimize 

the effects of textures resulting from swaging. However, these effects 

could not always be removed, and, in most cases, the lattice para

meters had to be determined from (222), (311) or (220) reflections. 

All measurements were made using nickel filtered copper radiation and 

all lattice parameters were calculated directly from Equation 27; and, 

as no extrapolation techniques were used, 

2 2 2 ~ a= dhkl(h +k +1 ) 

accuracy was limited to three significant figures. The a phase 

composition was then obtained from the lattice parameter using a 

(27) 



relationship established by Straumanis and Yu,(SB) 

a = 3.6149 + o.009lx 

where x is the a phase composition in weiaht percent and a is the - . ,.. -
lattice parameter in anqstroms. 
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(28) 
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TABLE I II 

Analysis of the Cu-9.5at.%In Alloy 

Center of Ingot Top of Ingot 

1. Chemical Analysis in Weight Percent 

Copper 84.01 84.14 

Indium 15.90 15.83 

2. Semiquantitative Spectrographic Analysis in Weight Percent 

Silver 0.001-0.01 o.o1-0.1 

Cal ci urn <0.01 <0.01 

Aluminum <0.001 0.001-0.01 

Iron <0.003 0.003-0.03 

Sil con <0.001 0.001-0.01 

Lead o.o1-0.1 o.o1-0.1 

Magnesium <0.005 0.01-0.1 



Knoop Indentation 

Cu-9.5at. 0/oln Specimen 

Graphite 
Pedestal 

a. Specimen 

2" I It" ___ .....,.. 

b. Mold 

Figure 13. Sequential heat treatment specimen and mold. 

Graphite 
Mold 
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V. EXPERIMENTAL RESULTS AND DISCUSSION 

A. Morphology and General Characteristics 

1. General 

In accordance with the experimental objectives set forth in 

Section III, the major characteristics of cellular and general precip

itation in Cu-9.5at.%In were established for both quench and age and 

isothermal aging heat treatments. Figures 14 and 15 show the mor

phology of precipitation in alloys aged at 420°C by both heat treat

ments. These morphologies are characteristic for all aging tempera

tures studied (250-500°C) with variations in morphology being of degree 

rather than type. In agreement with previous studies, Figure 14 shows 

Widmanstatten general precipitate occurring simultaneously with cellu

lar precipitation in the quenched and aged alloy. The precipitate free 

zone in the vicinity of grain boundaries where cellular nodules have 

not formed appears to result from a lack of nucleation sites for 

general precipitate caused by the depletion of vacancies in this region 

by their migration to the boundary. Moisio and Mannerkoski(41 ) have 

observed similar zones in Cu-Mg alloys and Unwin, Lorimer and Nicho1-

son<71> have recently discussed the origin of such zones in Al-Mg-Zn 

alloys. 

Figure 16 shows the solute depletion of the a• resulting from 

general precipitation and Figure 29 shows the sequential development of 

precipitation in a quenched and aged alloy. These results show that 

solute depletion resulting from general precipitation gradually slows 

and finally stops the growth of cellular precipitation. Additional 
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studies have shown that cellular precipitation is essentially stopped 

after about 2 hours of aging at 422•c. This corresponds to about a 

2 at.% decrease in indium content. In general. above this temperature 

the effect of general precipitation becomes greater while below it 

cellular precipitation becomes more prominent. 

In contrast to quenched and aged alloys. in which cellular and 

general precipitation compete. isothermally aged alloys exhibit only 

cellular precipitation. as shown in Figure 15; and 1 as seen in Figure 

52. the cellular reaction eventually consumes the entire a• matrix. 

Apparently the isothermal aging heat treatment suppresses the formation 

of nucleation sites for the general precipitate. It is interesting to 

note that Moisio and Mannerkoski<41 > did not observe a complete 

suppression of general precipitation during isothermal aging of Cu-Mg 

alloys but only a coarsening of precipitation and a substantial 

widening of precipitate free zones. 

2. General Precipitation 

As seen in Figure 17 the general precipitate occurs as WidmanstKt

ten platelets about 1~ in length with dislocation tangles surrounding 

each platelet. This observation at 42o•c is in agreement with those of 

Corderoy and Honeycomb< 14> at 250 1 300 and 4oo•c; however. an analysis 

of the habit plane of the platelets results in a set of planes other 

than the {100} set proposed by these authors. Figure 19 shows the 

traces of the poles of the habit planes of the platelets shown in 

Figure 17 on a standard (110) projection whose orientation was estab

lished from Figure 181 a selected area diffraction pattern of Figure 

17. Analyses of the traces in Figure 19 and in other stereographic 
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projections obtained from other specimens have shown that the traces 

consistently pass through only {113} poles, indicating that {113} 

planes of the face-centered cubic a matrix are the habit planes of the 

o platelets. Trace analyses of Figures 12, 13, 14 and 15 in Corderoy 

and Honeycomb's paper, which show general precipitate formed at 300 

and 4oooc, result in this same habit and, indeed, these authors 

observed the {100} habit only for relatively short aging times at 

25o•c as shown in their Figure 10. In addition a {100} habit would 

limit the number of distinguishable habits to three, which is clearly 

inconsistent with the observation of up to six platelet orientations 

within one a grain as seen both in their electron micrographs and in 

Figure 17. 

Considering the densities of the a and o phases and their crystal 

structures, the dislocation tangles associated with the precipitate 

platelets appear to result from a distortion of the a• caused by the 

tetragonally distorted cubic structure of the o precipitate phase 

rather than volume strain resulting from a density difference between 

the a and o phases. Densities of the a calculated from lattice para

meters determined by Straumanis<58) range from 8.93 gms/cm3 for pure 

copper to 8.97 gms/cm3 for a 10 at.%In alloy while the density of a 

29.5at.%In alloy (o phase) has been determined by this author to be 

8.93 gmstcm3• (See Appendix A). Clearly, little volume strain can be 

expected solely on the basis of this density difference between the 

a and o no matter what the composition of the a phase is. On the other 

hand, considerable shear strain should result from the formation of a 

tetragonal structure with c/a • 1.02 in a cubic matrix; however, the 

establishment of a mechanism for the generation of the dislocations is 
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precluded by the lack of knowledge of the orientation relationship 

between the a and the o. Finally, it is of interest to note that 

similar dislocation tangles are associated with initial grain boundary 

allotriomorphs as shown in Figure 36. 

The previous observation of precipitate free zones in quenched 

and aged alloys suggests that loops or voids, formed during aging by 

condensation of excess vacancies, are the nucleation sites for general 

precipitate. This vacancy excess apparently results from the retention 

of vacancies, initially at equilibrium at the solution treatment tem

perature, during the quench to room temperature. Apparently, an 

insufficient excess of vacancies results from the direct transfer from 

solution treatment temperature to aging temperature, which is charac

teristic of isothermally aged alloys, for loops or voids to form. 

Attempts to observe the defects at aging temperatures above 2so•c 
failed because precipitation had already started after only a few 

seconds of aging. No defects were observed in water quenched alloys. 

At 2so•c, however, nucleation kinetics were sufficiently slow that the 

development of precipitate nuclei from the initially defect free as 

quenched state required about 1 minute. Accordingly, after aging about 

30 seconds at 2so•c defects had formed and had a density similar to 

that of the fine precipitate shown in Figure 20. The structure of the 

defects could not be established because of their small size, and they 

could only be distinguished from the initial precipitates by their 

disappearance in areas of poor diffraction contrast; i.e., away from 

extinction contours. A study of their behavior near grain boundaries 

shows that, like the fine precipitate in Figure 20, their density 

gradually decreases and finally becomes zero as the boundary is 



approached. It should be noted that the initial precipitates appear 

similar to the o• observed by Shapiro.{50.52) 
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Finally. Figure 21 shows that. in addition to nucleating on the 

defects described above. general precipitate can also nucleate on 

dislocations. Still other observations have shown that platelets can 

nucleate on twin boundaries. These two results hold true for both 

quenched and aged and isothermally aged alloys. 

3. Cellular Precipitation 

The major morphological features of cellular precipitation fn 

Cu-In alloys are illustrated in Figures 15. 22. 23 and 39 while specific 

crystallographic details are given in Figures 54 through 59. As can be 

seen in Figure 39. cellular nodules appear to form from grain boundary 

allotriomorphs • such as the one at A. whose "spacing" is larger than 

the resulting steady state lamellar spacing near the advancing cell 

boundary. Figures 15 and 22 show that the o lamellae can achieve this 

steady state spacing by branching. while the newly formed precipitate 

phase at B in Figure 39 shows that they can also multiply by nucleation 

in the advancinq interface. This is in aqreement with the results of 

down quench experiments by both Shapiro< 50 •52 ) and Bohm{5) which showed 

that new lamellae were nucleated at the advancing interface when a 

sample was quenched from one aging temperature to a lower one. 

Twins in the depleted a lamellae. shown best in Figure 22. are 

another morphological feature worthy of comment. An analysis of 

crystallographic details of early stage cellular morphologies described 

in Appendix B shows that the twins are {111} growth twins and that they 
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apparently form by accidents of growth. The formation of these twins 

at an advancing a/a' interface can also be seen at A in Figure 38. 

As shown in both Figures 15 and 23, the o lamellae have the 

ability to change direction as well as to branch in the continuous, 

depleted a phase. Such behavior suggests that no habit plane of 

orientation relationship exists for the o in the a; however, analyses 

of selected area diffraction patterns from areas of parallel lamellae 

such as seen at A in Figure 23 were performed to establish if any 

relationship existed. Accordingly, trace analyses of such areas have 

shown that the lamellae have habits like those observed for general 

precipitate platelets in only about half of the cases studied. 

Analyses of the composite diffraction patterns from these areas, such 

as those shown in Figures 54 and 55 in Appendix A, show that the 

parallel o lamellae all have the same crystallographic orientation; 

however, no definite crystallographic relation could be established 

between them and the a. This apparent lack of a rigid habit suggests 

that the crystallography of the transformed a and o phases is of 

secondary importance to the development of cellular structures in this 

alloy. This is in agreement with Hillert's observation on the growth 

of pearlite in stee1.<27> Identical orientations of parallel o 
lamellae can be explained by branching from a single source. 

As in the selected area diffraction studies of general precipitate 

platelets performed by Corderoy and Honeycomb,{l4) the above selected 

area diffraction patterns of the o lamellae show the presence of 

superlattice spots with interplanar spacings (•d" values) that are too 

large to be accounted for by the tetragonal unit cell proposed by 

Reynolds, Wiseman and Hume-Rother,y.<4B) An analysis of these electron 
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diffraction patterns and x-ray diffraction patterns described in 

Appendix A has shown that the o precipitate structure can be described 

as a superlattice based on the original tetragonal structure and 
• 0 0 

hav1ng lattice parameters of a = 35.95 A and c = 36.63 A. 

Two final morphological features of the cellular structure which 

should be noted are (1) the shape of the advancing a/a' interface and 

(2) the dislocation structure at the original grain boundary. First, 

in agreement with the observations of Shapiro,(SO) the advancing a/a' 

interface is generally concave forward as shown in Figure 22. 

Considering the second feature, this same figure shows the existence 

of dislocations in the a• on the unreacted side of the original grain 

boundary. These are thought to arise from the same crystallographic 

distortion that causes the dislocation tangles around general precip

itate platelets. 

B. Time-Temperature-Transformation Diagrams 

In order to establish a basis for light and electron microscopy 

investigations of the early stages of cellular precipitation in the 

Cu-9.5at.Sin alloy, the time-temperature-transformation curves fOr the 

start of both cellular and general precipitation were determined. The 

curves, shown in Figures 24 and 25, were determined by light microscopy 

using an SOX oil immersion lens with a numerical aperture of 1.40. 

The start of both the cellular and the general reactions at a given 

temperature was established by bracketing the start of the particular 

reaction between two times. At the shorter of the two aging times no 

precipitate had yet appeared, while after aging for the longer period 

the reaction product had just become visible. When the interval 



between the two aging times became small with respect to the total 

aging time, it was taken to describe the start of the reaction. 
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For quenched and aged alloys Figure 24 shows that the curve for 

the start of general precipitation lies at higher temperatures and 

longer aging times than that for cellular precipitation. This indi

cates that the initial development of cells will not be affected by 

general precipitation. The observation of precipitate free zones in 

quenched and aged alloys confinms this conclusion. It must be noted, 

however, that electron microscopy observations have shown that general 

precipitate nucleates after only a few seconds at aging temperatures 

above 2so•c rather than after the times shown in Figure 24. Neverthe

less, the effect of these precipitates on cellular precipitation does 

not seem to be appreciable until they have grown to a size visible by 

light microscopy. This conclusion is confirmed by comparing the 

general precipitate curve in Figure 24 with the solute depletion curve 

shown in Figure 16. 

A comparison of Figures 24 and 25 shows that the curves fOr the 

start of cellular precipitation are similar, indicating that the mode 

of heat treatment does not affect the early stages of the cellular 

reaction and that both types of heat treatment can be used for the 

study of the early stage cellular morphologies. Light microscopy 

observations of grain boundary morphologies formed during both types of 

heat treatments confirm this conclusion. 

In the course of the determination of these curves, the following 

observations concerning the subsequent early stage morphological 

studies were made •. Light microscopy observations must be limited to 

above 4oo•c because grain boundary and lamellar structures become 
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unresolvable below this temperature. Hot stage light microscopy is 

precluded because these observations are limited to low magnification 

objectives with low resolving power. 

Finally. it should be noted from both diagrams that cellular 

precipitation ceases to occur at temperatures above 0.9 of the 

absolute solvus temperature in agreement with the observations of 

B"h (5) o m. 

c. The Genesis of Cellular Precipitation 

1. Light Microscopy 

Because morphological studies by light microscopy were limited to 

aging temperatures above 4oo•c and because cellular precipitation 

ceased above about 4so•c. investigations of the development of grain 

boundary and cellular morphologies by the sequential heat treatment 

technique described in Section IV. E. were performed at about 42o•c. 
Figures 26 and 29 show the development of cellular and grain boundary 

structures revealed by this technique in quenched and aged alloys. 

whereas Figures 27 and 28 show the development in isothenmally a~ed 

alloys. 

The sequence in Figure 26 shows that the final cellular structure 

initiates from the grain boundary allotriomorphs shown in ~· which 

appear to have a crystallographic relationship and habit with one of 

the two grains. This habit could be the (113) habit found for a grain 

boundary allotriomorph by trace analysis in Appendix B; however. no 

direct evidence of this could be obtained for these photomicrographs. 

With time the boundary between these allotrfomorphs fs seen to migrate 
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downward between the allotriomorphs as shown ink· As it migrates new 

precipitate appears to nucleate independently of the original allotri

omorphs in the advancing interface as seen at A. At £the boundary 

has migrated to the tips of the original allotriomorphs. From here it 

continues to migrate into the lower grain to eventually form the 

structure in ~· This sequence of events seems to give some credence 

to the crystallographic approach of Tu and Turnbull described in 

Section II. D.; however. it must be noted that the final structure in 

~seems to degenerate from the initial crystallographic habit of A• 

In contrast to these observations. Figure 27 shows the relative 

unimportance of the initial allotriomorph crystallography in deter

mining the final cellular structure. As seen in A of this figure the 

initial precipitate morphology consists of allotriomorphs at A 

apparently having a habit in one of the grains and an irregular precip

itate structure at B interacting with a boundary migrating into the 

top grain. As seen in the remaining photomicrographs of this sequence. 

cells never develop from the allotriomorphs at A while at B the grain 

boundary continues to migrate. interacting locally with the precipitate 

phase to eventually form the steady state structure shown in~· 

Both Figures 28 and 29 again show cellular structures developing 

by the original grain boundary migrating and interacting locally with 

allotriomorphs to form the final cellular structure. In addition. at 

A in Figure 28 1 the interaction of the original boundary with the 

allotriomorphs at this early stage of precipitation shows that the 

boundary appears to bow out between the allotriomorphs toward the top 

grain. Indeed 1 as shown in the latter stages of the sequence. this 

area develops into a cell growing into the top grain. Similar but not 
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so dramatic observations of this bowing phenomena are seen at B in 

Figure 28 and along the entire boundary in Figure 29. Considering 

these and numerous other observations, the morphological developments 

shown in Figure 26 appears to result from a fortuitous sequence of 

events rather than from the direct influence of the crystallographic 

habit of the initial allotriomorphs. 

From the above discussion of Figures 26 through 29 it can be con

cluded that cells in this alloy develop from an initially unoccupied 

grain boundary by the migration of this boundary from one grain into 

the other. As it migrates it interacts locally with grain boundary 

allotriomorphs, that have formed, to eventually form a steady state 

lamellar structure. The exact nature of this grain boundary-grain 

boundary allotriomorph interaction cannot be ascertained from the 

above observations; however, it can be said that the crystallographic 

nature of the initial allotriomorphs has little influence on the 

morphology of the final cellular structure in this alloy, in contrast 

to cellular precipitation in lead-tin alloys where a strong precipitate 

habit exists. 

2. Electron Microscopy 

After having established by light microscopy that cells develop 

by the local interaction of a migrating grain boundary with simultan

eously forming grain boundary allotriomorphs, transmission electron 

microscopy of the early stages of cellular precipitation was utilized 

to study the details of the morphology of the grain boundary-grain 

boundary allotriomorph interaction and cell development. 
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Initially, the early stage grain boundary morphologies of alloys 

aged for times and temperatures in the vicinity of the cellular start 

curves of the time-temperature-transformation diagrams were examined. 

From this study a mechanism was established for the development of 

cellular structure from an initially unoccupied grain boundary by an 

interaction between the original grain boundary and simultaneously 

forming grain boundary allotriomorphs. This mechanism was found to be 

valid at all aging temperatures studied (300 to 440°C) with variations 

of behavior with temperature being of degree rather than type; i.e., 

the morphological details only changed in size with aging temperature. 

Once this mechanism for cell development had been established an 

attempt was made to observe the development of the cellular structure 

by hot stage microscopy. 

Figures 30 through 39 show results representative of the early 

stage morphology study and Figures 40 and 41 show two possibilities 

for the development of cells from two different grain boundary 

allotriomorph structures. These two possibilities are presented to 

show that cells can develop from various initial grain boundary allo

triomorph structures by the same general mechanism. 

The development of the mechanism shown in Figures 40 and 41 can 

best be described by comparing the various steps in cell development 

shown in these figures with the early stage morphologies shown in 

Figures 30 through 39. Accordingly, both Figures 40 and 41 show that 

cell development from an initially unoccupied grain boundary at (1) 

begins by the formation of grain boundary allotriomorphs at (2). In 

Figure 40 these have no crystallographic relation with either grain 

while in Figure 41 a habit is established between the precipitate and 
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the left grain. As precipitation continues the grain boundary begins 

to bow out between the allotriomorphs. This is shown clearly in 

Figures 30 and 31 where the boundary has just started to bow between 

the allotriomorphs at A in the direction shown by the arrow. The f1 at 

facets on the precipitates in Figure 31 indicate that they may have 

a habit in the left grain. 

With time these boundaries continue to bow, as shown in Figures 

32 and 33, depleting the area behind them of solute by boundary segre

gation of solute to the allotriomorphs, whose size consequently 

increases. This corresponds roughly to step {3) in Figures 40 and 41. 

Now, having developed a driving force from the depletion of solute 

behind it, the bowing boundary continues to migrate, forming a trail 

of precipitate which acts as sink for the solute segregating in the 

advancing interface. The development of the trailing precipitate is 

clearly seen at A in Figure 34 1 and the characteristic •uu and ''L" 

shaped morphologies resulting from the migration of the bowing 

boundary are shown in Figures 35 through 37. Step {4) in both Figures 

40 and 41 corresponds to this stage of cellular development. 

As the boundary continues to migrate the trailing precipitate can 

branch or new precipitate can nucleate at the advancing interface, as 

described in Section v. A. 3. and as shown at B in Figure 39, to 

eventually develop a steady state lamellar structure. This is depicted 

in step {5) of Figure 40. 

To understand how the "U" shaped allotriomorph morphologies, 

shown best at A in Figure 36 1 can develop into cellular lamellae. the 

migration of the advancing interface must be considered in three 

dimensions as shown in step (5) of Figure 41. Accordingly, the boundary 



66 

migration required to transform the solid solution within the "U" 

shaped allotriomorph results from that portion of the boundary above 

or below the plane of observation. That such morphologies can develop 

is clearly shown at B in Figure 39. 

Additional morphological features observed in the early stages of 

precipitation are shown in Figure 38. Here, precipitate having a 

(113) habit in the left grain is seen to form at the advancing a/a' 

interface giving rise to "U" shaped structures within the cell as 

depicted in steps (5) and (6) in Figure 41. (111) twins are also 

observed to form at the advancing interface as shown at A in Figure 38 

and depicted in steps (5) and {6) in Figure 41. Presumably, these 

twins are formed as accidents of growth. 

Having established the mechanism described in Figures 40 and 41 

for the development of cellular structure. an attempt was made to 

observe the development of cells by hot stage transmission electron 

microscopy in order to confirm the above observations. Hot stage 

observations were limited to boundaries that were partially precipi

tated rather than those free of precipitate because the chance of 

picking a potentially active boundary from among the unreacted 

boundaries in the solution treated condition was small. 

Figure 42 shows the development of cellular structure from such 

a partially precipitated boundary while the specimen was held at about 

350°C in the electron microscope hot stage. At A in Figure 42a an 

early stage of cellular structure has developed during conventional 

aging at 366°C while at B the original boundary remains unoccupied. 
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After aging for 14 minutes at about 350°C in the hot stage,* the 

advancing interface at A in 42b is seen to have migrated forward about 

0.2~ leaving a trail of precipitate to the initial lamellae. At 8 in 

Figure 42b the initially unoccupied grain boundary is seen to have 

migrated forward by bowing between faintly visible, simultaneously 

forming grain boundary allotriomorphs at c. With increasing aging time 

the interfaces at A and 8 continue to migrate, as shown in 42c; however, 

the structure behind the advancing interface becomes cloudy; and with 

further aging these cloudy areas, which appear to be surface precipi

tate, migrate over the surface, depleting the thin foil sample of 

solute and stopping the cellular reaction. These surface precipitates 

formed during all hot stage studies and, thus, precluded the observa

tion of the development of a complete cell by this technique; however, 

the results shown in Figure 42 seem to confirm the earlier random 

observations. 

From the above discussion of the morphological development of 

cellular structures it can be concluded that cells form from initially 

unoccupied grain boundaries by the boundary bowing out between simul

taneously forming grain boundary allotriomorphs. As the boundary 

bows it depletes the region behind it of solute by solute partitioning 

in the advancing a/a' interface. The solute segregating in the 

advancing interface accumulates on the initial allotriomorphs to 

eventually form trailing precipitates behind the advancing a/a' 

*This 14 minutes includes a heating time of about 10 minutes that 
was required for the specimen to attain the aging temperature from 
room temperature. 
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boundary. These trailing precipitates then branch or new precipitates 

nucleate in the advancing interface to form the final steady state 

lamellar structure. Crystallographic relationships between initial 

allotriomorphs and adjacent grains seem to have a minimal influence on 

the final cell structure. 

D. The Cause of Cellular Precipitation 

Having established that cellular precipitation occurs by a 

boundary bowing out between simultaneously forming grain boundary allo

triomorphs and trailing precipitate behind as it migrates. the problem 

of establishing a cause for the reaction becomes one of determining 

why the boundary bows and. further. why it bows in a particular 

direction. 

1. The Influence of Grain Boundary Migration Reactions Occurring 

Simultaneously With Cellular Precipitation 

At the aging temperatures used in this investigation. grain 

boundary migration resulting in grain growth would be expected to 

occur in this alloy in the absence of precipitation. In addition. in 

the absence of precipitation. strain induced boundary migration would 

also be expected to occur in a deformed alloy at these temperatures. 

However. as precipitation at the grain boundaries does occur. these 

phenomena are not observed. Nevertheless. they should be expected to 

have an influence on boundary migration prior to the formation of the 

first grain boundary allotriomorphs. Therefore. a study of the 

direction of cellular growth from boundaries whose direction of 

migration in the absence of precipitation could be predicted by 
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existing grain boundary migration theories was undertaken. 

Initially, the direction of cellular growth was followed in 

undeformed alloys at those boundaries whose direction of migration 

could be predicted by grain growth theories. This limited the 

observations to highly curved boundaries where growth would be expected 

toward the center of curvature. Figure 43 shows the development of 

cellular precipitation at such a curved boundary on a small appendage 

of a large grain. As can be seen the cellular growth direction is the 

same as the expected direction of boundary migration shown by the 

arrows. 

Similar cell growth behavior is shown in Figure 44. Here a small 

triangular grain is apparently being consumed by the much larger grains 

surrounding it in accordance with grain coalescence theory.<42> Cell 

growth is again in the same direction as the expected direction of 

grain boundary migration as shown by the arrows. This behavior was 

found to be characteristic of most of the highly curved boundaries and 

small triangular grains observed; however, precipitation at the more 

gently curved large grain boundaries was found to be erratic. 

To study the direction of cellular growth at a boundary initially 

migrating into a deformed matrix, thermo-mechanical treatments such as 

that described in the caption of Figure 45 were developed to produce 

partially recrystallized and aged structures such as that shown in 

this figure. The structure of this partially recrystallized and aged 

alloy is seen to consist of areas of recrystallized grains (A), 

partially recovered original grains (B), and occasionally, an indi

vidual recrystallized grain growing in one of the original grains (C). 
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To study cellular growth at a boundary migrating into a deformed 

matrix the precipitation behavior at the individual recrystallized 

grains was examined. Accordingly, Figure 46 shows a small recrystal

lized grain (A), that had initially formed in a deformed grain (B) 

during the 10 second solution treatment at 625°C, after aging for 15 

minutes at 420°C. As can be seen the cellular structures formed 

during aging are growing outward into the deformed grain in the same 

direction as the initial grain boundary would be expected to be 

migrating. Figure 47 shows cellular precipitation occurring at a 

boundary initially migrating by strain induced boundary migration. 

Again the cellular growth is away from the newly recrystallized region 

(A) into the deformed region (B). The similarity between this 

structure, resulting from strain induced boundary migration and cellu

lar precipitation, and the combined observations of Smith,C 54 ) and 

Beck and Sperry(4) in Figures 3 and 5, respectively, should be noted. 

Examination of precipitation behavior at numerous individual recry

stallized grains have shown this behavior to be consistent; however, it 

must be noted that, after long recrystallization anneals at the solu

tion treatment temperature, the initially deformed grains may recover 

sufficiently to stop the growth of the new grains and make the above 

observations erratic. 

The above observations of the effect of simultaneously occurring 

grain boundary migration reactions on the development of cellular 

structures can be explained as follows with reference to Figure 48, a 

schematic diagram of the development of cellular structure from an 

initially unoccupied grain boundary. Initially, the grain boundary at 

(1) in Figure 48 will be subject to the ordinary forces of boundary 
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migration associated with a single phase alloy and will start to 

migrate accordingly, in this case to the right. However, after moving 

a short distance, ~. as shown at (2), allotriomorphs begin to form, 

pinning the boundary. Assuming that the narrow region, ~. behind the 

migrating boundary was depleted of solute by boundary diffusion of 

solute to the newly forming allotriomorphs, the boundary now has a 

thermodynamic incentive to continue moving to the right and; thus, it 

bows out between the pinning precipitates, continuing to deplete the 

area behind it of solute. The cellular structure then develops as 

described in Section V. C. 2. and illustrated in Figures 40 and 41. 

2. The Driving Force for Cell Initiation 

Having established the influence of initial grain boundary 

migration behavior on the direction of cellular growth, a driving force 

for the genesis of cellular precipitation at an initially unoccupied 

grain boundary, consistent with this infiuence, can now be described 

in terms of accepted grain growth and recrystallization theories; and 

a general relationship between this initial driving force and the final 

steady state driving force for cellular precipitation can be discussed 

in terms of the individual contributions of chemical free energy, 

a/a' surface energy, a/a surface energy and matrix strain energy to the 

net free energy change accompanying the reaction. 

In general, the net free energy change, ~F, for the transformation 

of one mole of supersaturated solid solution by cellular precipitation 

to depleted solid solution and precipitate phase can be given by 

aa! ,V 
~F • a6F + ba 1Qv +a + Z(t), o a~ r 

(29) 
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where ~F0 , aa/S' aa/a•• V and rare defined in Table II and Figure 7. 

The first term in this equation, a6F0 , is the chemical free energy 

released during the reaction, where!. is the fraction of the total 

free energy, ~F0 , available for the reaction. The second term, 

baa/SV, is that portion of the chemical free energy converted to a/a 

surface energy during precipitation, where b is a dimensional term -
that is dependent on the size and shape of the precipitate phase. 

aa;a•V/r, the third term, is that portion of ~F associated with the 

curvature of the a/a 1 interface, and the last term, Z(t), is any 

strain energy (stored energy of cold work) associated with the a• 

matrix phase. The contribution of the curvature of the a•;a interface 

has been neglected here. For the case of cellular growth into an 

undeformed matrix, Z(t)=O, and Equation 29 becomes 

a 1 .v 
6F = a6F + bcr V + a a o a/a 1 r • 

(30) 

With reference to step (1) in Figure 48 and the conclusions of 

Section v. D. 1., the driving force for boundary migration at the start 

of aging in an undeformed alloy results solely from the curvature of 

the a 1 /a 1 grain boundary in accordance with the theory of grain 

growth. If the surface energy of the original grain boundary is 

assumed to be identical with that of the advancing ata• interface of a 

cell, this driving force can be ~iven by 

a 1 • V 
~F = a a • 

r 
(31) 

As the boundary migrates it depletes the area behind it of solute, and 

allotriomorphs begin to form along it as shown in step (2) in Figure 

48. During this stage of cell development the first two terms of 
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l 
Equation 30 increase from zero to some finite value depending on the 

extent of solute depletion behind the boundary and the shape of the 

initial precipitate allotriomorphs. As aging continues, the boundary 

bows out between the allotriomorphs, continuing to deplete the area 

behind it of solute, and a cell develops as described previously. 

Once a steady state of growth is attained, a = P and b = 2/S according 

to Cahn's growth theory,< 12) and ~F assumes its steady state value of 

2a V 
~F = P~F + alB 

0 s (32) 

In general~ the transition of the driving force from the grain 

boundary migration force acting on the boundary at t = 0 to the steady 

state driving force for cellular precipitation can be shown 

schematically as in Figure 49. Here the individual terms of Equation 

30 and the resultant ~F are shown developing as functions of aging 

time. The transition of the terms from their initial values to their 

steady state values is shown by broken lines as no attempt was made to 

describe their behavior in this region. 

The initial and final values of the individual terms in Figure 49 

were determined for precipitation in the Cu-9.5at.%In alloy aged at 

42o•c. The product, P~F0 , was calculated from Equation 7 in Section 

II. B. 2. using X in place of X rather than be determining P and 
a ae 

~F0 separately. The values of Xa• aa/B and S were obtained from the 

work of Shapiro(SO) to be 0.042, 400 ergs/cm. 2 and 0.21~ respectively, 

while a 1 • a a 
copper. ( 18) 

was assumed to be §~O_er,g_~/cm. 21 the same as that for pure 
3 

The molar volume, V, was found to be 7.36 em. /mole for 

both the a• and the cellular aggregate. T_b~_s't_eady state radiu_s of 

curvature of the a/a' interface, r, was obtained from the a/a' 



interface in Figure 22, while the initial radius of curvature of the 

original grain boundary was obtained from Figure 43a. The values of 

the individual terms calculated from these quantities are shown in 

Figure 49 along with the resultant value of ~F. 
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From this figure it can be seen that ~F transforms from an 

initial value of -0.02 cal./mole, resulting from the curvature of the 

original boundary, to a final value of -25.3 cal./mole, after a steady 

state is attained. Clearly, the contribution of the original boundary 

curvature is small but it does provide a driving force that starts the 

reaction in a particular direction. 

For the case of cellular precipitation in a defOrmed matrix, as 

shown in Figures 46 and 47, the influence of the stored energy of 

deformation, Z(t), must be considered in the expression for ~F. In 

general, Z(t) is a function of time, as recovery processes are 

occurring in the deformed matrix simultaneously with precipitation. 

According to Li(J4) the release of stored energy during recovery can 

be described by 
(33) 

where z0 is the stored energy of cold work at the start of aging and 

kR is a function of temperature. 

Assuming that the values of the other terms are not affected by 

growth into a deformed matrix a quasi steady state expression for ~F 

is obtained from Equation 29 to be 

2a V a 1 • V 
~F • P~F + a/a + a a + Z(t) • (34) 

o S r 

where Z(t) is given by Equation 33; while, at the start of aging, the 

driving force acting on the boundary between an undefOrmed and a 
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deformed region is given by 

a 1 ,V 
nF = a a + Z 

r o • (35) 

Assuming an initial value of 4 cal./mole for Z (3) and the same 
0 

values of the other terms obtained previously for precipitation in 

Cu-9.5at.%In at 420°C, the transition of ~F from its value at the 

start or aging to its value at the quasi steady state is shown 

schematically in Figure 50. According to this diagram, nF increases 

to a maximum from its initial value given by Equation 35 and then 

declines asymptotically to the steady state value of nF given in 

Figure 49 as Z(t) decreases monotonically to zero. Clearly, a strong 

initial driving force exists here for the start of cellular growth 

into a cold worked matrix. 

From the above discussion it can be concluded that a driving 

force for boundary migration does exist at the original grain boundary 

at the start of aging and that this driving force aids in starting 

cellular growth. As the cell develops, the free energy change 

accompanying the development of the cell transforms from a value 

characteristic of the original boundary to a value characteristic of 

a steady state reaction. The exact nature of this transformation is 

not known but will probably vary from one boundary to another because 

of the various initial grain boundary allotriomorph morphologies. 

3. The Criterion for the Occurrence of Cellular Precipitation 

In previous sections, a mechanism for the development of cellular 

structure from original, unreacted grain boundaries was established; 

the influence of simultaneously occurring boundary migration reactions 
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on the initiation of cellular precipitation was determined; and a 

driving force for cell initiation consistent with these observations, 

was identified. In this section, a criterion for the occurrence of 

cellular precipitation, based on these previously described concepts, 

is developed. A study of the sequence of events in the development 

of cellular structure, shown schematically in Figure 48, indicates 

that a critical requirement for the formation of a cell is that the 

boundary must be able to bow between two pinning allotriomorphs to a 

sufficient size to supply them with enough solute for them to grow and 

eventually develop a steady state growth structure. From this obser

vation, it seems that the problem of determining a criterion for the 

occurrence of cellular precipitation reduces to establishing the 

necessary conditions for the boundary to bow to some "critical" size. 

From Figure 48 it can be seen that the quantities involved in this 

problem are (1) the initial allotriomorph spacing, 2L; (2) the a/a' 

surface energy, a 1 ,; (3) the fraction of chemical free energy 
a a 

released by the depletion of the area behind the bowing interface of 

solute, P~F0 ; and (4) the a/a surface energy, aats• 

Neglecting the contribution of aa/a to the net free energy change 

accompanying the formation of a bow and using an analysis similar to 

that used by Bailey(3) in his development of the "bulge" nucleation 

mechanism for recrystallization, a criterion for the boundary to bow 

beyond a certain "critical" size, can be established as follows. The 

net free energy change resulting from a small increase in the size of 

a bowing boundary is given by 

6F•6V = P~F •6V +a 1 ,V·6A , o a a 
(36) 
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where oA is a small increase in the surface area of the bow associated 

with a small increase in volume, oV. Clearly, for the boundary to 

continue bowing 6F•oV must be negative, and 

or (37) 

Assuming, as shown at (3) in Figure 48, that the bow is a cylindrical 

cap of unit depth and radius ~· and that the initial allotriomorph 

spacing is 2L, oA/oV is given by 

~ = 2 sin 0 
oV L • 

(38) 

Substituting this into (37), the requirement for the further develop

ment of the bow becomes 

or, noting that r = L/sin 0, 

P6F0 2 
~......-~>-. 
0 ata•V r 

Here we have the requirement for a bow to develop beyond a certain 

size in terms of its radius of curvature. 

(39) 

(40) 

The maximum value of the right terms in (39) and (40) is set by 

the initial allotriomorph spacing to be 2/L. Assuming that the bow 

must grow to a ••critical .. size corresponding to this maximum value for 

cellular precipitation to occur, the inequalities (39) and (40) 

become 

(41) 
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Here, based on the mechanism for the genesis of cellular precipi

tation developed in this investigation, a criterion for the occurrence 

of cellular precipitation has been determined in terms of four of the 

quantities associated with the early stages of grain boundary precipi

tation; namely, P6F0 , aa/a•• V, and 2L. Unfortunately, insufficient 

experimental information on these quantities, principally interfacial 

energies, is available to test this criteria for its ability to predict 

the occurrence of cellular precipitation in various alloy systems. It 

should be noted, however, that the criterion correctly predicts the 

occurrence of cellular precipitation in Cu-9.5at.%In at 420°C, as a 

value of 14.1 was calculated for the left term in (41) using the same 

values for aa/a•• P6F0 and V used in Section V. D. 2. and a value of 

1lJ for 2L. 



Figure 14. 

Figure 15. 

Cu-9.5at.%In. solution treated 2 hours at 62s•c. water 
quenched and aged 60 minutes at 42o•c. Xl.900 

cu-9 5at %In solution treated 2 hours at 62s•c. 
isotherm;lly 1 aged 60 minutes at 42o•c. xt.ooo 
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Figure 16. Solute depletion of the a• resulting from general 
precipitation during a quench and age heat treatment. 
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Figure 17. 

Figure 18. 

' ~ 
A 

F 

Cu-9.5at.%In, solution treated 5 minutes at 625oc, water 
quenched and aged 1 hour at 420°C. General precipitate. 
X12,500 

Selected area diffraction pattern of Figure 17. [110] 
zone of a'. oRotated 15.5° counterclockwise from Figure 
17. A1=3.45Acm. 

81 



82 

001 

E 

A 

Figure 19. Stereographic projection of the [1101 zone shown in Figure 
18 showing the traces of the poles of the habit planes of 
the general precipitate in Figure 17. 
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Figure 20. Cu-9.5at.%In. solution treated 5 minutes at 625°C. water 
quenched and aged 2 hours at 250°C. General precipitation 
near a grain boundary showing a precipitate free zone. 
X12.500 

Figure 21. Cu-9.5at.%In. solution treated 5 minutes at 625oc wa~er 
quenched and aged 1 minute at 322°C. General precip1tate 
nucleating on dislocations. X32.500 
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Figure 22. Cu-9.5at.%In. solution treated 5 minutes at 62s·c. water 
quenched and aged 15 minutes at 42a•c. Cellular 
precipitate. Xl4 1400 

I~ 

Figure 23. cu-9.5at.%In. solution treated 5 minutes at 62s·c. 
isothermally aged 2 hours at 366•C. Cellular colony. 
Xl3 1000 
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Figure 24. Time-Temperature-Transformation diagram for the start of 
cellular and general precipitation for quench and age heat 
trea'bnents. 
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Figure 25. Time-Temperature-Transformation diagram for the start of 
cellular precipitation for isothermal aqing heat 
treatments. 
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. · a • 5 minutes 
b. 10 minutes 
c. 15 minutes 
d. 25 minutes 
e. 55 minutes 

: 
I' -

Figure 26. Cu-9.5at.%In, solution treated 2 hours at 625°C, water 
quenched and aged at 42l°C for the times shown above. 
Sequential development of cellular precipitation in a 
quenched and aged alloy. X2,000 
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Figure 27. 

d 

e 

a. 5 minutes 
b. 10 minutes 
c. 20 minutes 
d. 30 minutes 
e. 50 minutes 

Cu~9.5at.%In, solution treated 2 hours at 625oc. iso
thermally aged at 425°C for the times shown above. 
Sequential development of cellular precipitation in an 
isothermally aged alloy. X2,000 
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a. 3 minutes 
b. 8 minutes 
c. 13 minutes 
d. 23 minutes 
e • 53 minutes 

• 

Figure 29. Cu-9.5at.%In, solution treated 2 hours at 62s•c. water 
quenched and aged at 422°C for the times shown above. 
Sequential development of cellular precipitation in 
quenched and aged alloy. Xl,SOO 
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0.5~ 

Figure 30. Cu-9.5at.%In, solution treated 5 minutes at 625°C, water 
quenched and aged 1 minute at 365°C. Grain boundary 
starting to bow between simultaneously forming grain 
boundary allotriomorphs at A. X30,000 

Figure 31. 

0.5~ 

Cu-9.5at.%In, solution treated 5 minutes at 625oc, water 
quenched and aged 1 minute at 365°C. Grain boundary 
starting to bow between simultaneously forming grain 
boundary a 11 otri omorphs at A. X46 ,800 
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Figure 32. Cu-9.5at.%In, solution treated 5 minutes at 625°C, 
isothermally aged 15 minutes at 420°C. Grain boundary 
bowing between allotriomorphs. Xl7,500 

'~ 

Figure 33. Cu-9.5at.%In, solution treated 5 minutes at 625°C, 
isothermally aged 15 minutes at 420°C. Grain boundary 
bowing between allotriomorphs. X12,000 
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Figure 34. Cu-9.5~t.%In, solution treated 5 minutes at 625°C, water 
quenched and aged 15 minutes at 420°C. Grain boundary 
bowing between allotriomorphs and trailing precipitate 
at A. X2l,OOO 

Figure 35. Cu-9.5at.%In, solution treated 5 minutes at ~2~oc, water 
quenched and aged 15 minutes at 420°C. Prec1p1tate 
trailing behind a bowing boundary and forming "L" shaped 
allotriomorphs. X19,200 
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Figure 36. Cu-9.5at.%In, solution treated 5 minutes at 625°C, water 
quenched and aged 15 minutes at 428°C. Precipitate 
trailing behind a bowing boundary and forming "U" shaped 
allotr1omorphs. Xl4,000 

Figure 37. 

I 0.5~-£ I 

Cu-9.5at.%In, solution treated 5 minutes at 625oc, water 
quenched and aged 15 minutes at 420°C. Precipitate 
trailing behind a bowing boundary and fonning "L" shaped 
allotriomorphs. X22,500 
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Figure 38. 

Figure 39. 

o.5,u 1 
s 

Cu-9.5at.%In, solution treated 5 minutes at 625°C water 
quenched and aged 15 minutes at 428°C. Formation'of 
twins and new precipitate at the advancing boundary 
X32,500 • 

l,u 

Cu-9.5at.%In, solution treated 5 minutes at 625°C, 
isothermally aged 15 minutes at 404°C. Early stage of 
cellular precipitation showing development of lamell~e 
from a "U" shaped allotriomorph at A and the nucleat1on 
of new precipitate at B. X14,000 

95 



a' 

2 3 4 5 

Aging Time ~ 

Figure 40. Diagram showing the morphological development of cellular structure from an 
originally unoccupied grain boundary where the initially formed grain 
boundary allotriomorphs are small. 



2 3 4 5 6 

Aging Time ...-
Figure 41. Diagram showing the morpholoqical development of cellular structure from an 

initially unoccupied grain boundary where the initially formed grain 
boundary allotriomorphs are large. 
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Figure 42. Cu-9.5at. %In, solution treated 5 minutes at 625°C and 
(a) isothermally aged 15 minutes at 366°C, {b) aged an 
additional 14 minutes in the electron microscope hot 
stage at about 350°C and {c)·aged an additional 4 minutes 
in the hot stage. X17,500 
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Figure 43. Cu-9.5at.%In. (a) solution treated 2 hours at 625°C and 
water quenched and (b) aged 15 minutes at 400°C. 
Cellular growth toward the center of curvature of a small 
appendage on a large grain. XSOO 
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Figure 44. Cu-9.5at.%In, solution treated 2 hours at 625°C wat 
quenched and aged 15 minutes at 400°C. Cellula; gro!~h 
toward the center of a small grain. X1,000 

Figure 45. Cu~9.5at.%In, solution treated and water quenched, cold 
rolled 27%, solution treated 10 seconds at 625oc, iso
thermally aged 15 minutes at 420°C. A partially 
recrystallized and aged structure. X75 

100 



Figure 46. Cu-9.5at.%In. solution treated and water quenched cold 
rolled 27%. solution treated 10 seconds at 625°C •. 
thermally aged 15 minutes at 420°C. Cellular gr~w~~o~n 
a small recrystallized grain in cold worked matrix 
X1 1000 • 

Figure 47. Cu-9.5at.%1n 1 solution treated and water quenched. cold 
rolled 26% 1 solution treated 5 seconds at 625oc. iso
thermally aged 15 minutes at 420°C. Cellular growth 
after strain induced boundary migration had occurred 
during recrystallization. X1 1000 
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Figure 48. Schematic diagram showing the development of cellular structure from an 
initially unoccupied grain boundary. .... 
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initially unoccupied grain boundary and the fonmation 
of cellular structure in an undefonned matrix phase. 
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initially unoccupied grain boundary and the formation 
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VI. SUMMARY AND CONCLUSIONS 

A. Morphology and General Characteristics 

Cellular and general precipitation are observed to occur simul

taneously at all aging temperatures up to 0.9 of the absolute solvus 

temperature in a quenched and aged Cu-9.5at.%In alloy; whereas, only 

cellular precipitation is observed to form during isothermal aging. 

At those temperatures at which cellular and general precipitation 

occur in quenched and aged alloys, general precipitation competes with 

cellular precipitation for solute in the supersaturated a• solid 

solution during aging, with the general eventually stopping the 

cellular reaction by depleting the grain interiors of their solute 

supersaturation. This effect is more prominent at the higher aging 

temperatures, where the growth of general is favored by high volume 

diffusivity, while cellular precipitation is favored at the lower aging 

temperatures. 

Although general precipitation competes with cellular precipita

tion in quenched and aged alloys, the presence of precipitate free 

zones in the vicinity of grain boundaries precludes the interference 

of general precipitation with the early development of cellular pre

cipitation in these alloys. Consequently, the early stage cellular 

morphologies are identical for both quenched and aged and isothermally 

aged alloys. Accordingly, for both types of heat treatment, cellular 

nodules are found to develop from original grain boundary allotrio

morphs whose "spacing" is larger than the steady state lamellar 

spacing characteristic of the aging temperature. Parallel, steady 

state~ lamellae of identical crystallographic orientation have no 



definite habit plane in and no orientation relationship with the 

continuous, depleted a lamellae; and they appear to develop by 

branching from a single source. New precipitate lamellae are also 

observed to nucleate at the advancing interface. 

B. The Genesis and Cause of Cellular Precipitation 
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Cellular precipitation is observed to develop from an initially 

unoccupied grain boundary by migration of the boundary from one grain 

into another. As the boundary migrates, it interacts locally with 

simultaneously forming grain boundary allotriomorphs to eventually 

form a steady state lamellar growth structure. The details of this 

boundary migration, the grain boundary-grain boundary allotriomorph 

interaction, and the formation of a steady state lamellar structure 

are described below with reference to Figures 40, 41 and 48. 

Initially, at the start of aging, grain boundaries migrate under 

the influence of boundary migration forces as if they were in a single 

phase alloy and as shown at (1) in the above figures. As they migrate 

they deplete the area behind them of solute; and, after migrating a 

short distance, ~. allotriomorphs begin to form, as shown at {2), 

pinning the boundary. A thermodynamic driving force develops from the 

solute depletion of the region behind the boundary; and, thus, the 

boundary continues to migrate in its original direction of migration 

and bows out between the pinning allotriomorphs, as shown at {3). As 

the boundary bows it continues to deplete the region behind it of 

solute by solute partitioning in what now is an advancing a/a' inter

face. The solute segregating in the advancing interface now starts to 

accumulate on the initial allotriomorphs to eventually form trailing 
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precipitates behind the advancing a/a' boundary, as shown at (4). 

These trailing precipitates then branch or new precipitates nucleate 

in the advancing interface to form the final steady state lamellar 

structure, as shown at (5) in Figure 40 and (5) and (6) in Figure 41. 

The driving force for the genesis of cellular precipitation 

according to this mechanism is given by 

(]a/ .v 
L\F = al\Fo + baa/S + r a • {30) 

for the growth of cellular structure into an undeformed matrix, and by 

0 a/a'V L\F = al\F + ba /o + + Z{t) , o a P r 
(29) 

for the growth of cellular structure into a deformed matrix. 

For the development of cellular precipitation in an undeformed 

alloy, the net free energy change transforms from an initial value of 

at t = 0 to a value of 

a 1 ,V 
L\F = a a 

r 

2a V a ,V 
AF = PAF + a/S + a/a o S r 

after a steady state obtains. 

{31) 

{32) 

For the development of cellular precipitation in a deformed alloy, 

the driving force transforms from an initial value of 

a I ,V 
AF = a a + Z r o 

{35) 

at t = 0 to a value of 

2a V a ,V 
AF = PAF + ·a/S + a/a + Z(t) 

o s r 
(34) 

after a quasi stea~ state is attained. 



The exact path by which the driving force, aF, transforms from 

its initial value to its final value is uncertain and no attempt is 

made to describe it in this investigation. 
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Assuming that the ability of the boundary to bow between pinning 

allotriomorphs is the critical step in the development of a cell, the 

following criterion for the occurrence of cellular precipitation was 

established. 

P6~L 
- > 2 

Vaal a' 
(41) 

Here P is the fraction of the chemical free energy, aF0 , released 

during the bowing of the boundary, 2L is the distance between initial 

allotriomorphs, V is the molar volume and aa/a' is the surface energy 

of the a/a' boundary. Unfortunately, insufficient thermodynamic and 

surface energy data are available to test the criterion for its 
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APPENDIX A 

CRYSTAL STRUCTURE OF THE o{Cu9In4) PRECIPITATE 

A. General 

According to Figure 12, the copper-indium phase diagram, a 

Cu-9.5at.%In alloy held below the a/a+o solvus should segregate into 

a of equilibrium solvus composition and o of composition, Cu-28.9at.%

In. A phase diagram study of the 25-35at.%In region of the copper

indium system by Reynolds, Wiseman and Hume-Rothery< 48) describes the 

o(Cu9In4) phase to be a tetragonal distortion of the cubic y brass 

type of structure with a = 8.97kX, c = 9.14kX and c/a = 1.020, and to 

have composition limits of 28.9 and 30.6at.%In at room temperature. 

Hellner and Laves( 2S) describe this phase as a superlattice of the 

NiAs type. Both of the above references describe the o phase as 

forming from a high temperature y phase having a cubic y brass type of 

structure, and Reynolds et al.<48> found that this transformation 

could not be suppressed. Corderoy and Honeycomb,C 14 ) in a study of 

age hardening in copper base copper-indium alloys, found evidence for 

both a tetragonally distorted unit cell and a superlattice structure 

from selected area electron diffraction patterns of carbon extracted 

platelets of general 6 precipitate. In the present study selected 

area diffraction patterns of parallel a and 6 lamellae in the cellular 

precipitate exhibited zero order Laue zones of the o phase which could 

not be indexed satisfactorily with the tetragonally distorted Y brass 

structure proposed by Reynolds et al. Because a knowledge of the 

crystal structure of the precipitate is necessary for precipitate-



117 

matrix orientation studies, an investigation of the structure of the 

o lamellae in the cellular nodules was performed. 

The structure of the o lamellae was established by combining the 

results of Debye-Scherrer x-ray diffraction studies of pure o phase 

(Cu9In4) and a completely transformed Cu-9.5at.%In alloy with electron 

diffraction studies of parallel a and o lamellae in cellular nodules. 

B. Experimental Procedure 

A Cu-29.6at.%In alloy (o phase) was prepared from the same copper 

and indium described in Section IV. B. 1. by melting appropriate 

quantities of the components in an evacuated Vycor capsule. Prior to 

encapsulation the Cu and In were cleaned in dilute nitric acid and 

washed with water and methanol. After encapsulation, any remaining 

oxygen or hydrogen were removed from the capsule by an 87.5Zr-12.5Ti 

getter, sealed in a separate compartment of the capsule. Following 

this, the compartment was removed and the components were melted in a 

resistance furnace set at 750°C. At this temperature the indium 

melted first and dissolved the copper. Once the alloy was completely 

molten the capsule was removed from the furnace and shaken to insure 

mixing. The capsule was then returned to the furnace for about 10 

minutes after which it was removed and water quenched. The resulting 

alloy ingot was then weighed to establish if any material had been 

lost during melting. A weight loss of about 0.1% of the weight of the 

original components was noted. The alloy was then cleaned by belt 

sanding, encapsulated in Pyrex tubing under an argon atmosphere and 

annealed for 24 hours at 550°C in a salt bath. Several grams of this 

alloy were analyzed for nominal composition and impurity level by 
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Industrial Testing Laboratories. St. Louis, Missouri. The Cu-9.5at.%In 

alloy used in this study was the same 0.007 inch thick foil described 

in Section IV. B. 3. 

To insure consistency both the Cu-9.5at.%In alloy and the 

Cu-29.6at.%1n alloy were given the same aging treatment. Both were 

solution treated for 5 minutes at 625°C in a salt bath and then iso

thermally aged for 4 hours at 420°C in another salt bath. The 

Cu-29.6at.%1n alloy was encapsulated under argon for this heat treat

ment but the Cu-9.5at.%In foil was not. Photomicrographs of the two 

aged alloys were obtained by methods described in Section IV. D. 1. 

Powder x-ray diffraction samples of the Cu-29.6at.%In alloy were 

prepared by grinding the alloy in an agate mortar and screening it 

through a 400 mesh screen. Some -600 mesh material was also obtained. 

This -400 mesh material was then mounted on a glass fiber. coated with 

petroleum jelly. X-ray samples of the Cu-9.5at.%In alloy were pre

pared by cutting a sliver of material from a foil that had been elec

trolytically thinned by the method described in Section IV. D. 2. 

Powder x-ray diffraction patterns of these samples were obtained 

in 155 millimeter asymmetrically loaded Debye-Scherrer cameras using 

nickel filtered copper radiation with exposures of 8 and 12 hours. In 

addition to the above diffraction patterns. a pattern of a Cu-9.5at.%In 

alloy, solution treated 5 minutes at 625°C and water quenched was 

obtained. The x-ray specimen was prepared in the same way as that of 

the aged Cu-9.5at.%1n alloy. 

Transmission electron micrographs and selected area diffraction 

patterns were obtained from areas of parallel cellular lamellae such 

as shown at A in Figure 23. 
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In addition to the x-ray diffraction and electron diffraction 

data the density of the Cu-29.6at.%In alloy at room temperature was 

also determined. It was established by noting the difference between 

the weight of a bulk sample in air and in xylene. Both the density 

of air and that of xylene were corrected for temperature and atmos

pheric pressure. 

c. Experimental Results and Discussion 

1. Metallography 

Figure 51 shows the structure of the Cu-29.6at.%In alloy to be 

single phase substance with a relatively large grain size. No second 

phase segregation is noted at the grain boundaries. Figure 52 shows 

the structure of the Cu-9.5at.%In alloy, isothermally aged for four 

hours at 420°C, to be that of an alloy completely transformed to a and 

o lamellae by cellular precipitation. 

2. X-ray Diffraction 

Figure 53 shows the front reflection region of diffraction 

patterns from the solution treated and water quenched alloy, the iso

thermally transformed alloy, and the Cu-29.6at.%In Alloy, and the 

correlation between these patterns. Figures 53a and 53b show the 

correlation between the reflections from the single phase supersatu

rated a' solid solution and the depleted a lamellae in the transformed 

alloy. Figures 53b and 53c show the correlation between the strong 

lines in the pure o phase and in the o lamellae in the averaged alloy. 

These strong lines are indexed according to the tetragonal structure 
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proposed by Reynolds et al. The correspondence of the strong a lines 

with the strong precipitate lines shows that the precipitate structure 

is, indeed, similar to that of the pure 6 phase. The "d" values of 

the first 26 lines from the x-ray pattern in Figure 53c are listed in 

Table V. 

3. Electron Microscopy and Selected Area Diffraction 

Figures 54a and 54b show a transmission electron micrograph of 

cellular lamellae and the selected area diffraction pattern from this 

area. Figure 54c is a diagram of the diffraction pattern and shows 

the zero order Laue zones of the a matrix phase and the 6 precipitate 

phase. The a matrix has a [0111 zone axis and the o precipitate has a 

[001] zone axis. Figure 54c shows a more detailed analysis of the 

zero order Laue zone of the precipitate. This precipitate zone is 

indexed using the structure proposed by Reynolds et al. and shows the 

four fold symmetry expected of the [001] zone of a tetragonal struc-

ture. 

Figures 55a and 55b show another electron micrograph and selected 

area diffraction pair. However, if Figure 55b is analyzed as Figure 

54b was, it is found that the zero order Laue zone of the 6 precipi

tate cannot be accounted for by a tetragonal structure with lattice 
0 0 

parameters of a= 8.99A and c = 9.16A. However, if the lattice para-
o 0 

meters are increased by a factor of 4 to a = 35.95A and c = 36.63A, 

Figure 55d can be indexed as shown. In all, seven selected area 

diffraction patterns of lamellae were analyzed. Three of the zero 

order Laue zones of the o precipitate could be accounted for by the 

structure of Reynolds et al., but the remaining four precipitate 



patterns could be indexed only by using a tetragonal unit cell with 
0 0 

a = 35.95A and c = 36.63A. Some of the larger "d" values obtained 

from spots in these selected area diffraction patterns are given in 
TableV. 
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Table V shows experimental 11 d" values obtained from both x-ray 

and electron diffraction patterns of the o phase and the o precipitate 

respectively. It can be seen from the table that all but three of the 

x-ray lines can be accounted for by the presently accepted tetragonal 
0 structure; however. a tetragonal unit cell with a = 35.95A and 

0 

c = 36.63A is required to account for all of the "d" values from both 

electron and x-ray diffraction patterns. 

4. Density of the Cu-29.6at.%In Alloy 

The density of the o phase is found to be 8.93 grams/cm. 3• With 

this density. the tetragonal unit cell of Reynolds et al. would con

tain about 50 atoms. which is in agreement with the phase being of 
0 

the y brass type. A tetragonal unit cell with a = 35.95A and 
0 

c = 36.63A would contain 3200 atoms. 

D. Conclusions 

X-ray diffraction studies show that the o lamellae have a tetra

gonal structure related to that of the pure o phase. Electron 

diffraction studies show that the precipitate contains a superlattice 
0 

which can be accounted for by a tetragonal unit cell with a = 35.95A 

and c = 36.63A. The three lines in the 6 phase x-ray patterns that 

could not be accounted for indicate that the pure 6 phase may also 

have a superlattice. This. however. was not investigated. 
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The density of the 6 phase has been found to be 8.93 grams/cm. 3 

With this density the above unit cell would contain 3200 atoms. 



TABLE IV 

Analysis of the Cu-29.5at.%In Alloy 

1. Chemical Analysis (wt.%) 

Copper 

Indium 

56.78 

43.16 

2. Semiquantitative Spectrographic Analysis 

Lead 0.003-0.03 

Iron 0.003-0.03 

Nickel 0.001-0.01 

Silver 0.001-0.01 

Aluminum 0.001-0.01 

Silicon 0.001-0.01 

Magnesium 0.001-0.01 

Cadmium 0.001-0.01 

Zinc <0.001 

Sodium <0.001 

Molybdenum <0.001 

nn <0.001 

(wt.%) 
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TABLE V 

11 d11 Values for the o Precipitate Phase 

Experimental Values Calculated Values Calculated Valuest 
0 0 0 

for a=8.99A and c=9.16A 0 

for a=35.95A and c=36.63A 
0 0 

0 

d{A) Relative Intensity hkl d(A) % Deviation hkl d(A) % Deviation 

9.50* 321 9.62 -1.25 
8.63* 114 8.61 +0.23 
6.24 weak 441 6.26 -0.32 
5.60* 260 5.68 -1.41 
5.37* 262 5.43 -1.10 

4.80*,4. 77 weak 624 4.83 +1.14 
4.50* 181 4.43 +1.58 

4.17* ,4.11 weak 012 4.08 +0.73 048 4.08 +2.20 
3.76*,3.69 medium 112 3.71 -0.54 448 3.71 +1.35 

3.61* 2,2,10 3.52 +2.56 
3.24 weak 022 3.21 +0.93 
3.03 strong 003,122 3.05,3.02 -0.66 
2.74 weak 113 2.75 -0.36 



TABLE V - {continued) 

2.70 weak 311 2.71 -0.37 
2.60 strong 222 2.61 -0.38 

2.49 medium 320 2.99 o.oo 
2.43 weak 123 2.43 o.oo 
2.32 weak 004 2.29 +1.31 

2.26 weak 400 2.25 +0.44 

2.25 weak 

2.22 medium 014 2.22 o.oo 
2.19 weak 322 2.19 o.oo 
2.16 very strong 033.114 2.14.2.15 +0.93 

2.13 very strong 330.411 2.12 +0.49 

2.08 weak 133 2.08 0.00 
2.05 medium 024 2.04 +0.47 

2.01 weak 420 2.01 o.oo 
1.97 weak 412 1.97 o.oo 
1.95 weak 421 1.96 -0.51 
1.93 weak 233 1.93 o.oo 
1.91 medium 332 1.92 -0.52 
1.86 weak 224 1.86 o.oo 
1.84 weak 422 1.84 o.oo 
*These values were obtained from selected area electron diffraction patterns. All other values were 

obtained by x-ray di!fraction. o 
tValues smallerothan 3.61 are not listed as they are the same as those for the cell with a=8.99A .... 

N 
and c=9.16A with the indicies increased by a factor of 4. U'1 



Figure 51. 

Figure 52. 

Cu-29.6at%In, annealed 5 minutes at 625°C a d 4 hours 
at 420°C. X250 n 

Cu-9.5at.%In, solution treated 5 minutes at 625oc, iso
thermally aged 4 hours at 420°C. Xl,OOO 
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Figure 53. X-ray Diffraction Patterns: (a) Cu-9.5at.%In, solution 
treated 5 minutes at 625°C, water quenched. (b) 
Cu-9.5at.%In, solution treated 5 minutes at 625°C, 
isothermally aged 4 hours at 420°C. (c) Cu-29.6at.%In, 
annealed 5 minutes at 625°C and 4 hours at 420°C. 
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Figure 54a. 

Fi ur 54b 
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Cu-9.5at.%In, solution treated 5 minutes at 623°C, water 
quenched, aged 30 minutes at 428°C. Cellular lamellae. 
X32,500 

Selected area diffraction pattern of the cellular . 
1 mellae in Figure 54a. Sotated 44° counterclockw1se 
from Figure 54a. A1=3.47Acm. 
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Figure 54c. Diagram of the diffraction pattern in Figure 54b showing 
the zero order Laue zones from the a and 6 lamellae. 

Figure 54 d. 

a phase zone is near [110] 
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d= 3.05A· 
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Diagram of the zero order Laue zone of the 6 lamellae 
shown in Figure 54c. [100] zone of 6. 



Figure 55a. 

Figure 55b. 

~u-9.5at.%In. solution treated 5 minutes at 623°C. 
1sothermally aged 2 hours at 403°C Cellular lamellae 
X22.500 • • 

Selected area diffraction pattern of the cellular 
lamellae in Figure 55a. ~otated 26° counterclockwise 
from Figure 55a. Al=3.54Acm. 
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Figure 55c. Diagram of the diffraction pattern in Figure 55b shO\'Iing 
the zero order Laue zones from the a and 6 lamellae. 

Figure 55d. 

["2"15 1 zone of a. 

d =5.43A d =4.43A 
e(543) 262) 181) 

eo an 

d = 9.62A 
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Diagram of the zero order Laue zone of the 6 lamellae 
sho\"m in Figure 55c. ["5",!,111 zone of 6. 
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APPENDIX B 

CRYSTALLOGRAPHIC NATURE OF GRAIN BOUNDARY PRECIPITATE t-10RPHOLOGIES 

Some of the grain boundary allotriomorphs formed during the aging 

of Cu-9.5at.%In alloys exhibit flat facets with respect to one of the 

two adjacent grains as shown at B in Figure 38 and at A in Figure 56. 

A trace analysis of the poles of the facets in Figure 56 with respect 

to the lower grain is shown in Figure 58, a standard {110) projection 

whose orientation was established from Figure 57. 

As the allotriomorphs appear to be perpendicular to the surface 

of the foil, the pole of their habit must lie on the periphery of the 

projection. Combining this observation with the trace of the habit 

plane pole results in an unambiguous determination of a {113) habit 

for the precipitate, in agreement with the earlier observation of a 

(113) habit for the general precipitate. 

A trace of the pole of the twin at B in Figure 56 and the fact 

that the twin plane also appears perpendicular to the foil surface 

establishes the twin plane to be a (111) a plane. This is confirmed 

by the occurrence of a (111) annealing twin at C in the lower grain. 

The formation of the twin in the bowing boundary can apparently be 

accounted for only as an accident of growth, and if the twins observed 

in cellular nodules have a similar origin they can also be expected to 

result from similar accidents of growth. 
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'~ 

Figure 56. Cu-9.5at.%In, solution treated 5 minutes at 625°C, iso
thermally aged 15 minutes at 366°C. Grain boundary 
allotriomorphs having a habit in the lower grain. X17,500 

Figure 57. Selected area diffraction pattern of the lower grain in 
Figure 56. [110] zone of a' . o Rotated 21° counterclock-
wise from Figure 56. Al=3.47Acm. 
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Figure 58. Stereographic projection of the [110] zone shown in Figure 
57 showing the traces of the poles of the habit plane of 
the grain boundary allotriomorphs and twins in Figure 56. 
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