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'INTRODUCTION 

Redistribution of the non-equilibrium concentrati011 of quenched-in 
vacancies and solute atoms , including impurities , is the most important 
factor in the formation of Guinier-Preston (G .P . )  zones . Vacancy enhanced 
precipitation in Al-Zn ( 1-3 )  and Al-Ag ( 3 )  ·alloys has been intensively 
studied, following the pioneering work of Panseri and Federighi (4 ) . The 
changes of certain physical properties , which follow different reactions 
in quenched and aged alloys can easily be measured , but it is not so easy 
to ascribe them to some specific reactions . Considerable efforts have been 
made to discover the mechanism of the zone forming process as well as to 
interpret experimental results for the Al-Zn alloys . Based on the mechanism 
of cyclic transport of solute atoms by vacancies , Girifalco and Herman 
(5 ) have proposed a mathematical model (G . H .  - model) for an early stage
formation of . an " ideal" G . P .  zone , as it was defined by Guinier (6) . An
approximate integration of their differenc�al rate equation has been per­
formed by Kahn and Girifalco (7 )  for physically important cases . Asimov
(8) , Ipohorski and Bonf�glioli ( 9 )  have further discussed various aspects
of validity of the G . H. � model using experimental aata .

In this work , a kinetic model of redistribution of defects during 
G . P .  zone formation , based on the experimental results obtained earlier 
for an Al-3 . 9  at . %Zn alloy doped with 0 . 025at . %Cu (10 )  and a number of 
literature data , is presented . For this purpose a new approach was deve­
loped starting from the chemical rate theory sistematized by Koiwa ( 1 1 ) . 
The process of zone formation is analized by analytical expressions for 
the zone growth law, and the zone radius and distance obtained by the 
comparison to the G . H .  - model .  The main advantage of such an approach 
is that it helps in identifying the mechanism pf the process in a ;eal 
system and promotes a physical understanding of the values of many kine­
tic parameters determined experimentally . Calculated values of the zone 
radius were also compared with the result of other authors . 

FORMULATION OF THE PROBLEM 

Consider two dilute aluminium alloys , a binary and a ternary , that 
exhibit formation of ideal G .P .  zones from the mayor matrix constitutent 
(MP) and M0 with the minor constituent (Mt) ' respectivery (Mb>>Mt) .  The
zone formation is analyzed from the very beginning : solution treatment, 
quenching and ageing . It is believed that in an alloy quenched and aged 
G . P .  zones grow in a way illuS'frat�d in Fig . l ,  i .e . , mostly by diffusion 



of solute atom - vacancy pairs (Mb-v or Mt-V) from the sphere with the
radius L centered at the zone . The concentration gradient of pairs on the 
surface of the sphere is ( VC)L

= O .  Simultaneously there is an annihilation
of vacancies to sincs such as grain boundaries . 

To describe the model the following 
asswnptions are made : ! .  The conditi­
ons for ideal pre-precipitatjon ( 12 )  
are satisfied and the cyclic vacancy 
pump G . H . -model is aslo valid in this 
case ; 2 .  High vacancy concentration 
in the process is maintained for a 
long per�od of time due to small con­
centration of sincs . This could not 
be valid for a narrow vacancy free 
region near grain boundaries . The 
major motivation for such an assum­
cion is supported by the electron -
microscopy observations ( 1 0 )  in an 
Al-3 . 9at . %Zn alloy , i . e . , after 
prolonged ageing the structure of 
the alloy includes , besides the zo­
nes , a number of dislocation loops 
created by condensation of vacanc�s , 
Fig . 2 . At the same time the preciei­
tate or vacanci free zone width (W) 
w�s much sma!ler than grain boundary 
(D) , i . e .  W/D<< 0 . 0 1 ;  3 .The binding
energy (Bb ) of Mb and a vacancy is

small , but high enough so that most of the vacancies exist as pairs . The 
added (impurity) element Mt has the binding energy (Bt) greather than Bb ;
4 .  The initial concentration M t is by several orders of magnitude higher
than the equilibriwn concentra�ion of vacancies (V�) . There�ore it is more 
likely that free vacancies form pairs than that they reach vacancy sincs . 

Fig . I . Schematic illustration of the 
redistribution of vacancies during 
formation of ideal G . P .  zones in 
Al-Zn alloys . 

Fig . 2 .  Microstructure of an Al-3 . 9  
at . % Zn alloy nea� a grain boundary ; 
quanched fro� 653°K and aged at 323°�
for 2h + 373 K for 24h ( 1 0 ) . 

It is assumed that the following 
possible defect species could be 
presented in quenched aluminiwn 
alloys : A free vacancy and divacancy ; 
isolated unbounded solute atoms Mb
and Mt ; pairs Mb-V and Mt-V; triplets
from a solute atom ang_ two vacancies , 
e . t . c . ; and finally , sincs such as 
grain boundaires ,  e . t . c .  Fig . 3 .  shows 

a scheme of concentration change of 
the above main reaction components 
used in the course of the model for­
mation . The triplet concentration 
is probabl1 small and neglected here . 
The zone forming process may be 

descriebed by the following kinetic reaction scheme : 
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quenching 
kl V + �- � eb, • • • • • • • • • • . /1 /
k{ 
k

2 V + Mt =:: et' . . . • . . . . . . /2/

k2 
k3 v + v :;;:=:: e2v, • • • • • • • • •  /3 / 
kj 

� s�ncs V _____.. fo (
source ) ,  • • /4/

k� 

ageing 
kl V + Mi, � � , • • • • • • • • • • • • •  /1/ 

ki . 
k2 V + Mt � et , • • • • • • • • • • • •  /2/

k2 
k4 eb ::;=::::= z (zone) , • • • • • •  /3/
k4 

ks et � z (zone) , • • • • •  /4/

kA 
k 

V � f (sincs ) /S/ - o sc5urce , • • • • 
k '  0

Two sets of non-linear , coupled,. differential rate equations corresponding 
to this scheme could . be established , see also Koiwa (11 )  when a vacancy 
is accepted as a third reaction component: 

quenching 

dV/dt= - (k1�+k
2
Mt) V+k1e

b
+

+k2e
t

-2k
3
V2+2k

3
c

2v , • • • • · /1/

dC
b

/dt=k
1
�V-kie

b
, • • • • • • • • • • •  /2/

dC
't

/dt=k
2
M

t
V-k2e

t
, • • • • • • • • • • •  /3/

dc2v/dt=k3v2-k3e2v, • • • • • • • • • .• /4/

Fig . 3 .  Schematic illustration of ef­
fect of ageing temperature on a con­
centration change of the main reacti­
on components used in the model . 
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ageing 

dV/dt= - (k
1
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t

)V+

+kie
b
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t
-k

0
V, • . • • .  /1/
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4
e
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5
e

t
, • • • • • • • • • • /2/

de
b

/dt=k
1�V-kiC

b
-k

4
e

b · � · · · /3/

dC
t
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t
V-k2e

t
-k

S
C

t , • • • •  /4 /

The symbols simultaneously represent 
atomic fractions of : V=free vacan­
cies ; e2v=free divacancies ; Ch=Mh-V
pairs ana et= Mt-v pairs ;� or Mt= 

free solute atoms , and Z= -solqte 
atoms trapped at zones which take 
no furter part in the reaction . 
Neglecting reaction /2/ for quen­
ching, or reactions /2/ and /4/ for 
ageing , corresponding sets of rate 
equations can be obtained for a bi­
nary alloy . For ideal quenching , 
single vacancies · are expected to be 
the predominant defects . The rate 
constants are ( 1 3 ,  14 ) : 



k0
=£0 . vexp (-E

m/kT) ,

k
1

=84 .vexp ( -E:m
/k�) ,

•2
= k1 ,

k3
= kl ,·

2 - - . * 
k4=a • v .Nzbexp (-E

.mb
/kT) ,

2 .- - * k5
=a . v .Nztexp(·Emt/kT) ,

k�=V� .vexp (-E
m

/kT) ,

ki=7 .vexp {- (E
m

+B
b

) /krr.f,

k2=7 .vexp [- (Em+B
t

) /kT_/,

kj=l4 .vexp{- C�+B
2v

) /krr.f,

k4=C0b .vexp {-E�/kT) i

k5=C
0t . vexp (-E=

t
/kT) .

where f0 (=f�a2 ) is the initial fraction of sincsi £ ' = vacancy sine density ;
a= lattice parameter of pure aluminium; E and E ii activation energy 
tor vacancy migration in pure alwninium aWd in aW alloy , respectively ; 
Nz=effective density of G . P .  zones and B2v

= divacancy binding energy .
Subscript "0 11 denotes initial concentrations . 

ANALYTICAL APPROXIMATIONS AND SOLUTIONS 

. • For obtaining analytical solutions certain approximations should" "' > : .b�i mad� whicll uncouple the differential equations to linea; fo�. For 
- ·4 , ,........ .· . . :; 

quenching we have : 1 )  The total defect concentration (measurable valuef 
Cd

= V + c2v+cb+Ct=� - c2v . constant,  2 )  the total �oncentration ·of
vacant sites , V�= V + 2c2v+Cb+ct , 3) fractions �=M

0b-� = M
0b and

Mt= M
0t-ct� M

0t when Cb< <M
0b and Ct< <Mot' respectively , 4 )  local equili­

brium conditions are established ( 1 1 ) , i . e .  k1/ki=K1
=12 exp Bb/kT, k2/k2=

=K2=12 exp Bt/kT and k3/kj=K3=6 exp B2v/kT . Similarly , for ageing we have :
1 )  � • M0b and Mt� Mot · This is supported by the work of Freise and al .
(see ref . 1 5 )  that only a small volume about 10% of an Al-Ag alloy was 
precipitated in the form of G . P .  zones . Finally , 2) we have assumed no 
back reaction k4 � k�=O and k0

=0 .  More accurate solutions could be realised
by a computer. 

The initial boundary conditions at the time t=O are for quenching : 
v t t·=vr , c� ';;J o ,  c b � o and C ;- o . From these conditions the solutians _ ----- - -

0 0 V O O -
r for c2v, cb , et , cd and further, by summing , for V=V0 - (2c2v+cb+Ct) could

be obtained . The boundary conditions for ageing are : (t=o ; t) , (�;V) and 
( Z=O; z ) . Integration of rate equations for ageing yields the relations
for vb , vt and then for z :

For ternary alloy 

K ' ' = 

- exp (-Ket · tY , where the equivalent constants
are : 
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The equation ( I) or ( I ' ) represents the zone growth law and may be com­
- pared to the similar one given by Girifalco and Herman ( 5 , 7 ) : 

(II ) (R/L) 3= vm . c0 'i-exp (-3Dc .R . t/L3 )7 , where is Vm= the increase in zone 
L

J 
J volume per atom entering the zone , 

and De= diffusion coefficient of 
a pair . 

The equations ( I )  or ( I ' ) and (II)  are indentical functions . Equaling the 
corresponding parameters in these equations we have for the zone radius 
R={z/ (f .Nz >J112 and the zone distance 2L=2R. z- ll3 , wher�. fb

=K
8b/k4 or

ft=Ket/k5 •

COMPARISON WITH EXPERIMENT 

Let us .consider numerical values of z ,  R and L for the Al-3 . 9at . %Zn 
and Al-3 . 9at . % Zn - 0 . 025at . %Cu alloys ( 10 ) . The zone densities and all 
reaction rate constants must be known . The values of some kinetic parame­
ters accepted for calculation are : 

-2 2 -15 2Ef
=0 . 76eV (l ,4 )  ;�=0 . 06eV {4 , 10 )  ;Em

=0 . 62eV { l , 14 )  ;M0b=3 . 9 . 10 ;a =l . 6 3 . 10 cm 
* . . * . -4 Efb= 0 . 74eV ( lO ); Bt=0 . 19eV ( l 0 )  ;E

mb
=0 . 4 3eV { l , 10 )  ;Mot=2 . 6 . 10 ; Sf=:2 . 4k ( l6 . l )

* * . - 13  -1EftA:S 0 . 73eV ( lO ) ;B2v=0 . 17eV ( l , 14 ) ;�t=0 . 42eV ( l , lO ) ; v � lO sec 

The magnitude of thermal equilibrium vacancy concentration is determined 
from Lom;r ' s equations ( 1 7 )  or from the relation V�=exp (-E;+sf .Tk) /�Tk ( 16 ) ,
where Ef= the vacancy formation energy in the alloy and Sf= the formation

r -5 . .r -5 entropy of a vacany . So we have V
0b

= 2 . 84 . 10 and v
0t= 2 . 97 . 10 • Zone

density in the alloys was determined from: l .  The resistivity-ageing time 
ratio (?

!..
� ' 10 ) , A=t!ax/t�x� Vb/Vt, where tmax is a time to a resistivity

maximum. This- follows ��rom the relaUon _ �= (Vb/�>-x.{i-12 (M0b +M0tV / { l-12M0b) ,  
see ref .  (2 )  , since in the pres-ent case second term after the sign "x" is 
nearly -one . The model also gives A= (V ob/V ot) exp {<Ket -K

eb
) tJ =A0 exp {<N zt . ft . D et

-_Nzb " fb .Dcb> t} ; 2 .  The empirical relation Nzt/Nzb=a-BTa uoi , where Ta is 
0 -3 -in K ,  a=l . 1867 and a=0 . 7547 . 10 , since the resistivity maximum 6Pmax«Nz ( 4 ) ,

and 3 . the binding energy Bt ( 1 0 )  estimated from a set of A values , using
Lomer 's equations ( 2 , 3 , 11 ) , see table . 

· T OK a '  2 1 8  2 3 8  258 2 7 8  298

A 1 . 17 1 . 18 1 . 15 1 . 6 1  1 . 58

Bt, ev 0 . 125 0 . 1 3  0 . 132  0. 175 0 . 18 
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The ratio of A strongly depends on 
quenching procidure (time) , Fig . 4 . 
A

0 
was set equal to Ar (=7 . 105 ) ,  where

Ar is the ratio of free vacancy concen­
trations at 218°K after a time t=t
(QS 6 .  84sec) , measured time of quenching 



was 6sec . The atomic fraction of Z _is then estimated from equations (I )  
and (I ' )  as  a function of ageing time (Fig . S . )  and isochronal ageing tem­
perature (Fig . 6 . ) . The variation of constants K0 , K 1 and K 1 1  is also plot­
ted in Fig . 6 .  From these curves is seen that the ageing occurs in two sta­
ges : the first, major reaction up to the maximum resistivity, below 253°K,

lA 

%0 

Fig. 4 .  Effect of quenching 
time on the free vacancy cgn­
centration ratio A0 at 218  K (lO )

0 /  
0 10 80 IDO 

Fig . 5 .Effect of ageing time at 218°K
on the change of. precipitated atoms 
into G . P . zones . 

Fig . 7 . The dependence of the zone radius ,
R, on- ageing time at 21a°K .

,o · -«r:-Fig . 6 .  The variation o f  z and equivalent 
constants K0 ,K ' and Kr ' on temperature .

is trapping of vacancies by copper atoms ,
0
which retards the �geing , and

the second , beyond the maximum, above 2.53 K, detrapping of. vacancies , be­
gins due to dissociation of V-Cu pairs causing an increase ·of the ag�ing 
rate up to a maximum of z ,  which corresponds to 0 . 8% of Zn precipitated 
into zones . The variation of R with ageing time and temperature is shown 
_in Figs . ? and 8 ,  respectively • . In Fig. 7 . , the X-ray small-angle scattering
(SAS ) results obtained by Ipohorski and Bonfiglioli (9 ) .are shown for com­
parison . If a resistivity maximum is related to the. critical zone radius 
(6 ,·l ) ,  it follows from the curves in Fig . 8  that � · = 26X ,  for 09th al!oys .
This radius corresponds to the volume zone densitfa�zv= 3 . 8 . 10 1 z/cm 
calculated by using �asek 's re1ation {18 ) . This value fa!ls into a range
of densities of 10I6+1o l8 z/cm reported by. Nicholson (19 )  for aluminium
alloys . Herman, Cohen and Fine (20 ) have estimated the zone radius of 1ai,  
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.E'ig . 8 .  The variation of the 
zone radius with isochronal 
ageing temperature ( 2  min .at 
each temperature in· steps of 
20°K) . 
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and, starting from SAS results , the same 
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The proposed model is found to be valid 
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cover G . P .  zones less than 1 0R. A better way 
would be to follow the zone growth by resisti­
vity measurements and then to calculate the 
zone radius . The kinetic model presented here 
yields the possibility of calculation of the 
zone radius from resistivity data . In spite 
of the same uncertainties in the kinetic para­
meter determination, cile values estimated from 
the model are in good ag�eement with those 
predicted by the other authors . 
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