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Isochronal and isothermal ageing experiments have been carried out to determine the
influence of 0.01 at. %, addition of a second solute on the clustering rate in the quenched
Al-4.4 afo Zn alloy. The influence of quenching and ageing temperatures has been
interpreted to obtain the apparent vacancy formation and vacancy migration energies in the
various ternary alloys, Using a vacancy-aided clustering model the following values of
binding free energy have been evaluated: Ce - 0.18; Dy - 0.24; Fe - 0.18; Li - 0.25; Mn - 0.27;
Nb -0.18; Pt-0.23; Sb -0.21; Si-0.30; Y - 0.25; and Yb - 0.23 (+ 0.02 eV). These binding
energy values refer to that between a solute atom and a single vacancy. The values of
vacancy migration energy (c. 0.4 eV) and the experimental activation energy for solute
diffusion (c. 1.1 eV) are unaffected by the presence of the ternary atoms in the Al-Zn alloy.

1. Introduction

The presence of trace elements or impurities
plays a very important réle in the decomposition
of quenched, supersaturated solid solutions. The
presence of impurities also produces a significant
and measurable influence on the rate of resistivity
change during ageing; this has been advantage-
ously used for computing the solute-vacancy
binding energies in alloys. Although this is an
indirect method, it has been shown to yield
reliable values of binding energy that are of
particular interest in the interpretation of the
ageing kinetics and solute diffusion in quenched
alloys. The solute-vacancy binding energies have
been determined for a number of solutes in
different solvent matrices. The trace elements
have a strong influence on the ageing character-
istics of binary alloys. They may: (i) modify the
interfacial energy between a precipitate particle
and the matrix; (ii) change the free energy
relationships in an alloy system so that precipita-
tion of a different phase is favoured; (iii) segre-
gate to grain boundaries and inhibit discontinu-
ous precipitation; (iv) increase  solute
supersaturation at the ageing temperature;
(v) stabilise vacancy clusters and inhibit the
formation of denuded zones in the vicinity of
grain boundaries, with a consequent improve-
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ment in stress-corrosion resistance; and (vi)
promote uniform fine precipitation.

The vacancy-binding free energies (subse-
quently termed vacancy binding energies) for a
number of solutes have been determined by
measuring the slowing down effect in the ageing
rate in Al-Cu, Al-Zn and Al-Mg alloys. The
present investigation deals with the role of trace
elements on the clustering characteristics of an
Al-4.4% Zn (all compositions in the text and
tables are given in at. % only), and to evaluate
the solute-vacancy binding energies. For this
purpose the following experimental conditions
were studied:

(a) isochronal ageing behaviour of quenched
alloys;

(b) dependency of quenched-in-resistivity on
quenching temperature;

(¢) influence of quenching and ageing tempera-
tures on the isothermal ageing characteristics.

2. General Approach

The clustering process was followed by measur-
ing the changes in electrical resistivity during
ageing. The quenched-in-resistivity (dpy), time-
to-peak (#m) and the initial ageing rate (dR/d¢)
were the parameters used to derive the kinetics
of clustering.
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The total vacancy concentration (atom
fraction) CyvP, in the Al-Zn alloy can be expressed
as [1]:

CyP = A(l — 12Czn + 12Czn.exp(Es¥~/kTy)
exp(— Ei/kTq) )
CyP = AgP exp(—~ EiP/kTy) )
where Eg7— %% is the v — Zn binding energy, Ty
the quenching temperature, E:; the vacancy
formation energy in aluminium, E;° the apparent
vacancy formation energy in the alloy and Ao® a
constant containing an entropy term. The
derivation of the above equation assumes the
presence of only isolated mono-vacancies,
solute atoms and solute-vacancy pairs, so that
vacancy clustering, solute clustering and higher
order solute-vacancy clustering are neglected.
Also, the entropy term is assumed the same for
free and associated sites.

If zinc atoms do not interact with atoms of a
third element, then Lomer’s [1] equation for the
equilibrium vacancy concentration in the ternary
alloy, Cyt, can be written as:

Cyt = A(1 — 12Czn + 12Czn exp(Es¥~28/kTg)
— 12C; + 12C; exp(Es¥~1/kTy))
x (exp(— EifkTq))  (3)
vt = Aot exp(— Ei'/kTq) 4)
where, C; is the atom fraction of the ternary
solute and Est is the apparent vacancy formation
energy in the ternary alloy. If the times to reach
the peak in resistivity or the initial rate of ageing
in the binary and the ternary alloys are
considered, the ratio of Cytto CyP can be used to
compute Epv~i, the vacancy-trace element
binding energy.

From equations (1) to (4):

: . Gt Aot exp(— Eit/kTq)
Ageing Ratio = T~ Agbexp(— EJkTo)

__ (time-to-peak)pinary
- (time-to-peak)terna,ry
(Initial ageing rate)ternary
" (Initial ageing rate)pinary
= (1 — 12Czn + 12Czn exp(Es’~27/kT3) %)
— 12C; + 12C; exp(EeY~YkT%))

(1 — 12Czn + 12Czn exp(Ee’~20/kTs,))
This relation, evaluated at the ageing tempera-
ture T, helps to determine the vacancy-solute
atom binding energy, by measuring the relative
retardation brought about by the ternary atom.
In deriving the above equation, it has been
assumed that the fraction of vacancies in sites
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associated with binary as well as ternary solute
atoms increases as the temperature falls from
Ty to Ty If Eg¥—%n and Egv~1are not very small,
the redistribution will occur very quickly,
practically immediately after quenching [2-4].

An “effective binding energy” [2], between
zinc atoms and vacancies in the concentrated
Al-Zn alloy can be evaluated and used for
computing the binding energy between the trace
element and vacancies.

3. Experimental

Alloys were made using super-purity aluminium
(99.997+) and high purity zinc (99.99+). Other
alloy additions were made using metals of 99.9 %,
or better purity, Alloy preparation procedure,
their thermal and mechanical treatments and the
specimen design employed have been discussed
elsewhere [5, 6]. Ternary alloy additions were so
calculated as to result in a 0.01 % addition in the
Al-4.4%, Zn alloy. Table I gives the composition
of the alloys used in this investigation.

TABLE | Alloy compositions used in the present
investigation

Alloying element Wt equivalent of wt % Zinc*
0.01 at. % in the alloy
— -— 10.03
Cerium 0.045 10.10
Dysprosium 0.053 10.00
Iron 0.053 10.00
Lithium 0.0023 10.00
Manganese 0.0091 9.99
Niobium 0.03 10.01
Platinum 0.060 10.00
Antimony 0.040 10.00
Silicon 0.018 10.00
Yttrium 0.030 9.98
Ytterbium 0.056 9.99

*only in this table are wt % values given.

Specimens in the form of helical coils were
first stabilised, then solutionised for 1 h at the
desired quenching temperature, quenched into
stirred ice/water bath at 0°C and immediately
transferred into the liquid air bath. After
measuring the resistivity at this temperature (to
obtain dpg), the specimen was transferred to the
ageing bath, and the resistivity changes were
recorded directly at the ageing temperature.

4. Results and Analysis

Results are presented here in terms of resistivity
increments in n £ cm units (= 10~° ohm/cm),



CLUSTERING AND SOLUTE-VACANCY BINDING ENERGIES

over a pre-selected reference state. For obtaining
the reference resistivity the samples were
homogenised at a temperature of 200°C (just
above the solvus temperature for the alloys) and
quenched, and the resistivity measurements were
made at respective ageing temperatures to obtain
the appropriate value of the reference resistivity.
This treatment is expected to produce a condi-
tion of random distribution of solute atoms, and
no appreciable cluster formation due to the very
low concentration of vacancies quenched-in
from this temperature. It was also found that the
reference resistivities measured by this method
were very nearly the same as the ones obtained
from the aged and fully reverted specimens. The
resistivity change dp was obtained from the
relation:

dp = po(Rt — Ry)/R, (6

where p, and R, are the resistivity and the
resistance of the sample respectively, in the
reference state.

Fig. 1 shows the resistivity changes during
isochronal annealing of the alloys after quench
from a temperature of 380°C. Isochronal ageing
was carried out for 2 min. intervals at each
temperature, in steps of 20°C in the range — 80
to 200°C. Resistivity measurements were made
at liquid air temperature. This set of experiments
was carried out to gain a qualitative understand-
ing of the nature of alloy decomposition. The
general pattern of the isochronal curves for the
ternary alloys is similar to that for the base
binary alloy. It is found that in the range — 80 to
20°C, the resistivity increases to a peak followed
by a continuous decrease to a plateau; in certain
cases, a second decrease is observed at higher
temperatures.

Figs. 2a-k show the resistivity changes during
isothermal ageing at 0°C after quench from
different indicated temperatures. These results
are typical of measurements at different ageing
temperatures, which are not included here.
Fromtheshapes of the isothermal curves it can be
observed that the zone forming process takes
place by the same mechanism in all the alloys,
and there appears to be no nucleation barrier for
this process. The presence of 0.01%, of the
ternary addition does not influence the scale of
zone formation, as can be seen from the nearly
equal peak-heights in resistivity, which is
independent of the quenching temperature, in all
the alloys.
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Figure 1 Resistivity changes during isochronal annealing
of some of the alloys studied after quench from 380°C.
(2 min. anneals taken at 20°C intervals),

4.1. Time-to-peak in Resistivity
Using the peak in resistivity to represent an
identical state of zone distribution in the alloy for
different quenching temperatures, t;m can be
related to the associated activation energy
through the equation:
tm = to.exp(Ex/kTy) @)

The Arrhenius plots relating log(tm) and 1/Ty
are drawn in fig. 3 and the values of the apparent
activation energy for formation of vacancies
derived therefrom, for the different alloys have
been tabulated in table II.

Before the above values of the vacancy
formation energy can be used in quantitative
calculations, they need be corrected for two
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Figure 2 isothermal resistivity changes at 0°C in the alloys studied after quench from different temperatures.

significant effects, viz., (i) effect of solute
depletion due to zone formation, on the vacancy
environment in the matrix during the time
interval elapsed between quenching and the
appearance of the peak in resistivity, and (ii) the
influence of the ternary element on the vacancy
life time in the alloy matrix. Both these correct-
ions have been applied based on the method
suggested by Perry [2] and the corrected values
of vacancy formation energy so obtained are also
included in table II.

4.2, Initial Ageing Rate

In order to evaluate the initial ageing rate, many
methods have been used [2, 7]. In the present
case, the experimental data were programmed on
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an IBM 7044 computer to determine the best
fitting polynomial. The values of the initial
ageing rate were then obtained by putting zero
time in the rate equation. Without exception, the
results of curve fitting were 3rd degree poly-
nomials, yielding a quadratic rate equation of the
type:

dR/dt = a + bt + ct? (8)

This agrees well with a similar equation used by
Perry [2] for the ageing data on Al-Zn and
Al-Zn-Mg alloys. Using the values of dR/d¢ at
t =0, as a function of Ty, the values of the
apparent vacancy formation energy were calcula-
ted in a way similar to that used with the time-
to-peak data, and are given in table 1. It may be
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Figure 2 (continued).

observed that the values obtained by the two
methods are close to each other.

A similar evaluation made by considering the
dependency on T, of either t, or dR/dt would
yield the apparent activation energy for migra-
tion of vacancies. These values have been
calculated and included in table III, and the
related activation plots are shown in fig. 4. It
may be observed that these plots are not strictly
linear in the entire range of temperatures studied,
but are made up of two linear portions, one for
T, below 20°C, and the other for temperatures
above 20°C. The high temperature portion has
more or less the same slope for all the alloys,
corresponding to an activation energy of about
0.2 eV. A similar variation had been observed in

the Al-Zn alloys [8].

The values of Eit evaluated above may be
substituted in equation 5 to obtain the values of
Egv-1 (table II). For this purpose a value of
(.06 eV [8] has been used for the vacancy-zinc
binding energy.

4.3 Ageing Ratio

The values of binding energy may be computed
by using the experimental ageing ratios also;
ageing ratio can be calculated from time-to-peak
as well as initial ageing rate data. For this
purpose only results obtained for ageing at 0°C
have been used to demonstrate the applicability
of the ageing ratio method. The ageing ratios
were computed (@) directly from the time-to-peak
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TABLE 1! Values of apparent vacancy formation energy in the various alloys studied, and the solute-vacancy binding

energies
Alloy Vacancy Formation Energy, eV Epv-i*
(+0.02¢V)
from time-to-peak from initial
ageing rates

Uncorrected corrected
Al-44Zn 0.81 0.70 0.66
Al-4.4 Zn-0.01 Ce 0.80 0.69 0.69 0.18
Al-4.4 Zn-0.01 Dy 0.77 0.66 0.66 0.24
Al-4.4 Zn-0.01 Fe 0.75 0.69 0.69 0.18
Al-4.4 Zn-0.01 Li 0.76 0.64 0.63 0.26
Al-4.4 Zn-0.01 Mn 0.69 0.62 0.63 0.27
Al-4.4 Zn-0.01 Nb 0.82 0.69 0.70 0.18
Al-4.4 Zn-0.01 Pt 0.78 0.67 0.67 0.23
Al-4.4 Zn-0.01 Sb 0.80 0.68 0.68 0.21
Al-4.4 Zn-0.01 Si 0.77 0.60 0.60 0.30
Al-44Zn-0.01Y 0.76 0.65 0.64 0.25
Al-4.4 Zn-0.01 Yb 0.78 0.67 0.67 0.23

*Values calculated using equation (5), with a value of 0.06 eV for Egv-Zn,

TABLE 1l Values of apparent vacancy migration energies in the various alloys investigated

Vacancy Migration Energy, eV for ageing below 20°C Vacancy migration
Tq = 260°C Tq = 300°C energy for ageing .
above 20°C

¢y @) (3) 1) ) (3) eV

Al-Zn 0.42 0.42 0.43 0.40 0.40 0.40 0.23

Al-Zn-Ce 0.47 0.46 0.42 0.45 0.44 0.44 0.20

Al-Zn-Dy 0.41 0.41 0.42 0.39 0.40 0.40 0.22

Al-Zn-Fe 0.44 0.42 0.43 0.39 0.39 0.40 0.25

Al-Zn-Li 0.40 0.40 0.40 0.37 0.37 0.37 0.22

Al-Zn-Mn 0.44 0.44 043 0.40 0.38 0.39 —

Al-Zn-Nb 0.47 0.45 0.45 0.41 0.40 0.40 0.20

Al-Zn-Pt 0.46 0.44 0.44 0.44 0.43 0.43 —

Al-Zn-Sb 0.45 042 0.42 0.42 0.40 0.40 0.20

Al-Zn-Si 0.39 0.37 0.39 0.35 0.35 0.37 0.24

Al-Zn-Y 0.44 0.41 0.40 0.39 0.38 0.37 0.22

Al-Zn-Yb 0.41 0.40 0.42 0.38 0.38 0.39 0.17

(1) Values from time-to-peak, uncorrected; (2) Values from time-to-peak, corrected; (3) Values from initial ageing
rate data.

TABLE 1V Experimental ageing ratios abtained from time-to-peak data in the alloys studied and the corresponding
vacancy-solute binding energies

Alloy used Ageing ratios at 0°C after quench from Average Epv-t
300°C 340°C 380°C AR, (4 0.02eV)
AR AR, AR AR, AR AR,
Al-Zn-Ce 1.08- 1.12 1.10 1.14 1.12 1.14 1.13 0.18
Al-Zn-Fe 1.00 1.13 1.00 1.13 1.12 1.12 1.13 0.18
Al-Zn-Li 1.71 1.98 1.80 2.01 1.83 2.04 2.01 0.26
Al-Zn-Mn 1.25 1.86 1.25 1.88 1.26 1.84 1.86 0.25
Al-Zn-Nb 1.05 1.13 1.10 1.13 1.12 1.13 1.13 0.18
Al-Zn-Pt 1.41 1.60 1.53 1.63 1.60 1.60 1.61 0.23
Al-Zn-Sb 1.20 1.38 — — 1.26 1.38 1.38 0.21
Al-Zn-Si 1.35 2.30 1.33 2.32 1.42 2.30 2.31 0.28
Al-Zn-Y —_ — 1.66 1.88 1.70 1.86 1.87 0.25
Al-Zn-Yb 1.42 1.62 1.44 1.62 1.50 1.60 1.61 0.23

Note: 1. AR : Ageing ratio obtained from time-to-peak data
2. AR,: Ageing ratio obtained by extrapolation to zero ageing time [2]
3. Ewv-1i obtained by using equation (5).
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data, which were corrected to obtain the extra-
polated [2] value at zero ageing time; or (b) from
the initial ageing rate data. As can be seen from
table IV these values agree well with each other.
By using equation 5 the values of Ez¥-! have
been evaluated in the various alloys (except the
Al-Zn-Dy alloy) using the corresponding values
of the ageing ratios (table IV).
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Figure 3 Activation plots relating log(fm) with reciprocal
quenching temperatures for the various alloys studied.

5. Discussion of Results

Reference to fig. 1 indicates that for identical
conditions of ageing, the time-to-peak is larger
in all the ternary alloys than in the binary
Al-4.4 Zn alloy. This is a definite indication of
the interaction between the ternary solute and
the quenched-in vacancies. This inference is
based on a vacancy-aided mechanism for the
growth of clusters, and the temporary loss of
vacancies by the formation of ternary atom-
vacancy couples, which are considered to be less
mobile. If the ternary solute strongly interacts
with vacancies, but does not migrate to zones,
then the lattice vacancies are trapped and there
occurs a decrease in the zinc clustering rate.
However, if the solute is a zone-forming constitu-
ent and acquires an associated vacancy, its
migration rate will be high. Both the solutes will
then be transported simultaneously through the

ty. SECS.

(i) x 10° (MARKED FOR EACH CURVE)

I Al-2Zn-Li
5)Al-Zn-Y
9) Al-Zn-Fe

2) Al-Zn-Nb
6} Al-Zn-Pt

3)Al-2n-Ce
7}Al-Zn-Mn

) Al-Zn-Yb
B M-Zn-Sb

Figure 4 Arrhenius plots of log(fm) versus reciprocal
ageing temperature for the various alloys studied.

formation of clusters comprising atoms of zinc
and the second solute, and an associated vacancy,
which migrate to zones by continual interchange
of the vacancy between the cluster constituents
and the surrounding solute atoms. In this case
there is observed an acceleration in the clustering
rate. Such a case has been experimentally
realised in Al-Zn-Ag alloys quenched from lower
temperatures [6]. In the present series of alloys,
therefore, a reasonable assumption can be made
that the ternary clemental additions are not
zone-forming constituents, but they only trap
vacancies giving rise to the observed retardation
in the zinc clustering rate. The magnitude of the
interaction energy for the formation of the
solute-vacancy pair can therefore be evaluated by
measuring the relative ageing rates in the binary
and ternary alloys under identical conditions of
quenching and ageing.

It has been shown that in the Al-4.4 Zn alloy,
zinc atoms exhibit an effective binding energy of
0.06 eV [2, 8]. In order to arrive at a simple
picture of the relative vacancy concentration, it
may be assumed as a first approximation, that
the value of 0.06 eV is small enough to be
neglected. The vacancy concentration in the
binary alloy will then be simply equal to that in

1373



K. S. RAMAN, E. S. D. DAS, K. I. VASU

pure aluminium quenched from the same
temperature. For quenching temperatures
employed here, viz., 250 to 450°C, this value is
in the range 5 x 10-7 to 3 x 10~°. Thus the
vacancy concentration is 1 to 3 orders of
magnitude lower than the ternary solute
concentration of 10~ in the ternary alloys. This
would mean that the existence of complexes with
more than one vacancy can be ignored.

Again, if the field of solute-vacancy interaction
does not extend beyond nearest neighbour sites,
and the vibrational entropy is unchanged near a
solute atom, then the fraction Cp, of associated
vacancies will be:

C — 12C; Cy exp(EBV—YKT)
P71 + Gy exp(EsVkT)

Allowing a maximum of one vacancy per solute,
all the solute atoms will be associated if,

©

12C; Gy exp(Es kT = 1 + Cy exp(Egv-1/kT)
..... (10)

At a temperature of 450°C, Eg¥-1has to be ¢. 0.5
eV for all the solute atoms to be associated.
Auvailable estimates of binding energy are well
below 0.5 eV and hence in all the ternary alloys
studied, there will be a good proportion of solute
atoms without an associated vacancy. If allow-
ance is now made for the positive binding
between zinc atoms and vacancies, it will simply
result in a redistributuion of vacancies between
zinc and the ternary solute atoms. In all the
ternary alloys, therefore, the existence of simple
solute-vacancy pairs is justified, and the evalua-
ted solute-vacancy binding energies are reliable
estimates for binding between a single solute
atom and a single vacancy.

5.1. Magnitude of Solute-Vacancy Binding
Energy

In the foregoing sections an attempt has been
made to interpret the observed resistivity changes
in terms of preferential vacancy-binding by
ternary solutes, within the limitations associated
with the use of the modified Lomer’s equations.
These estimates have been compared with other
experimental values available in literature in
table V.

The various ternary additions, whose influence
has been reported herein, were selected on the
basis of the following reasons:

(@) those for which reliable binding energy data
were not available;
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(b) those for which good estimates were available,
e.g. Si; to serve as a check for the method of
evaluation used here.
Values of binding energy used in table V for
comparison include:
() equilibrium measurements made at high
temperatures;
(ii) measurements on
alloys;
(ii1) theoretical estimates.
Since theories are not yet developed to a stage
when they can fully explain the significance of the
Binding Energy, a comparison with these
estimated values is not fully justified. In making
comparisons between values from (i) and (i)
above, the greatest difference due to the tempera-
ture effect is approximately 0.02 eV, which is of
the same order of magnitude as the error in the
experimental estimation here.

quenched metastable

5.1.1. Iron

-The value of 0.18 eV derived here agrees well

with that measured by Perry and Entwistle [9] by
investigating into the slowing down effect of iron
addition in an Al-Cu alloy. The good agreement
is perhaps due to the fact that both the estimates
have been made by identical methods.

5.1.2. Manganese

The present value of 0.27 €V for the vacancy-
manganese binding energy is slightly higher than
those reported in literature [9-12].

5.1.3. Silicon

This element has been very widely studied
perhaps because of its commercial importance.
King and Burke [17] reported a value of 0.2 eV
for the v-Si binding energy from their high
temperature, equilibrium measurements. Nor-
mally, as reported by Beaman et al for the
v-Ag binding energy of 0.08 eV [21], and for
v-Mg binding energy of ¢ 0.01 eV [22], the solute-
vacancy binding energies estimated by high
temperature equilibrium measurements are of
the order of 0.01 to 0.08 e¢V. The quenching
experiments as well as the high temperature
equilibrium measurements yield a higher value
for the binding energy between silicon atoms and
vacancies. This confirms that silicon atoms
exhibit high binding energy to vacancies. This
also affords an example wherein the high
temperature equilibrium value is reasonably
close to the values based on other methods of
evaluation (table V). This agreement is taken to
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TABLE V Comparison of solute-vacancy binding energies in aluminjium matrix obtained by different methods

Element and alloy used Method of evaluation Epv-i eV Reference
Iron

Al-4 Cu-0.01 Fe Ageing Ratio 0.18 91

Al-4.4 Zn-0.01 Fe Clustering 0.18 This work
Manganese

Al-Zn-Mn Ageing Ratio 0.23 10, 11]

Al-4 Cu-0.01 Mn Ageing Ratio 0.24 9

Al-Mn (dilute) Quenched-in-resistivity 0.16 12]

Al-4.4 Zn-0.01 Mn Clustering 0.27 This work
Silicon

Al-Si (002-0.15) Specimen size effect 0.26 [13]

Al-4.4 Zn-0.1 Si Clustering 0.15 to 0.27 14]

Al-Zn-Si. Ageing Ratio 0.28 10]

Al-Si Quenching 0.27 15, 16]

Al-Cu-Si Ageing Ratio 0.23 9]

Al-Si Lattice parameter 0.20 17]

— Theoretical 0.14, 0.25, 0.31 [18, 19, 20]

Al-4.4 Zn-0.01 Si Clustering 0.30 This work
Cerium

Al-4.4 Zn-0.01 Ce Clustering 0.18 This work
Dysprosium

Al-4.4 Zn-0.01 Dy Clustering 0.24 This work
Lithium

Al-4.4 Zn-0.01 Li Clustering 0.26 This work
Niobium

Al-4.4 Zn-0.01 Nb Clustering 0.18 This work
Platinum

Al-4.4 Zn-0.01 Pt Clustering 0.23 This work
Antimony

Al-4.4 Zn-0.01 Sb Clustering 0.21 This work
Yttrium

Al-44Zn001Y Clustering 0.25 This work
Yiterbium

Al-4.4 Zn-0.01 Yb Clustering 0.23 This work

be of significance as it supports the validity of the
present mode of evaluation.

5.1.4. Dysprosium

The peak height for isothermal curves in the
Al-Zn-Dy alloy increases with T (data presented
and discussed elsewhere [23]) indicating a
possible increase in the number of zones formed
with T4 due to solute-solute type of interactions.
The binding energy value given here for Dy is
therefore subject to correction, and not reliable.

5.1.5. Other ternary solutes

For the other solutes, viz., Ce, Li, Nb, Pt, Sb, Y,
and Yb, no other values of binding energy seem
to be available for comparison with the present
results. For reasons discussed earlier, values
listed in table V are considered to be reliable
estimates.

5.2, Elastic and Electronic Contributions to
Vacancy-Solute Binding

The vacancy-solute interaction has been shown

to arise out of two individual contributions: the

electronic part [24] and the elastic part [25].

Though theoretical procedures are available to
determine these contributions separately [24, 25],
experimental methods for the same are lacking
[10]. An attempt has been made here to deter-
mine the more predominant factor by listing the
available estimates of binding energy in tables VI
and VII for elements with similar valencies
(considered to be zero for transitional elements)
and similar sizes[26] respectively. Values obtained
under nearly similar experimental conditions and
methods of evaluation have been used in these
tables.

5.2.1. Binding Energies of elements with
similar valencies
Table VI shows that elements Fe, Mn, Dy, Ce,

-and Yb have atomic misfit parameters increasing

from — 11.8 to + 35.3, but their respective
binding energies do not show any regular
variation. Similarly for the monovalent set of
metals Cu, Au, Ag, and Li, the bivalent set Be,
Zn, Cd, Mg, and Ca, and the tetravalent set Si,
Ge, Ti, Zr, Sn, and Pb, all of which are arranged
in the increasing order of atomic misfit with
aluminium lattice, no regular variation in their
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TABLE VI Comparison of vacancy-solute binding energy values for elements with similar valencies

Element Valency Misfit parameter Epv-i Reference
TALT Mo 100 V)
FAl
Fe 0 — 11.8 0.18 This work
Mn 0 — 8.6 0.27 This work
Dy 0 + 23.9 0.24 This work
Ce 0 + 272 0.18 This work
Yb 0 + 35.3 0.23 This work
Be 2 — 214 0.26 [27
Zn 2 -~ 3.5 0.21 [9
Cd 2 + 7.8 0.32 [28
Mg 2 + 11.8 0.18 2
Ca 2 + 38.5 0.27 [10
Si 4 — 8.0 0.30 This work
Ge 4 — 44 0.33 [10
Ti 4 + 2.7 0.30 [10
Zr 4 + 11.8 0.33 [10
Sn 4 + 134 0.31 [29
Pb 4 + 222 0.38 [10

binding energy values was observed. It can
therefore be conceived that the elastic-interaction
contribution to the solute-vacancybindingenergy
though present, might not play a major rdle.

5.2.2. Binding Energies of elements with
similar sizes

For the elements Cu, Zn, Si, and Ge, which have

similar sizes but different valencies, variation of

binding energy with valency seems to be

pronounced, particularly between Mn and Si,

Zn and Ge, and Cu and Si. A similar observation

may be made for the metals Mg and Zr, and Li
and Cd. Again for Dy, Y, and Pb; Yb, Ce and
Ca, and Fe and Be, a regular variation of binding
energy with valency is observed. Thus the
electronic contribution to the binding energy
seems to be more pronounced than the elastic
contribution, as was suggested by Shimizu and
Takamura [30]. Any variation in the binding
energy for elements belonging to the same group
in the periodic table [10] may be due to the fact
that these elements might exhibit a different
effective valence in aluminium as distinct from

TABLE VIl Comparison of vacancy-solute binding energy vaiues for elements with similar sizes

Element Valency Misfit parameter Egvi Reference
=My 100 V)
FAl
Mn 0 — 8.6 0.27 This work
Cu 1 — 107 0.23 [10]
Zn 2 — 35 0.21 91
Si 4 - 8.0 0.30 This work
Ge 4 — 44 0.33 [10]
Pt 8 — 31 0.23 This work
Mg 2 + 11.8 0.18 21
In 3 + 16.2 0.39 [10]
Sn 4 + 13.4 0.31 [29]
Zr 4 + 11.8 0.33 [10]
Sb 5 + 11.3 0.21 This work
Li 1 + 8.4 0.26 This work
Cd 2 + 7.8 0.32 [28]
Dy 0 + 23.9 0.24 This work
Y 3 + 25.8 0.25 This work
Pb 4 +22.2 0.38 [10]
Yb 0 4+ 353 0.23 This work
Ce 0 +27.2 0.18 This work
Ca 2 + 38.5 0.27 [10]
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their group valency [31].

Therefore it can be summarised that the
valency effect of vacancy-solute atom binding is
very pronounced and the size effect, though
observed in some cases, is smaller than the
valence effect.

5.3. Experimental Activation Energy for
Vacancy Migration and Solute Diffusion

The activation energy plots for vacancy migra-
tion show a break at 20°C for the binary alloy
and the ternary additions (fig. 4) except Mn and
Pt. The slope of the high temperature region
corresponds to a vacancy migration energy of
¢0.20 eV, and the low temperature portion of the
activation plot yielded a vacancy migration
energy of ¢ 0.40 eV. This type of behaviour was
also observed by Federighi [32] in pure alumin-
ium. This can be associated with the growth
process of zones. At lower temperatures (less than
20°C), zones can be considered to grow by the
addition of single atoms [33]. At temperatures
above 20°C, in addition to the movement of
v-Zn pairs, the smaller zones might also migrate
to the nearby growing larger zones [34]. There-
fore it is necessary to use the migration energy
computed from the low temperature portion of
the activation plots (fig. 4) to calculate the
activation energy for solute diffusion.

The values of migration energy for ternary
alloys are nearly the same as for the binary alloy
(c 0.4 eV), (table III). The apparent migration
energy of zinc atoms is the effective migration
energy of v-Zn pair, £y, minus the v-Zn binding
energy, Epv—Zn [35].

As the ternary additions are made in minute
quantities and the cluster growth is mainly con-
trolled by the movement of v-Zn pairs, the ap-
parent migration energy is practically unaltered
by ternary additions to the Al-4.4 Zn alloy. The
values of vacancy migration energy measured
therefore correspond to that of zinc atoms.

The experimental activation energy for zinc
diffusion [32] in the different alloys can be
calculated from the expression:

Ep = E; + Ey + Eg¥— 12 (1D

This equation does not lead to a precise estima-
tion of the experimental activation energy for
zinc diffusion because the inter-relation between
vacancy formation energies in the binary and the
ternary alloys and v-Zn and v-i binding energies
have not been taken into account. Further the
data presented here are not adequate to make

allowances for the temperature dependence of
the impurity diffusion correlation factor. How-
ever, the values of activation energy for solute
diffusion (¢ 1.10 eV) (table VIIT) agree well with
the value of Hilliard ez a/ [36] and Beerwald [37],
which is also around 1.1 e¢V. This confirms that
the type of solute-vacancy complexes taking part
in the solute diffusion is the same in all the alloys
studied. In the initial stages of clustering of
quenched alloys, solute diffusion is largely
controlled by excess quenched-in vacancies via
the formation of v-Zn complexes.

TABLE VIl Values of experimental activation energy
for solute diffusion computed from the
vacancy formation energy, vacancy migra-
tion energy and the vacancy-zinc binding

energy
Alloy VFE VME Ep

(£0.01eV) (£0.01eV) (& 0.04¢eV)
Al-Zn 0.70 0.45 1.21
Al-Zn-Ce  0.69 0.45 1.20
Al-Zn-Dy  0.66 0.41 1.13
Al-Zn-Fe  0.69 0.42 1.17
Al-Zn-Li 0.64 0.39 1.09
Al-Zn-Mn  0.62 0.37 1.05
Al-Zn-Nb  0.69 0.43 1.18
Al-Zn-Pt 0.67 0.44 1.17
AlZn-Sb  0.68 0.41 1.15
Al-Zn-Si 0.60 0.44 1.10
Al-Zn-Y 0.65 0.39 1.10
Al-Zp-Yb  0.67 0.40 1.13

Ep is computed from equation (11), for which a value
of Exv~2r = .06 eV has been used.

6. Conclusions
The foregoing discussions show that trace
element additions exert a measurable influence
on the kinetics of clustering in the Al-4.4%, Zn
alloy, although the general process of clustering
remains unaltered. The following values of
binding energy between a single vacancy and a
solute atom, are obtained by interpretation of the
results:
Ce-0.18; Fe-0.18; Li-0.26; Mn-0.27;
Nb-0.18; Pt-0.23; Sb-0.21; Si-0.30;
Y - 0.25; and Yb - 0.23 (& 0.02 V).
The magnitudes of the binding energy evaluated
seem to be more influenced by the valency
difference than the difference in atomic sizes
between the solute and aluminium atoms.
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