JOURNAL OF MATERIALS SCIENCE 27 (1992) 1347-1352

Investigation of the decomposition behaviour
In supersaturated Al-Zn alloys

A. GABER, N. AFIFY

Physics Department, Faculty of Science, Assiut University, Assiut, Egypt

The decomposition behaviour in supersaturated Al + (1-6.4)at % Zn has been investigated
using electrical resistivity and microhardness measurements in the temperature range from
room temperature to ~500° C. The experimental results showed that (i) both the temperature
coefficient of resistivity and the relaxation time of the free electrons diminish as the
concentration of Zn increases in the alloy; (ii) the early stage decomposition of the
supersaturated alloys via Guinier—Preston zone formation is accompanied by an appreciable
increase in the microhardness of about 80 MPa per 1 at % Zn; (iii) the obtained activation
energy of 0.41 eV for the precipitation process of the dissolved zinc atoms is close to the
migration energy of zinc in aluminium which indicates that the precipitation mechanism is
characterized by the migration and coalescence of zinc atoms.

1. Introduction

In most aluminium alloys, the dissolved elements have
a decreasing solubility with decreasing temperature.
Therefore, when the alloy is given a solution heat
treatment and then quenched to a temperature equal
or near to room temperature, it will be supersaturated
with respect to the dissolved element and will undergo
structural changes. These structural transformations
have been widely investigated in supersaturated bin-
ary and ternary aluminium alloys. In Al-Zn alloys, the
early stage decomposition process is characterized by
the formation of small spherical zones within the
crystal lattice (Guinier—Preston, GP, zones), rich in
solute atoms and coherent with the matrix. The GP
zone formation was found to take place during ageing
of the quenched alloys at or near room temperature. A
progressive evolution of transition phases has been
detected in Al-Zn alloys before the development of
stable precipitates [1]. The X-ray diffraction tech-
nique has been used to determine the sequence of
phase transitions that occur during the pre-precipit-
ation stage in Al-Zn solid solutions. The following
precipitation sequence has been concluded [1]: spher-
ical GP zones - ellipsoidal GP zones — rhombo-
hedral transition phase — o' cubic transition phase
- zinc-rich stable precipitates.

Techniques of small-angle X-ray scattering (SAXS)
[2-6], transmission electron microscopy (TEM)
[5-7], positron annihilation (PA) [8], electrical re-
sistivity [5,9-11] and the microhardness tests
(9, 10, 12-14] have been successfully used to follow
the decomposition behaviour of the supersaturated
aluminium binary and ternary alloys as a function of
temperature.

Owing to the sensitivity of the electrical resistivity
and the microhardness of the metallic solid solutions
to their structural changes, following these quantities
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for the supersaturated Al-Zn alloys as a function of
temperature may provide evidence of their internal
structural changes. It has been reported that a simul-
tancous increase in microhardness and electrical re-
sistivity occurs due to the early stage decomposition
and GP zone formation [15, 16]. In the present work,
the electrical resistivity and microhardness measure-
ments were used to follow the decomposition behavi-
our of the solute atoms in Al-Zn alloys as a function
of temperature.

2. Experimental procedure

In order to study the decomposition behaviour in
Al-Zn alloys, specimens of aluminium with 1, 1.3, 3.2,
39, 5.2 and 64 at% Zn were prepared, which are
referred to as AZ1, AZ1.3, AZ3.2, AZ3.9, AZ5.2 and
AZ6.4, respectively. The specimens were prepared
using pure aluminium (99.98%) and pure zinc
(99.9%). The specimens were then homogenized for
10h at 500°C and spectroscopically analysed in the
physical laboratory of Naga-Hammady Aluminium
Society using an emission quantimeter type ARL
3400. The results of the analysis showed that the main
impurities were iron and silicon of maximum content
of 0.008 and 0.02 wt%, respectively. Disc-shaped spe-
cimens of 25 mm diameter and 2 mm thickness were
machined from the prepared alloys.

Electrical resistivity measurements were carried out
on the disc-shaped specimens using the Goretzki
method. In this technique, the electrical resistivity
could be measured on the disc-shaped specimens as
accurately as on rods or wires. The details of the
Goretzki method have been described elsewhere [10].
By this method, the measured resistivity could be
reproduced to a precision better than 0.01 pQcm.
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Microhardness measurements, HV, were made us-
ing the Vickers method. The basis of this method is
indenting the well-polished surface of the disc-shaped
specimens using a diamond square-based pyramid
under a load of 0.49 N for a constant period of 10s.
The error in HV arises from the measurements of the
diagonal impression which have an uncertainty of
+ 0.168 um. This leads to an error in HV not more
than 1.2%.

3. Results
3.1. Dependence of the temperature
coefficient of resistivity on the
concentration of the dissolved zinc
An attempt is made below to present evidence for the
effect of alloying on the temperature coefficient of
resistivity. In the case of binary alloys in a solid
solution state, the carrier mobility is attenuated by
scattering on the lattice imperfections. If ¢ is the
atomic fraction of the dissolved zinc in aluminium, the
carrier mobility, .,;;, can be described by the following
approximate relation [17]

P = B/l — o] (1

where B’ is a proportionality factor. Thus, the residual
resistivity due to the solute zinc atoms can be given as

Pel — ¢) @

where B = 1/en 8, where e is the electron’s charge and
n is the concentration of the free electrons per unit
volume. This term for resistivity is independent of
temperature and does not vanish at absolute zero. At
temperatures other than absolute zero, a resistivity,
p(T) due to electron—phonon scattering is added to
the residual resistivity (Matthiessen’s rule). Therefore,
the resistivity of the binary alloy at the given temper-
ature, T, can be written

pil) = Be(l — o) + pr 3)

For pure aluminium, p{}) = p; and therefore, the
temperature coefficient of resistivity, o = (1/ps)
(dpr/dT). For binary alloys, the temperature coeffi-
cient of resistivity, a,,, should be

an = (1/piR) (dp{i/dT) “

pres =

Then

oy = o/[1+Be(l — ¢)/pr] 8]

It follows from Equation 5 that o,;, should be less than
o of pure aluminium. Equation (5) can be rewritten

au/a = 1/[1 + Be(l — ¢)/pr] (6)

According to Equation 3, the measured resistivity at
room temperature (25 °C) of the specimens is represen-
ted against the product of the fractional constituents
of the alloy, ¢(1 — ¢) (Fig. 1). A value for B of 46.667
x107¢Qcm can be determined. With the help of
Equation 5, the values of o, of the alloy for the given
specimens were calculated and are listed in Table I. It
can be observed that o, diminishes with increasing
zinc content, Fig. 2a. According to Equation 5, 1/a,,,
varies linearly with ¢(1 — ¢), Fig. 2b. Moreover, one
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Figure 1 Variation of the electrical resistivity, p,,, of the quenched
specimens as a function of ¢ (1 — ¢).
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Figure 2 Effect of the concentration of the dissolved zinc on the
temperature coefficient of resistivity, a,;;, of Al-Zn alloys.

TABLE I
Specimen Pure

Al AZ1 AZ1.3 AZ32 AZ3.9 AZ52 AZ64
o, 1073°C™1 429* 366 350 279 260 232 211
T/ T 1.00 0.856 0822 0.655 0.611 0.544 0.496
*[19]

can easily deduce that the decrease of a,,; with ¢
reaches a minimum of 0.8x 1073°C~! at ¢ = 0.50,
(50 at% Zn).

Reconsidering the Matthiessen’s rule, for solid solu-
tions of low solute concentrations, in terms of the
relaxation times of the electrons, T and t, of pure
aluminium and the dissolved metal as [18]

m* m*
Pan = ne’t, + neZt (7
where m* is the effective mass of the free electron.
Comparing Equations 3 and 7

Be(l — ¢) = m*/ne’r, 8



or
Be(l — ) = pr/t 9

The total electron relaxation time of the electrons in
the alloy can be given from the formula [18]

Vg = 1/t + 1/5 (10)

Substituting t, from Equation 10 into Equation 8 and
using Equation 7

Be(l — o) = pr(t/tan — 1) (11

or
Ta/T = L1+ Be(l — ¢)/pr] (12)
Comparing Equations 6 and 12

/O = Tau/T (13)

From Equations 12 and 13, we find that t,;, decreases
with increasing concentration of dissolved metal in the
alloy. The calculated values of t,,,/1 are listed in Table
I together with oy,

3.2. Electrical resistivity measurements
Specimens of pure aluminium, AZ1.3, AZ3.2 and
AZ5.2 were chosen for resistivity measurements. After
being homogenized for 30 min at 530°C and sub-
sequently quenched into water maintained at about
0°C at a quenching rate of ~1000°Cs™?!, the speci-
mens were mounted within a few seconds. The resistiv-
ity was immediately measured as a function of temper-
ature during continuous heating at a rate of
10°Cmin~! from room temperature (RT) up to
500 °C. Fig. 3 shows the behaviour of Ap as a function
of temperature, where Ap is the difference between the
measured resistivity and that expected at the given
temperature, i.e.

Ap = pT(meas) - pT(exp) (14)

WheEre Pr(exp) = Prr(l + ¢y AT), prr is the measured
resistivity at RT, o, is given in Table I for each zinc
concentration and AT = T — RT. According to the
behaviour of Ap with temperature rise, one can predict
which process is taking place at the given temperature.
A quick decrease in Ap has been observed in the initial
stage of temperature (RT-85°C) which is believed to

be attributed to the annihilation of the quenched-in
defects (vacancies and small vacancy clusters). On
raising the temperature above 85 °C, an increase in Ap
takes place reaching a maximum at about 150 °C, and
then decreases again. The increase in Ap in this range
of temperature (85-150°C) may be attributed to the
initial decomposition of the supersaturated solid solu-
tions via GP zone formation. Above 150 °C, the form-
ed GP zones dissolve. The process of GP zone dissolu-
tion continues up to 200 °C.

In the temperature range 280-375°C, a strong de-
crease in Ap is observed. This behaviour can be inter-
preted as the solute zinc atoms precipitating in this
temperature range. The observed minimum in Ap at
about 375 °C indicates that the precipitated material is
maximum at this temperature. Above 375 °C, the dis-
solution of the precipitates starts, as indicated by the
increase of Ap. The dissolution process of the pre-
cipitates continues up to about 430 °C. In the temper-
ature range 280-360°C, In(Ap) is plotted against
(1/T) for AZ32 and AZS5.2 specimens, Fig. 4. An
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Figure 4 Ln(Ap) plotted against !/7 in the temperature range
280-360°C for (x) AZ3.2 and (O) AZ5.2.
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Figure 3 Behaviour of A p as a function of temperature during continuous heating for quenched ( A ) pure aluminium, (@), AZ1.3,(x ) AZ3.2

and (O) AZS5.2.
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Figure 5 Behaviour of the microhardness, HV, of the quenched (@) pure aluminium, (O) AZ1.3 and (x) AZ3.2 as a function of ageing
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Figure 6 Behaviour of the microhardness, HV, of the quenched (O) AZ5.2 and (x) AZ6.4 specimens as a function of temperature.

activation energy of 0.41 eV has been obtained for the
precipitation process, which is close to the migration
energy of zinc atoms in aluminium [12]. On further
heating, Ap increases continuously, indicating that the
generation of thermal vacancies predominates.

3.3. Microhardness measurements
Specimens of AZ1.3, AZ3.2, AZ5.2 and AZ6.4 were
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selected for the microhardness measurements. The
same preceding solution heat treatment and quen-
ching conditions were performed. In order to follow
the variation of the microhardness of the specimens as
a function of temperature, an isochronal ageing pro-
gramme was performed. The specimens were aged for

‘10 min at 25°C intervals from room temperature to

500°C and then quenched into water maintained at
0°C. The microhardness (HV) of the specimens was
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Figure 7 AHVgp plotted as a function of zinc content, Cy, at %.

measured at room temperature after each quench
without paying attention to the impression positions.
Each HV value is obtained from the average of at least
ten readings distributed over the whole surface of the
specimen.

Figs 5 and 6 show the variation of HV as a function
of ageing temperature. It can be observed that all
specimens have a similar behaviour. Figs 5 and 6 show
a sharp increase in HV as the specimens were aged at a
temperature higher than 50°C. On ageing the speci-
mens in the temperature range 100 < 7' < 150°C, HV
has nearly constant values. This behaviour indicates
that the GP zones have been completely formed by
ageing the specimens at 100 °C. As the ageing temper-
ature is raised above 150 °C, a sharp decrease in HV is
measured. This rapid decrease is attributed to the
dissolution of GP zones. The GP zone dissolution
process continues up to ~ 200°C. On ageing the
specimens at temperatures higher than 275°C, an
increase in HV is observed, reaching a maximum at
~ 350 °C. This behaviour could be connected with the
precipitation of zinc in aluminium, as the precipitation
process is accompanied by a strong increase in HV.
The observed decrease of HV above 375 °C, could be
ascribed either to transition of the precipitates into
noncoherent precipitates or to their dissolution.

To determine the contribution of GP zones to the
microhardness of the alloys, AHV, (the difference
between the measured microhardness of the given
specimen containing the GP zones and that measured
after the complete dissolution of the zones) is re-
presented as a function of the zinc concentration,
C,., at%, Fig. 7. The slope of the straight line obtained
indicates that the formation of GP zones causes an
increase in the microhardness of the alloy by an
amount of about 80 MPa/at% Zn.

4. Discussion

It has been shown from Equations 6 and 12 that both
the temperature coefficient of resistivity of the alloys,
&,y and the relaxation time of the free electrons in the
alloys, 1,,, diminish with the concentration of the

dissolved zinc, Table 1. Namely, 1/, varies linearly
with ¢(1 — ¢). In contrast, it has been reported that the
temperature coefficient of resistivity, a«,;, is nearly
constant up to ~49.3 at% Zn [20]. This information
seems to be unreasonable because o, depends on the
concentration of zinc as shown in Equation 6. How-
ever, in Al-Mg alloys, the temperature coefficient of
resistivity was found experimentally to decrease expo-
nentially with magnesium concentration up to
~27 at% Mg [20]. On the other hand, the decreasing
behaviour of the relaxation times of free electrons, 1,,
with increasing concentration of zinc, agrees with the
results of Logunov and Zverev [ 18] for Al-Mg alloys.
This behaviour seems to be acceptable as the relaxa-
tion times are directly dependent on the mobility of
the carriers. Because the carrier mobility decreases
with increasing the scattering centres (impurities), the
relaxation times should decrease as the concentration
of impurities (zinc) increases.

The early stage decomposition and formation of
fine-scale spherical GP zones in Al-Zn alloys which
are coherent with the base lattice, results in a large
contribution to the microhardness (80 MPa/at% Zn).
In addition, the appearance of smali-scale clusters (GP
zones) is able to increase the electrical resistivity level
with respect to the quenched state [11]. This phenom-
enon was explained in terms of the scattering power of
the solute atom clusters which can be reinforced by a
diffraction effect.The consistency of the resistivity in-
crease with microhardness in the temperature range
85-150 °C confirmed that this phenomenon is connec-
ted with the formation of GP zones. The highest
temperature at which the formation of GP zones is
completed, is defined as the temperature limit for GP
zone formation, 7). It was demonstrated that 7},
is the only way to explain the metastable miscibility
gaps in the alloy systems [21]. Furthermore, for bin-
ary systems, it has been shown that 7)., and the
solvus temperature of GP zones are in good agree-
ment [21]. According to these statements, 7.

= 150 °C can be considered as the solvus temperature

of the GP zones. Our results are in agreement with
those obtained by Ohta et al. [14] from ageing and
reversion studies of Al + 4.6 and Al + 5.6 at% Zn by
means of microhardness measurements. However,
they found that the reversion temperature of GP zones
depends on the quenching temperature and ageing
temperatures before the isochronal annealing pro-
gramme has been started. The discrepancy between
the obtained reversion temperatures was attributed to
the heterogeneity of the vacancy concentrations which
depend on the quenching temperature.

In the temperature range 275-350°C, both the de-
crease in the resistivity, Fig. 3, and the increase in HV,
Figs. 5 and 6, should be related to the process of the
precipitation of the solute atoms. The increase in HV
in this range of temperature indicates that the pre-
cipitates are coherent with the base lattice. This inter-
pretation is based on the fact that the coherent pre-
cipitates cause a strong increase in the microhardness,
while incoherent precipitates make a limited contribu-
tion to the microhardness of the alloys. The obtained
value of the activation energy for the precipitation
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TABLE II
Formation Full-zoned Diss. GP Zinc Diss. of
of GP zones alloy zones precip.  precipitates

T°(C) 50-100 100-150  150-200 250-300 375-450

process of 0.41 eV is approximately equal to the mi-
gration energy of zinc atoms in aluminium [12]. Thus,
the precipitation mechanism could be characterized
by the migration and coalescence of zinc atoms to a
microscopically large-scale zinc-rich clusters.

The decrease in HV above 375 °C could be ascribed
either to the loss of coherency of the precipitates or to
their dissolution. In this case, the differentiation be-
tween the two processes is not available because both
the techniques used are indirect ones. Owing to the
consistency of the resistivity increase and the HV
decrease that have occurred above 375 °C, Figs 4-6,
one can predict that the process is the dissolution of
the zinc precipitates. Therefore from the preceding
results one can tabulate the characteristic temper-
atures of the formation of GP zones, the dissolution of
GP zones, precipitation of solute atoms and the dis-
solution of the precipitates in Table I1. _

Comparing the results of resistivity, Fig. 4, and
those of HV measurements, Figs 5 and 6, one can
notice that the characteristic temperatures of the cor-
responding processes are slightly higher in the case of
Fig. 4. This discrepancy is believed to be due to the
lack of equilibrium, because the measurements were
done during the continuous heating of the specimens.

5. Conclusions

1. The electrical resistivity increase due to alloying is
found to be proportional to the product of atomic
fractional constituents (zinc and aluminium) and can
be given as Ap,; = 46.667 x 107 ° ¢(1 — ¢)Qcm.

2. The temperature coefficient of resistivity, o,
decreases with increasing concentration of the dis-
solved zinc in the alloy according to the relation oy,
= ao/[1 + Be(l —¢)/pr].

3. The ratio of the temperature coefficient of re-
sistivity of the alloy to that of pure aluminium, a,,/a,
is equal to the ratio of the relaxation time of the free
electrons in the alloy to that of pure aluminium, t,,/7,
ie. in dilute Al-Zn alloys, o;/o = T,,/T.
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4. The formation of GP zones takes place in the
temperature range 50-100°C, and results in an in-
crease in the microhardness of the alloy by an amount
of 80 MPa/at% Zn.

5. An activation energy of 0.41 ¢V is obtained for
the precipitation process which is close to the migra-
tion energy of zinc atoms in aluminium indicating that
the mechanism of the precipitation is characterized by
the migration and coalescence of zinc atoms.
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