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The effect of a.c. frequency on precipitation

in Al-5.6 at % Zn
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Japan

The effects of alternating electric current on the formation of GP zones at 30° C from a
supersaturated Al—5.6 at % Zn have been examined. The frequency of the applied current
has been varied from 0 to 3000 Hz. A retarding effect has been observed for the fre-
guencies 0, 25 and 100 Hz, while no appreciable effect has been observed for 200 and
3000 Hz. The results have been discussed on the basis of a current-assisted vacancy
annihilation model in the presence of an alternating electric current.

1. Introduction

In connection with electromigration in metals and
alloys, it is interesting to investigate the effect of
the electric current stress on the precipitation reac-
tion in alloys.

Erdmann-Jesnizer et al. [1] have shown that an
alternating current of 1115 Acm™ at 50 Hz com-
pletely inhibits the precipitation of the solute
carbon from a supersaturated Fe—0.04wt% C
alloy. Further, Koppenaal and Simcoe [2] have
investigated the effect of the current stress on
precipitation in an Al-4 wt% Cu and found that
the precipitation rate at 80° C is accelerated by the
d.c. stress (1000 to 3000 A cm™?), but retarded by
the a.c. stress of 25 Hz, although its current density
is fairly small (=400 Acm™?) compared with the
d.c. stress. On the other hand, no effect has been
observed for an a.c. stress of 100Hz (=400 A
cm™?). Following these observations, the authors
have continued to investigate the phenomena from
various aspects and also examined the repro-
ducibility of the results. In previous studies by the
present authors [3, 4], it was concluded that the
acceleration by the d.c. stress of the precipitation
process is due to the temperature increase caused
by Joule heating, but the effect of the current per
se is a retarding one. To explain this retarding
effect, a mechanism has been proposed based upon
the enhanced annihilation of the quenched-in
excess vacancy by the flow of direct electric
current. This mechanism is supported by the fact
that the retardation of the formation of GP zones
from supersaturated Al—5.6at% Zn became more
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marked as the concentration of the quenched-in
excess vacancy increased [4]. Regarding the effect
of the a.c. stress on precipitation, only a few
experimental researches [1,2] have been carried
out and the mechanism involved is still unknown.
In the present work, the effect of various a.c.
frequencies on precipitation of the GP zones in an
Al-5.6at % Zn alloy has been investigated using a
specimen of the same concentration as in [4],
where the effect of the d.c. stress has been fully
studied.

2. Experimental methods

Wires of an Al-5.6at% Zn alloy, 0.4mm in
diameter and 5 cm in length, were prepared as des-
cribed in [4]. The wire specimen was quenched
into iced water after solution heat treatment at
450° C for 30 min. It was then aged under the
influence of the a.c. current stress at 30 £ 0.05° C
in a large (507) water bath which was especially
designed (Fig. 1) in order to eliminate the effect
of Joule heating. The water was stirred by four
mechanical stirrers and partly circulated at 200 cm
sec™! in the immediate vicinity of the specimen by
a water pump. Under these conditions, the tem-
perature increase due to Joule heating was less
than the experimental accuracy of the electrical
resistance measurement at liquid nitrogen tem-
perature, as described in a later section. The pro-
gress of the precipitation of the GP zones was
followed by measuring the electrical resistance of
the specimen at liquid nitrogen temperature. A
reference wire was mounted on the same quartz
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Figure 1 Schematic diagram of the water bath for ageing
under the influence of current stress.

holder as the specimen wire. As a result, the
reference was subjected to the same heat treat-
ment as the specimen except that the specimen
was stressed by the current. In order to examine
the frequency dependence of the retarding effect,
the fractional change (o’ — p®)/p® was plotted
against the current density J, where p? is the
specimen resistivity after ageing for 10 min at
30° C under the current stress, and p° is the refer-
ence resistivity after ageing for 10 min without the
current stress (ordinary heat treatment). The slope
of the straight line gives the retarding coefficient
A which was introduced in {4]. In the present
work, the retarding coefficients were determined
at five different frequencies including zero fre-
quency.

After drawing specimens were initially stabilized
for about one hour at 500° C in the single phase
region in order to prevent recrystallization during
such heat treatments as solution heat treatment,
quenching and power ageing. This thermal cycle
was repeated for each specimen used to detes-
mine a retarding coefficient A at a given frequency.

3. Results

The experimental results for the determination of
the retarding coefficients are shown in Figs. 2 to
6 for five different frequencies including zero fre-
quency. For each experimental run, e.g., as shown
in Fig. 2, the quenching temperature, ageing time
and ageing temperature were fixed at 450° C, 10
min and 30° C, respectively. In the case of 0 and
25Hz (Figs. 2 and 3), the retarding effect is
clearly observed.
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Figure 2 Effect of d.c. on the normalized fractional
change in specimen resistivity.

The retarding coefficients for f=0 and 25 Hz
are (7.7+05)%x107% cm®* A™' and (6.0 £0.4)x
1076 ¢cm? A™!, respectively. In Fig. 4, the experi-
mental points are numbered in the order of
measurement. Here the retarding effect is apparent
at the initial stage of power ageing (1) and the
value of (p? —p®)/p° increases in the sequence
3, 4, 5. However, it begins to decrease suddenly at
6 and finally approaches zero at 7, 8 and 9. At this
frequency, Nis (3.2 £ 0.3) x 107 cm? A™" by using
the values of the points 1 to 5. Although the
retarding effect was not apparent at 200 Hz, as
shown in Fig. 5, a small positive value of A=
(0.2+0.4)x 107 cm? A™! was obtained from the
statistical treatment of the experimental data.
Fig. 6 shows the result for 3000 Hz; a negative
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Figure 3 Effect of ac. (25Hz) on the normalized
fractional change in specimen resistivity.



. .
— *
> °
Q

=
o

Q

| L .
Q ¢ e ©
S

-0.5

2=(3.16+0.33)x107% cm? AT

I [
0 1 2 3

2

-

J(A em®) (x103)

Figure 4 Effect of a.c. (100 Hz) on the normalized frac-
tional change in specimen resistivity.

retarding coefficient was obtained, tentatively
givenas (—1.2+03)x 107 ecm? A7L.

In Fig. 7, the three values of A obtained above
are plotted as a function of wt, where w is the
angular frequency of the applied current and ¢ the
ageing time (600 sec).

4. Discussion

Let us examine the present experimental results
with the model of the current-assisted vacancy
annihilation proposed in our previous papers [3,
4], where the following three assumptions for the
precipitation kinetics in the Al-5.6at% Zn alloy
were made:

1. The rate of the resistivity change in the speci-
men at liquid nitrogen temperature is proportional
to the change in the solute concentration ¢ in the
matrix (dp/dr « de/df).

2. The precipitation rate of the solute from the
matrix is proportional to the quenched-in excess
vacancy concentration N, (de/dt « N,).
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Figure 5 Effect of a.c. (200Hz) on the normalized frac-
tional change in specimen resistivity.

3. The quenched-in excess vacancies are annihil-
ated at sinks according to the first-order reaction
(dNy/de = N).

With Assumptions 2 and 3 the overall expression
for the precipitation kinetics is given by

—dp/dt = KN, 1)

where K is the positive constant for a given ageing
temperature.

Equation 1 corresponds to Equation 4 in [3] and
is rewritten in the presence of a sinusoidal external
electric field of angular frequency wand amplitude
Eo, E = Eqel®t as follows;

—dp?jdt = KNY(w, 1), (2)

where the superscript J denotes the quantity under
the influence of the current stress. As given by
Equation 6 in [3], the rate of decrease in the
quenched-in excess vacancy concentration can be
expressed by

—dVJ(w, jdt = Y (w, ONJ(w, 1),  (3)

Figure 6 Effect of a.c. (3000 Hz) on the
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Figure 7 Theoretical and experimental curves of the nor-
malized retarding coefficient plotted against applied cur-
rent frequency.

where 7J(o.>, t) is the rare constant for the annihi-
ation of the quenched-in excess vacancy concen-
tration under the influence of the alternating elec-
tric field. As shown in the Appendix, the solution
of Equation 3 is given by

N¥(w, 1) = Ng(0)e (1 — §ytsin wi/wt),
€

where N,(0) is the initial excess vacancy concen-
tration (# =0) and + is the rate constant in the
absence of the current stress (£ o«J=0). The
quantity § is related to the external electric field
strength E by the relation § = D |eZ*|Eo /(ydkT),
where D, is the diffusion coefficient of the excess
vacancies, d the mean distance between sinks, and
e, k, T have their usual meanings. From Equations
2 and 4, we have

—dp?jdt = KN,(0)e (1 —Syrsinwt/wt). (5)

Integrating Equation 5 under the initial condition
0° = p(0), we obtain

1 5y B
P(O)—PJ = KN,(0) {‘; (e v~ 1)—(72 + 0)2)

X [1 —e 7 (clo sin ot + cos cut)” . (6)
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The solution for ordinary precipitation under
the usual heat treatment in the furnace is obtained
by putting & = 0 in Equation 6 as

KN,(0)
Y

p(0)—p° = e™-=1). (7)

Then, from Equations 6 and 7 we have

_ KN(0)8y
(Pt )

X [l —e (1 sin wt + cos wz‘)} . ®)
w

J 0

If ot tends to zero, Equation 8 becomes
pJ —_ pO = M (1 — e_'Yt —_ fyz-e_'Yt).
©)
Equation 9 is in reasonable agreement with
Equation 10 in [3] where the case w =0 (d.c.)
was considered.

As defined in [4], the retarding coefficient X is
given by (o’ —p®)/(p°F). Then, according to
Equations 8 and 9 the ratio of the frequency
dependent retarding coefficient A, to the retard-
ing coefficient Ay at w = O can be expressed as

Ao _ 14
Ao (1 —e" —qyte™

[1 —e M (1 sin wt + cos wt)]
w

(7 + )

X (10)
We can easily estimate the value of A,,/Ao as a
function of the current frequency by substituting
7 and ¢ for appropriate numerical values. In Fig. 7,
the solid curves show the theoretical results cal-
culated from Equation 10 for the ageing time
t =600 sec and the rate constant y=28.3 x 1073
and 1.7 x 107 sec™!. The value of y=8.3 x 1073
sec”! is estimated so as to fit the time dependence
of the retarding coefficient given in Fig. 6 in [4],
while y=17x%x103sec™? is determined from
the precipitation rate at 30° C by assuming that
the reaction proceeds as a first-order one until
600 sec after quenching. In the same figure the
experimental values of A, /Ao are also presented
for 25, 100, 200 Hz (wt =9.4 x 10*, 3.8 x 10,
7.5 x 10%). Here let us term the range of w? corres-
ponding to the change in A,/ A, from 0.77 to 0.05
as the “threshold frequency range”. The theoretical
values of the threshold frequency range is 3 to 30
and 2to10fory=1.7 x 1073 and 8.3 x 1073 sec™!,



respectively. On the other hand, the experimental
value of the threshold frequency is (1 to 8) x 10°.

The present experimental results for the retard-
ing effect agrees qualitatively with the theory
with respect to the fact that the retarding effect
decreases abruptly with increasing frequency in a
specific range of wt, at most between 1 and 10.
However, there exists a large discrepancy of the
order of 10 between the theoretical and the
experimental threshold frequency range. This
inconsistency may be partly due to the implicit
assumption that the mean sink distance d for the
excess vacancy is independent of the frequency of
the applied current which was employed in the
derivation of Equation 10. Furthermore, there are
some problems related to the assumptions made in
[3]: (i) the same proportional constant in such
rate equations as dp?/dr = KNJ, dp®/dr = KN, was
used; (ii) the possibility of the space dependence
of the excess vacancy concentration and of the
specimen temperature caused by the current stress
were neglected.

Finally we refer to the result for 3000 Hz shown
in Fig. 6. The negative retarding coefficient cannot
be explained in terms of Joule heating because the
region of heat evolution caused by the current
stress moves to the surface of the specimen wire
with increasing current frequency and thus favours
greatest heat dissipation.

5. Conclusions

The experimental results by Koppenaal and Simcoe
[2] have been confirmed qualitatively by the
present work. However, the frequency dependence
of the retarding coefficient observed in the present
work remains unexplained quantitatively on the
basis of the model of the current-assisted vacancy
annthilation proposed in our previous work.

Appendix
The rate constant 7' (w, 1) in Equation 3 of Section
4 can be expressed as

DyleZ"|Eqyel@t
vdkT

7J(w, =y (1 + .
(AL)

Integrating Equation 3 and putting DyleZ*|Eo/
(vdkT) =6,

—Jt dNY(w, 1) =Jt

1+ 8et@t)dr.
0 M do )

(A2)

Then, we find
Ny(w, 1) = N(0)

) 6
X exp [—— vt (1 —_—t e“”t)} , (A3)
it

iwt
where N,(Q) is the initial excess vacancy concen-
tration.
Approximating the exponential term of the
right-hand side of Equation A3 to the first order

of &, we have
8 § T
[exp (l —— e“"t)]
iwt et
-t
= e_/Yt 1 __8_ + ._.5__ e‘iwt X (A4)
iwt it

Again, the right-hand side of Equation A4 can be
approximated to the first order of § in the follow-

ing way,
-yt
(1 _b L8 w)

iwt it
5 5
= eﬁyt [1 + vt (— - exwt)} . (AS)
fwt it
Then, Equation A3 can be written as

Ni(w, 1) = Ny(0)e™

) 6
el
1wt 1wt

The real part of Equation A6 is represented by

(A6)

N¥(w, 1) = N (0)e™ (1 — 5 sin wz).
(A7)

Equation A7 is the final expression for the time
dependence of N? in the presence of a sinusoidal
external electric field of the angular frequency w.
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