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The influence of Mg content on the formation
and reversion of Guinier-Preston zones in
Al-4.5 at% Zn-x Mg alloys
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The influence of Mg concentrations on the dissolution of Guinier—Preston (GP) zones
formed at room temperature (RT) and on the formation of more stable phases has been
investigated during continuous heating of Al—4.5 at% Zn—xMg alloys. The Mg content
was varied from 0.05 to 3 at %. After different aging periods at RT, calorimetric investi-
gations were carried out at heating rates of 40 and 80° Cmin™!. In the case of alloys with
a lower Mg content (x < 0.5 at %) only the dissolution of GP zones could be observed
during the heating, whereas in the case of alloys with a higher Mg content the formation
of the n-phase started before the total dissolution of GP zones and at higher temperatures
the formation of the n-phase also took place. These phases were identified by transmission
electron microscopy. The heat-of-solution of GP zones shows saturation as a function

of RT aging time. The time needed for the saturation increased monotonously with
increasing Mg content. The reversion of zones was followed by /in situ X-ray small angle
scattering measurements. The change of the total scattered intensity was measured during
continuous heating at a rate of 40° C min~!. These investigations have confirmed the
results of the calorimetric measurements which indicate that the total dissolution of
zones takes place only in the case of the alloys with a Mg content lower than 0.5at%. In
the case of alloys with a Zn concentration of 4.5 at % studied here, 1at% Mg is sufficient
to initiate the formation of more stable phases during the reversion of zones.

1. Introduction

There are a number of papers which deal with the
formation of Guinier—Preston (GP) zones at room
temperature (RT) in the Al-Zn—Mg system and
with the reversion of these zones at higher tem-
peratures, as well as with the nature of the
processes following the reversion [1—14]. Many
papers have dealt with the influence of small Mg
additions on the zone formation in Al-Zn alloys
[15-20]. It has been noted that the addition of
even 0.1 at% Mg results in significant hardening
compared to the binary Al-Zn alloy [15], but at
the same time it slows down the process of decom-
position to a considerable extent [16]. By electrical
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resistivity measurements Suzuki et al [17] also
observed the effect of slowing down the decom-
position process when only 0.01at% Mg was
added to Al-3 to 5at % Zn alloys. In their calori-
metric investigations on the alloy with 0.012at%
Mg, besides the peak related to the dissolution of
the Zn zones in the binary alloy, another peak
characteristic only of the ternary alloy also
appeared. Ohta and Hishimoto [18] and Tomita
etal. [19] have also confirmed the co-existence
of two types of zones in such alloys.

Polmear [15] and Panseri and Federighi [16]
explain the favourable effect of Mg on the amount
of zones formed by the fact that Mg increases the
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supersaturation at RT. However, according to
Ceresara and Fiorini [20] Mg has no effect on the
aging processes.

Several models have been proposed explaining
the mechanism of precipitation processes follow-
ing the reversion of zones in this alloy system [4,
6, 8, 9, 11—-13]. Based on transmission electron
microscopy (TEM) investigations Lorimer and
Nicholson [6] proposed that in an Al-5.9wt%
Zn—2.9 wt5 Mg alloy the particles of n'-phase are
formed directly from the large-size GP zones.
Kawano et al. [4] arrived at a similar conclusion
on the basis of X.ray small-angle scattering in
the case of an Al-6.5wt%Zn-1.2wt% Mg
alloy. Diinkeloh et al. [9] have found also by X-ray
small-angle scattering measurements that GP
zones, exceeding a critical size, transform into
n'-precipitates if Zn + Mg >4 at % and Zn/Mg = 2.
If, however, the concentration of Zn is less than
2.5at% then the nparticles nucleate in the areas
of concentration fluctuations left behind by the
dissoluted zones [12, 13].

In the present paper the effect of Mg con-
centration and the aging time at RT on the
formation of more stable phases is studied by
calorimetric, X-ray small-angle scattering and TEM
investigations.

2. Experimental procedure

The investigations were carried out on a series of
Al-Zn—Mg alloys with a constant Zn concen-
tration of 4.5 at% and with Mg concentrations of
0.05,0.1,0.2,05,1,1.5,2, 2.5 and 3 at %, respec-
tively. The alloys were made from 99.99% pure Al,
99.9% Zn and 99.9% Mg. The compositions were
determined by spectral analysis. The samples were
quenched into RT water after 30 min of solution
heat-treatment at 480° C. After quenching, the
samples were aged at RT for one day, one week
and six months.

Differential scanning catorimetric (DSC), TEM
and X-ray small-angle scattering (XSAS) investi-
gations were carried out. The calorimetric measure-
ments were performed by a Perkin—Elmer DSC-2
calorimeter between 230 and 750K at heating
rates of 40 and 80° Cmin™'. In order to identify
the exothermic peaks in the thermograms TEM
investigations were carried out in a Tesla BS 540-
type electron microscope. The reversion of GP
zones formed during long-term aging at RT was
followed by in situ XSAS measurements. A
modified Kiessig-type XSAS camera was used
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which measured the total scattered intensity (77)
during continuous heating. T was measured from
2.4 to 30mrad in 20 by a scintillation counter
with an open window of 25 mm and a direct beam
stop of 2mm diameter. CuKa radiation was used
with a Ni filter and differential discrimination.
Assuming that the distribution of the scattered
intensity follows the Guinier approximation it can
be shown that the integral intensity, Q and 77 are
related to each other by the following equation:
Q=0.244TI/Rs, where Rg is the radius of
gyration [13].

3. Results and discussion

The samples were heated up from 230 to 750K in
the calorimeter immediately after quenching and
after aging for one day, one week and six months
at RT. The initial temperature, 230K, was applied
in order to finish the transient processes before
beginning the dissolution of GP zones formed at
RT. All thermograms begin with an endothermic
process indicating the dissolution of zones even
in the case of measurements made immediately
after quenching. The thermograms can be divided
into two significantly different groups on the basis
of the Mg content of the alloys. Within the two
groups only small quantitative differences can be
observed. The alloys with lower Mg contents
(0.05 to 0.5 at% Mg) belong to the first group, in
which no heat effect can be observed after the end
of the dissolution of the zones. The alloys with a
higher Mg content (1 to 3 at% Mg) belong to the
other group, in which the dissolution of zones is
followed by three well-separated exothermic peaks
and a final dissolution process.

Figs 1 and 2 show typical thermograms of
alloys with low and high Mg contents at a heating
rate of 40°Cmin™'. It should be noted that
thermograms at 80° Cmin™' show similar charac-
teristics but the superimposed peaks are less
distinct than in the case of lower heating rates.
From Figs 1 and 2 it can be seen that by increasing
the aging time at RT the dissolution of zones starts
at higher temperatures and always ends at about
200°C. In the case of low Mg content alloys
(x £ 0.5at%) no precipitation processes can be
observed during continuous heating which means
that in these alloys the homogeneous solid solution
is the stable state above 200°C, similar to the
binary Al—4.5 at% Zn alloy [5, 21].

In the alloys with a low Mg content the dis-
solution of zones results in two superimposing
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Figure 1 DSC thermograms taken after different aging times at RT at a heating rate of 40° Cmin~! for the alloys
(a) A1—4.5 at % Zn-0.05 at % Mg and (b) Al-4.5 2t % Zn—-0.5 at % Mg.

peaks, whereas, in the alloys richer in Mg only one
exothermic peak can be observed indicating only a
single process. On increasing the aging time at RT,
the higher temperature peak becomes dominant in
the first group at the expense of the lower tem-
perature peak. This indicates that in these alloys
two different types of zones are formed during a
short time after quenching and only the more stable
ones exist after longer aging times at RT. The two
dissolution peaks in the alloys containing less than
0.5 at % Mg indicate the formation of two types
of zones which are most probably near to the
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composition of the ones due to the binary Al-Zn
and ternary Al—Zn—Mg alloys in accordance with
eatlier investigations [17—19].

Some characteristic temperatures of the peaks
in the thermograms obtained after six months RT
aging are shown in Fig. 3 as a function of Mg
concentration with heating rates of 40 and
80° Cmin™!. It can be seen that these tempera-
tures characteristic of the zone dissolution and of
the three consecutive formation processes are
essentially independent of the Mg concentration.
The formation processes taking place during heating
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Figure 2 DSC thermograms taken after different aging times at RT at a heating rate of 40° Cmin™' for the alloys
(a) Al-4.5at % Zn—1 at % Mg and (b) Al-4.5 at % Zn—2 at % Mg.
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Figure 3 Characteristic temperatures of thermo-
7(°C) grams taken after aging for six months at RT
against Mg concentration; (1) peak temperature
20 of zone dissolution, (2) »'-phase formation by
homogeneous nucleation, (3) n'-phase formation
(5) by heterogeneous nucleation, (4) n-phase form-
ation and (5) the minimum temperature of total
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400 o arateof 80° C min~'.
ie
300, > . . 2 (4)
HEE o
H o ° °
L ] L] M .
. - - : ~—(3)
A, Al
4" v v v r (2)
200 ¢ v v v v v
a
%y » . L] . (1)
Yo @ o o o G CHE
)
Concentration
of Mg
! 2 3 (at%)

do not depend on the pre-history of the samples as
well, since the three formation processes proceed
in the same way after different periods of pre-
aging. It is interesting to note, however, that in
the alloys with low Mg concent, where there are
two dissolution peaks, the temperature belonging
to the first dissolution process agrees to a good
approximation with the temperature of the single
dissolution peak in the alloys containing more
than 1 at% Mg.

In the alloys of higher concentration the final
dissolution temperature increases monotonically
with the increase of Mg concentration and is
basically independent of the pre-aging time. The
temperatures determined in this way give the solid
solubility limit of these alloys at the given heating
rate. On increasing the heating rate the character-
istic temperatures increase only by a few degrees.

In Fig. 4 the values of the solution heats of GP
zones (calculated from the' areas under the first
endothermic peaks in the thermograms) are shown
as a function of aging time. In all the alloys satu-
ration-type kinetics were observed. The saturation
value of the solution heat increases from 8 to
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12.5Jg™ with increasing Mg content. Under
0.2at% Mg and above 2at% Mg concentration
the solution heats of zones do not depend on the
Mg concentration. In the alloys of very low Mg
content the solution heat attains the value of
saturation immediately after quenching. This
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Figure 4 Solution heat of zones as a function of aging
time at RT for samples of different Mg concentrations.
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Figure 5 Changes of the total scattered intensity after long-term aging at RT during continuous heating at a rate of
40° Cmin™" for alloys of different Mg contents (77 was normalized with its initial value, 77,).

means that a few minutes aging time difference
just after quenching has no effect on the quantity
of the dissolving zones. In alloys with a higher Mg
content the time needed for saturation increases
with increasing Mg content up to about 1.5at%
Mg. Consequently Mg appears to slow down the
formation of GP zones at RT increasingly up to
about 1.5at% concentration and its effect does
not increase further in the Mg content range
between 1.5 to 3 at % Mg.

When longer aging times are applied for alloys
of higher Mg concentration (above 0.5 at Mg) the
zone dissolution and the subsequent formation
processes cannot be separated in the thermograms
(Fig. 2), i.e. the formation processes of more
stable phases start before the total dissolution of
zones. Thus, in these cases the thermograms show
curves of superimposing endothermic and exo-
thermic processes, therefore, the heat due to the
total dissolution of GP zones formed during RT
aging cannot be determined exactly.

The conclusions drawn for the reversion of GP
zones are supported by XSAS investigations as
well. After long-term aging (at least two months)
at RT the alloys were heated up from RT to
480°C at a heating rate of 40°Cmin™! and the

total scattered intensity was measured in sifu.
When the zones are dissolving 77 decreases and
therefore this method is suitable for detecting the
reversion. 7/ was always normalized with the
initial scattered intensity (77,). In Fig. 5 TI/TI,
is plotted against the temperature for six different
alloys. Fig. 5 reveals that in the alloys contain-
ing less than 1at% Mg the total dissolution of
zones is finished at approximately 210° C. Above
this temperature no 77 increase was observed
indicating no further formation of precipitates.
The behaviour of the alloys containing more than
lat% Mg is quite different. The formation of
more stable precipitates starts before the total
dissolution of zones which means that in these
alloys there is no complete reversion. The higher
the Mg content of the alloy, the less complete the
reversion of zones before considerable further
precipitation takes place.

The finer detaiis of the simultaneous dissolution
and precipitation processes (the superimposing
parts of the peaks in the thermograms) cannot be
observed by 77 measurements. Nevertheless, in
several significant features (e.g. the end of zone
dissolution, the start of the formation of more
stable phases) there is a highly satisfactory corre-
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Figure 6 (a) Bright-field and (b) dark-field micrographs of an Al—4.5at % Zn—2at% Mg alloy heated up to 210° C at

40° C min~* after quenching and one week RT aging.

spondence between the DSC and XSAS measure-
ments. At the same time, XSAS measurements
prove directly that if the Mg concentration is
lat% or more, the new phase formation starts
before the total dissolution of zones.

In order to identify the types of phases formed
during heating TEM investigations were carried
out on the Al—4.5at% Zn-2at% Mg alloy.
Thermograms of this alloy are shown in Fig. 2b.
The heat treatment of the samples investigated
was selected according to the calorimetric heating
circumstances. After aging at RT for a week
after quenching, the samples were heated up to a
given temperature at a heating rate of 40° C min™" .
When the required temperature was reached the
samples were quenched into RT water. Only one
RT aging period was applied because the DSC
thermograms showed ~ that pre-history of the
samples has little influence on the formation
processes taking place during heating. On the basis
of the DSC measurements the following maximum
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Figure 7 The same as Fig. 6 but heating up to 230° C.
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heating up temperatures were chosen: 210, 230,
260, 290, 310, 330 and 380°C. In each case
bright- and dark-field images and diffraction
patterns were obtained in the electron microscope.
The most important results of the TEM investi-
gations are demonstrated in Figs 6 to 9.

In Fig. 6 the micrographs were taken of samples
heated up to 210°C. The bright-field image
(Fig. 6a) shows homogeneously distributed 7'
precipitates within the grain. The dark-field
micrograph (DFM) taken with the (10.2) reflec-
tion of the n'phase (Fig. 6b) shows that the
particles are really n’ precipitates. The position of
the (10.2),y reflection was calculated using the
data of de Ardo and Simensen [22]. In Fig. 7
the micrographs taken after heating to 230° C are
shown. These particles are also 1’ precipitates (see
the DFM in Fig. 7b) heterogeneously nucleated on
dislocations. In the diffraction pattern taken in
these two decomposition states there was no indi-
cation of the presence of the n-phase. On the basis



(d)

Figure 8 (a) Bright-field, (b) dark-field micrographs and (c) and (d) diffraction pattern after heating up to 260° C.

of these observations the first two exothermic
processes in the thermograms are caused by the
formation of n' precipitates by two different
nucleation mechanisms. In the first process the
particles are formed most probably on GP zones
retained after reversion, this explains the homo-
geneous distribution of the particles. In the second
process the nucleation takes place mostly on
dislocations. '

After heating the samples up to 260° C (Fig. 8)
both 7" and n precipitates can be observed. The
presence of the n-phase is proved by the DFM
taken with the (10.2),y reflection (Fig. 8b) and
by the {10.2},; spots in the diffraction pattern
{Fig. 8¢). The appearance of the n-phase is indicated
by the spot clusters around the (2/3){220)4;

direction containing spots of the 1-, ny-, n,- and
ng-phases. The TEM investigations after heating
up to 290°C gave similar results, the only differ-
ence being that the amount of the n-phase was
increased.

Increasing the heating temperature to 310°C
the third decomposition process (see Fig. 2b) is
finished. In agreement with the result the micro-
graphs in Fig. 9, show fairly large plates of n-phase
and very distinct spots of the n-phase in the
diffraction pattern. No indications of the presence
of 7"-phase could be found.

The micrographs taken after heating the alloy up
to 330° C show further coarsening of the n particles
and those taken at 380° C show a homogenized
alloy.
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4. Conclusions _
The results of our investigations can be summarized
as follows:

(1) The zone formation process taking place
after quenching is slowed down by the increase of
Mg concentration. In the alloys containing less
than 0.5 at % Mg the total amount of the dissolving
zones does not change after a few minutes of RT
aging. In the alloys containing 2, 2.5 and 3 at % Mg
the zone formation processes are identical.

(2) In the alloys with less than 0.5 at % Mg two
types of GP zones are formed at the beginning.
During long-term aging the less stable zones
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transform into the more stable ones. To give a
closer description of this transformation as well as
of the two types of zones further investigations are
needed.

(3) The stability of zones also increases with
aging in the case of alloys containing more than
0.5 at % Mg, which is indicated by the fact that the
peak temperature of the zone dissolution process
increases with aging time in the period investigated.
If the aging time is fixed this temperature is con-
stant for all the alloys, i.e. it does not depend on
the Mg concentration.

(4) For alloys with Mg less than 0.5 at % the GP
zones are completely dissolved during heating up
to about 210°C. In these alloys no other phase
formation process was observed during heating. In
the alloys containing more than 1at% Mg new
precipitation processes start before the total dis-
solution of zones thus in these alloys there is no
complete reversion. The temperature of solid solu-
bility limit of the second phases in these alloys
increases by a large extent (about 150°C) in the
range 0.5 to 1 at % Mg.

(5) In the alloys where the reversion is not
complete three different precipitation processes

Figure 9 (a) Bright-field micrograph, (b) and (c) diffrac-
tion pattern after heating up to 310° C.
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take place during heating. The first two are the
formations of 1" precipitates homogeneously distri-
buted in the matrix and hetercgeneously formed
at dislocations, respectively. The third process is
the formation of the n-phase.

(6) The peak temperatures of the three consecu-
tive and superimposing formation processes are
the same in all the alloys, i.e. the nature of the
precipitates is independent of Mg concentration
between 1 and 3 at %.
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