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Effect of Cold Rolling on Precipitation Processes
in Al–Zn–Mg(–Sc–Zr) Alloy
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The effect of cold rolling (6% and 21%) on electrical, mechanical and thermal properties and microstructure of
the classical mould-cast Al–Zn–Mg alloy with and without Sc,Zr-addition were studied. Samples were isochronally
annealed up to 460 ◦C. Electrical resistivity and microhardness together with differential scanning calorimetry
measurements were compared to microstructure development. The initial microhardness values of the alloys reflect
the deformation degree. Distinct changes in electrical resistivity as well as in heat flow of the alloys studied are
mainly caused by dissolution of Zn,Mg-rich Guinier–Preston zones and subsequent precipitation of the metastable η′
phase. Precipitation of this phase is responsible for a slight hardening effect. Probably an easier diffusion of Zn and
Mg atoms along dislocations in the cold-rolled alloys is responsible for the dissolution of the Guinier–Preston zones
and precipitation of the Zn,Mg-containing particles at the relatively lower temperatures in comparison to classical
mould-cast alloys. Microstructure observation proved that the Sc,Zr-content is mainly concentrated in randomly-
localized regions in the Al matrix and together with Zn and Mg in the particles at grain boundaries. The hardening
effect after annealing above 280 ◦C was observed in the AlZnMgScZr alloy. Microhardness decrease at temperatures
above ≈ 350 ◦C in the alloys without Sc and Zr is probably connected with faster recovery processes. Cold rolling
has no significant effect on the apparent activation energy values of the Guinier–Preston zones dissolution and
formation of the Zn,Mg-containing particles.
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1. Introduction

The Al-based alloys are widely used in aircraft and
aero-vehicle structural components [1]. The commercial
Al–Zn–Mg-based alloys (AA7xxx series) exhibit reason-
able solid solution hardening [2–8]. The decomposition
of the supersaturated solid solution can be described as:
SSS (supersaturated solid solution) → GP zones (Zn,
Mg)→ metastable η′ phase (hexagonal structure)→ sta-
ble η phase (MgZn2, hexagonal structure) [2–8]. The
mechanical properties logically depend on chemical com-
position of the alloys (mainly on Zn- and Mg-content)
as well as on thermomechanical treatment and then the
decomposition sequence could be more complicated [2–
9]. The decomposition sequence should also contain
metastable semicoherent T ′ phase (Al2Zn3Mg3 — hexag-
onal structure) and equilibrium T phase (Al2Zn3Mg3 —
cubic structure), too [8, 10, 11]. Yang et al. [8] reported
that an Al–7.60Zn–2.55Mg (wt.%) alloy with a charac-
teristically high Mg/Zn mole ratio can be strengthened
by the T -phase precipitates.

Generally, the addition of Sc can effectively improve
strength, refine grains and inhibit recrystallization [1].
To reduce the cost, Zr is added with Sc to reach compa-
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rable mechanical properties obtained from Sc content [1].
The improvements of these properties are owing to the
formation of the Al3(Sc,Zr) particles with L12 struc-
ture [1, 12, 13]. The Al3(Sc,Zr) phase is stable at higher
temperatures than binary Al3Sc or Al3Zr phase and has
significant hardening effect [1]. Despite of several works
(e.g. Refs. [1, 4, 5]) the influence of rolling on the pre-
cipitation processes in the Al–Zn–Mg–Sc–Zr-based alloys
was not studied in detail.

In the present study the effect of cold rolling on pre-
cipitation processes in the Al–Zn–Mg-based alloys with
and without Sc,Zr-addition was studied. The results of
resistivity changes and microhardness response to the
isochronal annealing and thermal changes were compared
to the microstructure development.

2. Experimental details

Two mould-cast (MC) Al – 5.34wt.%Zn – 3.18wt.%Mg
– 0.05wt.%Mn – 0.03wt.%Fe,Si (AlZnMg) and Al –
5.3wt.%Zn – 3.2wt.%Mg – 0.2wt.%Sc – 0.1wt.%Zr –
0.06wt.% Mn – 0.04wt.% Fe,Si (AlZnMgScZr) alloys were
studied. Both alloys were cold-rolled with reduction 6%
(CR6) and 21% (CR21) and samples were isochronally
annealed up to 460 ◦C.

The relative electrical resistivity changes ∆ρ/ρ0 were
determined at 78 K within an accuracy of 10−4 by means
of the DC four-point method. The influence of para-
sitic thermoelectromotive force was suppressed by cur-
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rent reversal. The influence of isochronal annealing on
mechanical properties was studied using the Vickers mi-
crohardness (HV) measured at room temperature (RT).
The samples were kept in liquid nitrogen between mea-
surements to preserve the microstructure developed dur-
ing the annealing. Samples for resistivity and microhard-
ness measurements were studied during the isochronal
annealing procedure which was performed exactly in the
same way as described in Refs. [12, 13]. The thermal be-
haviour of the alloys was studied using differential scan-
ning calorimetry (DSC) performed at heating rates of 1,
2, 5, 10, 20 and 30 K/min in the Netzsch DSC 204 F1
Phoenix apparatus. A specimen of mass between 10 and
20 mg was placed in Al2O3 crucibles in a dynamic nitro-
gen atmosphere (40 ml/min).

The measurements mentioned above were compared
to microstructure development observed by optical mi-
croscopy, transmission electron microscopy (TEM) and
scanning electron microscopy (SEM). TEM and SEM
observations were carried out in JEOL JEM 2000FX
and MIRA I Schottky FE-SEMH microscopes to deter-
mine the microstructure of the alloys, respectively. The
analysis of precipitated phases was complemented by
energy-dispersive spectroscopy (EDS) performed by X-
ray BRUKER microanalyser. The specimens for TEM
and SEM were annealed by the same procedure as those
for the electrical resistivity.

3. Results and discussion
3.1. As-prepared state of the alloys

The initial values of resistivity MC alloys were calcu-
lated as ≈ 27 nΩm for the AlZnMg alloy and ≈ 30 nΩm
for the AlZnMgScZr alloy, respectively. Higher initial
value of the resistivity in the AlZnMgScZr alloy is prob-
ably caused by the Sc and Zr addition and also by higher
content of the Mn and Fe (as detected by EDS). The ini-
tial microhardness values reflect the deformation degree
in the cold-rolled alloys (see Fig. 1a and b).

SEM proved the Zn,Mg-containing eutectic phase at
grain boundaries in the MC state of both alloys stud-
ied. It was also observed by TEM that the Sc,Zr-content
in the initial state of the AlZnMgScZr alloy is not ho-
mogeneously distributed but concentrated in randomly
localized matrix regions and together with Zn and Mg
in the particles at grain boundaries. The grain size was
observed as ≈ 20 µm in both MC alloys. Only small
amount of dislocations in grain interiors in the MC state
of the alloys was observed by TEM. After cold rolling the
amount of dislocations rapidly increase and dislocations
decorated mainly grain boundaries — see Fig. 2. There
were not observed any phases and/or particles (except
mentioned eutectic phase) in the MC and CR alloys.

3.2. Annealing of the alloys

The response of microhardness changes (HV0.5) and
relative resistivity changes ∆ρ/ρ0 measurements to step-
by-step isochronal annealing of the mould-cast and cold-
rolled alloys are shown in Fig. 1. The HV0.5 values of

Fig. 1. Isochronal annealing curves of relative resis-
tivity (measured at 78 K) and microhardness HV0.5
changes (measured at RT) of the (a) AlZnMg alloys,
(b) AlZnMgScZr alloys.

Fig. 2. TEM image of the CR21 AlZnMgScZr alloy in
as-prepared state.

the alloys studied slowly decrease to a local minimum
at ≈ 140–160 ◦C. After that the microhardness values
increase to a maximum at ≈ 180–200 ◦C. The local min-
imum and local maximum of the microhardness values
are shifted to lower temperatures in the cold-rolled alloys
(≈ 20 ◦C). It can be seen that the Sc,Zr-addition has al-
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most no effect on microhardness changes up to ≈ 270 ◦C.
But after that the HV0.5 values of the alloy without the
Sc,Zr-addition continually decrease up to 460 ◦C in con-
trast to the AlZnMgScZr alloy. Difference between mi-
crohardness values of the AlZnMg and AlZnMgScZr al-
loy is ∆HV0.5 ≈ 22 in the MC alloy and ∆HV0.5 ≈ 40
in the CR21 alloy. After annealing above ≈ 330 ◦C mi-
crohardness values of the AlZnMgScZr alloy are almost
constant and the influence of cold rolling is still obvious.
Almost no differences of the microhardness values of CR
and MC alloys are in the temperature range 200–460 ◦C
in the AlZnMg alloy.

The electrical resistivity curves show significant de-
crease of the ∆ρ/ρ0 to a minimum at ≈ 270−300 ◦C (see
Fig. 1). Then the electrical resistivity increases for both
alloys. One can see a small warp (at ≈ 360 ◦C) in the MC
alloys which is followed by rapid increase of the relative
resistivity up to the initial values. The fastest decrease
of relative resistivity changes corresponds to the temper-
ature interval of the hardening peak (at ≈ 180 ◦C). The
relative resistivity changes are more pronounced in the
alloy without Sc,Zr-addition.

Figure 3 shows the detail of the DSC curves of the MC
and CR21 alloys at heating rate of 20 K/min up to 300 ◦C.
Distinct endothermic process and exothermic process are
observed in these curves up to 200 ◦C in both studied
alloys. The character of these processes agrees very well
to DSC results observed in Refs. [6, 7, 11, 14]. Minima of
the DSC peaks are shifted to lower temperatures by cold
rolling which is probably caused by the easier diffusion
of Mg and Zn atoms along dislocations.

Fig. 3. DSC curves in linear heating rate 20 K/min of
the MC and CR21 alloys up to 300 ◦C.

It is generally known that the clusters and/or GP zones
are formed in early stages of decomposition of solid solu-
tion in Al-based alloys. Ordinarily, these formations af-
fect relative resistivity changes, (micro)hardness changes
and heat flow observed by DSC measurements [1, 4–
7, 15]. From comparison of the isochronnal annealing
curves up to ≈ 150 ◦C (see Fig. 1) it can be concluded
that the GP zones are dissolved first. Dissolution of the
GP zones leads to the resistivity and microhardness de-
crease. The first endothermic thermal effects (labeled as

processes I) up to ≈ 150 ◦C correspond to the dissolu-
tion of GP zones. The formation of the GP zones was
probably done during the cooling of material after cast-
ing. One can also conclude that the Sc,Zr-addition does
not significantly influence the formation and/or dissolu-
tion of the GP zones considering small concentration of
the Sc,Zr dissolved in the matrix (because of the large
amount of these additions is bounded in the Zn,Mg-rich
particles around grain boundaries).

Figure 4 shows TEM image of the AlZnMgScZr CR21
alloy isochronally annealed up to 180 ◦C, where the η′-
phase particles can be seen. Thus the main resistivity de-
creases and microhardness increases in studied alloys (see
Fig. 1) in the temperature range of 150–300 ◦C and sig-
nificant exothermic effect (process II) in the DSC curves
(Fig. 3) is due to the precipitation of the metastable
η′-phase particles. In the Al–Zn–Mg(–Cu) alloys the
metastable η′ phase is typical hardening phase [2–9]. In
the MC AlZnMg alloy η′-phase particles were also ob-
served after annealing up to 220 ◦C [14]. The shift to
lower temperatures in the CR21 alloys is caused by eas-
ier diffusion of Mg, Zn atoms along dislocations in the
cold-rolled alloys, again.

Fig. 4. TEM image of the AlZnMgScZr CR21 alloy an-
nealed up to 180 ◦C.

From comparison of isochronal annealing curves of mi-
crohardness changes above 300 ◦C it can be concluded
that the Sc,Zr-addition in the alloy has hardenable effect
in the AlZnMgScZr alloys. The HV0.5 values of the al-
loy without the Sc,Zr-addition continually decrease up to
460 ◦C in contrast to the AlZnMgScZr alloy. Microhard-
ness of the AlZnMgScZr MC and CR alloys shows almost
no changes in the temperature range of 300–460 ◦C. Af-
ter annealing up to 360 ◦C two types of particles were
observed by TEM in the AlZnMgScZr CR21 alloy. Small
rods and large oval particles can be seen in Fig. 5. Rods
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are probably particles of the η phase and ovals particles
probably equilibrium T -phase (Al2Zn3Mg3), as detected
by EDS. In both MC alloys microstructure observation
also proved presence of particles of the stable η phase af-
ter annealing up to 360 ◦C [14]. Moreover, particles with
Mn,Fe-content were observed in the MC AlZnMgScZr al-
loy [1, 4, 13, 14]. The presence of these particles is prob-
ably connected with higher content of Mn and Fe addi-
tion in the alloy than in the AlZnMg alloy. Content of
Mn and Fe is commonly present in the alloys of AA7xxx
type [1, 8, 9]. Precipitation of both phases does not lead
to the hardening and thermal changes in agreement with
Refs. [4, 5, 12, 13]. The particle precipitation of the stable
η− and T -phase and Mn,Fe-containing particles is prob-
ably the reason of the undulating of the resistivity curves
at ≈ 360 ◦C (Fig. 1). Annealing above 390 ◦C probably
led to the dissolution of the particles from the Al–Zn–
Mg system. Furthermore, the eutectic Zn,Mg-containing
phase partly disappeared during the isochronal anneal-
ing above this temperature (as it was observed by SEM
in MC alloys). These effects are probably connected with
the resistivity increase above ≈ 360 ◦C.

Fig. 5. TEM image of the AlZnMgScZr CR21 alloy an-
nealed up to 360 ◦C.

3.3. Thermal properties of the alloys

On the basis of the obtained results, the apparent ac-
tivation energies for individual processes (Fig. 6) by the
Kissinger method [15] were calculated. The average ac-
tivation energy of the dissolution of the GP zones in this
work was calculated as (106 ±15) kJ/mol for the CR21
alloys. The value of activation energy is higher than that
for the GP zones formation (≈ 60 kJ/mol [3]) in the Al–
Mg–Zn-based alloys. The values of activation energies
of the dissolution of the GP zones in the CR6 alloys are
comparable to the MC and CR21 alloys. For a better

recognition the values for the CR6 alloys were not plot
to the Kissinger plot in Fig. 6. One can mention that
the obtained activation energy values for the dissolution
of GP zones is comparable to the diffusion activation en-
ergies of both Zn and Mg in Al of ≈ 120 kJ/mol [3].

Fig. 6. Kissinger plot in the coordinate system of
[ln(β/T 2

f ); 1/Tf ] of the heat effects in the MC and CR
alloys, β is the linear heating rate; Tf is the peak tem-
perature of DSC trace for particular heat effects.

The average activation energy of the η′-phase precipi-
tation was calculated as ≈ 110 kJ/mol. The value agrees
within accuracy with the apparent activation energy for
precipitation of the η′-phase (80–100 kJ/mol) determined
in the Al–Zn–Mg-based alloys after ageing at various
temperatures [3, 14]. The temperature shifts of the max-
ima/minima of both mentioned processes (dissolution of
the GP zones and precipitation of the η′-phase) to the
lower temperatures for the CR alloys in comparison to
the MC alloys can be seen in Fig. 6.

4. Conclusions

Results of characterization of the mould-cast and cold-
rolled alloys can be summarized in the following points:

• Microstructure observation proved the Zn,Mg-
containing eutectic phase at grain boundaries in
the alloys studied. Sc,Zr-content is mainly con-
centrated in randomly-localized regions in the Al
matrix.

• The initial microhardness values of the alloys reflect
the deformation degree. No effect of cold rolling to
the microhardness changes in the AlZnMg alloy in
the temperature interval 200–460 ◦C in contrary to
AlZnMgScZr alloy was observed. The hardening
effect after isochronal annealing at temperatures
above 280 ◦C was observed in the AlZnMgScZr al-
loy.

• The distinct changes in relative resistivity and mi-
crohardness isochronal curves as well as in heat flow
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of the alloys studied are mainly caused by the dis-
solution of the GP zones and precipitation of the
metastable η′-phase particles. The apparent acti-
vation energy values were observed regardless of
cold rolling and Sc,Zr-addition as: dissolution of
the GP zones ≈ 105 kJ/mol and formation of the
metastable η′-phase ≈ 110 kJ/mol.

• Easier diffusion of Zn and Mg atoms along disloca-
tions in the cold-rolled alloys is responsible for the
dissolution of the GP zones and precipitation of the
Zn,Mg-containing particles at the lower tempera-
tures compared to the effects in classical mould-cast
alloys.
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