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Abstract

Precipitation behavior of directly cold-rolled and prior to hot roll Al-5Mg alloy with ternary
zirconium has been examined. Hot-rolled and cold-rolled alloy samples are aged simultane-
ously isochronally and isothermally for different temperatures and times. Hardness, resistivity,
impedance value, and DSC study have been considered to comprehend the precipitation be-
havior of the differently aged alloys. No age-hardening response is observed for all the alloys,
but the directly cold-rolled Zr-added alloy resists the soften behavior than that of prior to hot
roll alloy. Precipitation kinetics of Al3Zr in Al-5Mg-0.3Zr alloys is controlled by the diffusion
of zirconium in aluminum. Microstructures display that the Al-5Mg alloy becomes almost fully
recrystallized after aging at 300◦C for 300 min. But Zr-added alloys do not show this scenario
owing to the presence of metastable fine L12 Al3Zr precipitates, which are thermally stable
at high aging temperatures.
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1. Introduction

Aluminum is the predominant metal in Al alloys,
and the typical alloying elements are copper, magne-
sium, manganese, silicon, tin, zinc, etc. Alloys in which
magnesium is the principal alloying element, accord-
ing to the aluminum alloys designation system, are
selected 5xxx series alloys [1, 2]. Beryllium, cerium,
chromium, gallium, titanium, zirconium, vanadium,
etc., may be added to the alloys asminor alloying el-
ements. These Al-Mg alloys have been widely used
in boat hulls, dump truck bodies, petrol tanks, cryo-
genic pressure vessels, packaging, general engineering
industries, and other products exposed to marine en-
vironments. It is because of their good combination
of high strength-to-weight ratio and formability, high
ductility, excellent corrosion resistance, and weldabil-
ity [1, 3]. These series of alloys constitute a group of
non-heat-treatable alloys with medium strength. The
strength of Al-Mg alloys strongly increases with the
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addition of Mg as high solubility in solid solutions.
These alloys derive their strength mainly from solu-
tion strengthening and work hardening during defor-
mation. The fabrication process of 5xxx alloy mainly
consists of casting, homogenization, hot rolling, inter-
mediate annealing, and cold rolling [4].
On the other hand, high levels of Mg cause pro-

cessing challenges and the susceptibility to stress cor-
rosion cracking [5, 6]. An effective alternative method,
adding minor alloying elements such as Zr, is used
to increase the strength and thermal stability of Al-
-Mg alloys by forming Al3Zr dispersoids [7–9]. It is
known that cold rolling creates a substructure con-
sisting of a high density of dislocations within grains,
cells bounded by arbitrary dislocation boundaries,
extended boundaries termed as geometrically neces-
sary boundaries, and shear bands [10, 11]. After high
rolling reduction, the formation of a lamellar struc-
ture or ultrafine grains may take place, which has a
very strong influence on the subsequent anisotropy of
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Ta b l e 1. Chemical composition of both investigated alloys (wt.%)

Alloy Mg Zr Si Fe Sn Zn Al

1 5.014 0.000 0.429 0.375 0.249 0.012 Bal.
2 5.124 0.304 0.507 0.269 0.238 0.012 Bal.

the sheet products in high-strength conditions [12].
Numerous studies of microstructural evolution during
cold rolling were carried out for aluminum and alu-
minum alloys [13–15]. At the same time, the struc-
tural evolution during extensive rolling and its effect
on anisotropy of mechanical properties in high-solute-
-content Al-Mg alloys containing a dispersion of coher-
ent, nanoscale particles are poorly known. For most
non-heat-treatable aluminum alloys, the process usu-
ally involves hot rolling, leading to significant thick-
ness reduction and preparation for the later form-
ing process. Rolling is a classic metalworking process
that is the standard technique for hardening non-heat-
-treatable alloys. The rolling operation changes the
properties of the surface, like morphological, optical,
microstructural, electrochemical, and near-surface re-
gions of the materials, by exercising shear stress on
the surfaces.
The present study attempts to understand the pre-

cipitation behavior of directly cold-rolled and prior to
hot roll Al-5Mg alloys doped with 0.3 wt.% zirconium
under thermal treatment. Moreover, Al-5Mg alloy is
generally used in a work-hardened condition and will
undergo softening during use. But the softening be-
havior of the alloy system under the influence of hot
rolling Al3Zr particles pre-existing in the matrix has
not been studied elaborately. The results are presented
along with the analysis of the evolution of microstruc-
tures in the experimental alloys due to changes in their
chemistry, mechanical, and thermal history.

2. Experimental

In this study, Al-5Mg and Al-5Mg-0.3Zr alloys
were prepared through melting of aluminum ingot
(99.7% purity), magnesium lump (99.9 % purity), and
Al-10Zr (mass%) master alloys. Melting was done in
a resistance heating furnace. The melt temperature
was always maintained at 780 ± 15◦C, and the de-
gasser borax was used as a suitable flux cove. Then
the melt was allowed to be homogenized under stir-
ring at 700◦C and poured in a preheated at 200◦C
mild steel mold of 17 × 150 × 250mm3. Chemical
analysis of both the alloys was performed by Optical
Emission Spectrometry. The measured elemental com-
position by weight percent is presented in Table 1. The
cast samples were first machined to skin out the ox-

ide layer from the surface. Size of 20 × 15 × 250mm3
for hot and cold rolling and 15 × 15 × 250mm3 for
direct cold rolling were prepared from the castings.
Some samples from both the alloys were kept in a
resistance heating furnace at 400◦C for 12 h for ho-
mogenization. The homogenized samples were solu-
tionized at 530◦C for 2 h and then quenched in ice-
cooled salt water. At 400 ± 5◦C hot rolling of ho-
mogenized samples was performed in a lab-scale of
10 HP capacity rolling mill. Then the sample size
attained the dimension of 15 × 15 × 250mm3 like
the cold-rolled sample. As-cast and hot-rolled sam-
ples of both the alloys were cold rolled using the same
rolling mill up to the reduction of 80 %. The defor-
mation given was about 1.0 mm per pass. Samples of
15 × 15 × 3mm3 in size were prepared from the cold-
rolled sheet for these studies. Cold-rolled samples were
aged isochronally for 60 min at different temperatures
up to 500◦C. The samples were isothermally aged at
200 and 300◦C for different times ranging from 15 to
300min. The hardness of different processed alloys was
measured in a Vickers hardness testing machine using
a load of 1 kg for 10 s to review the age-hardening ef-
fect of the alloys. The electrical conductivity of those
processed alloys was carried out with an Electric Con-
ductivity Meter, type 979. Before the experiment, a
15 × 15mm2 finished surface was prepared by grind-
ing and polishing. Electric resistivity was calculated
from those conductivity data. The directly cold-rolled
and prior to hot roll alloys have also been subjected to
differential scanning calorimetry using a DuPont 900
instrument under an inert N2 gas atmosphere. The
samples for DSC studies were selected as lumps of
25 mg in weight cleaned with alcohol and acetone be-
fore the test. A fixed heating rate of 10◦Cmin−1 was
used for the DSC scan, and the temperature range
was selected from 50 to 600◦C. The activation energy
of transformations in different conditions was calcu-
lated using the Nagasaki-Maesono analysis [16]. The
optical metallography of the samples was carried out
with the help of a Versamet-II-Microscope using con-
ventional metallographic techniques. The specimens
were finally polished with alumina and chemically
etched with Keller’s reagent. The SEM investigation
and EDX analysis of the alloys were carried out using a
Jeol Scanning Electron Microscope type of JSM-5200
and equipped with an energy dispersive X-ray ana-
lyzer.
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Fig. 1. Variation of microhardness of the cold-rolled Al-Mg
Alloy 1 (DC), Al-Mg-Zr Alloy 2 (DC), and prior to hot roll
Al-Mg Alloy 1 (HC), Al-Mg-Zr Alloy 2 (HC), isochronally

aged for 1 h.

3. Results and discussion

3.1. Aging behavior

3.1.1. Isochronal aging

Isochronal aging curves of the directly cold-rolled
Al-Mg Alloy 1 (DC), Al-Mg-Zr Alloy 2 (DC), and prior
to hot roll Al-Mg Alloy 1 (HC), Al-Mg-Zr Alloy 2 (HC)
aged for 60min at different temperatures are shown in
Fig. 1. It is apparent that there is no age-hardening
effect in the alloys. It is recognized that binary Al-Mg
alloy is one of the non-age hardenable alloys that form
its GP zone at low temperatures [17]. However, dur-
ing the initial period of aging, considerable softening
may occur due to stress relieving as well as the recov-
ery process of the alloys. Alloys containing Zr record
higher hardness values in the cold-rolled and followed
by prior hot- and cold-rolled conditions. Thus, the cold
rolling increases work hardening strength due to the
stable dislocation density and sub-grain structure. In
the literature, the effect of zirconium addition to alu-
minum alloys has been well documented. Zirconium
produces Al3Zr particles, which hinder the dislocation
slip, keep the intermediate subboundaries stable, and
enhance the recrystallization and grain growth resis-
tance. When the alloys are aged at a higher tempe-
rature beyond 200◦C, a sharp decrease in hardness is
observed for all the alloys. Because in higher tempe-
ratures, the precipitates tend to become coarser and
coarse precipitates are not as effective as finely dis-
persed precipitates in resisting dislocation movement.
Coarse precipitates also do not offer enough resistance
to the recrystallization as seen for the prior to hot-
-rolled Al-Mg-Zr Alloy 2 (HC). The softening of the
alloys at a higher temperature may be due to particle

Fig. 2. Variation of resistivity of the experimental alloys
isochronally aged for 1 h.

coarsening as well as the recrystallization effect.
The resistivity curve in Fig. 2 shows that the ini-

tial drop in resistivity is recorded in all the experimen-
tal alloys. It is because the cold worked alloys during
isochronal aging are thought to be due to rearrange-
ment of dislocations. At higher aging temperatures,
precipitates coarsening seems to have occurred due to
a higher fall of resistivity. For Zr-added alloys, Al-
-Mg-Zr Alloy 2 (DC) and prior to hot-rolled Al-Mg-
Zr Alloy 2 (HC), the resistivity is seen to be higher
at an entire aging time. This signifies that the addi-
tion of Zr refines the grain structure and leads to the
formation of fine Al3Zr precipitates that increase the
resistivity of the alloy.

3.1.2. Isothermal aging

When the alloys are isothermally aged at 200 and
300◦C, again, no aging response has been observed,
but the initial softening is observed for all the alloys
(Figs. 3, 4). Directly cold-rolled Al-Mg Alloy 1 (DC)
and prior to hot-rolled Al-Mg Alloy 1 (HC) show a
very fast and steep decrease in hardness and got be-
hind a constant value. The softening rate is always ob-
served to be low in directly cold-rolled Al-Mg-Zr Alloy
2 (DC), followed by prior to hot-rolled Al-Mg-Zr Alloy
2 (HC). The Zr-added alloys form Al3Zr precipitates
during casting and aging. The dispersedly distributed
Al3Zr particles hinder the dislocation movement, de-
creasing the softening rate. The Zr added hot-rolled
alloy loses to some extent the effectiveness to resist the
movement of dislocation due to precipitate coarsening
that already took place during homogenizing at 400◦C
for 12 h, solutionizing at 530◦C for 2 h and soaking at
hot-rolling temperature, 400◦C. The decreasing initial
hardness of the alloys is due to the recovery process.
The magnitude of initial hardness drop is a function
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Fig. 3. Isothermal aging curve of the cold-rolled Al-Mg
Alloy 1 (DC), Al-Mg-Zr Alloy 2 (DC), and prior to hot
roll Al-Mg Alloy 1 (HC), Al-Mg-Zr Alloy 2 (HC), aged at

200◦C.

Fig. 4. The isothermal aging curve of the experimental
alloys, aged at 300◦C.

of aging temperature and is found to increase with in-
creasing aging temperature due to higher dislocation
mobility.
The isothermal aging curve at 200◦C lower ag-

ing temperature showed that the directly cold-rolled
alloys attained inferior hardness at the intermediate
time around 120min. It is due to the dissolution of
GP zones to the formation of metastable phases while
the metastable precipitates have not grown; their size
is too small to resist dislocation movement effectively.
But this scenario is absent for hot-rolled alloys as it
already occurs during hot rolling [18, 19].
The variations of resistivity during isothermal ag-

ing of the alloys at 200 and 300◦C are shown in Figs. 5
and 6, respectively. The resistivity curves of the alloys
show an initial drop followed by the constant value.
The initial drop in resistivity during isothermal ag-

Fig. 5. Variation of resistivity due to isothermal aging of
the experimental alloys at 200◦C.

Fig. 6. Variation of resistivity due to isothermal aging of
the experimental alloys at 300◦C.

ing of the experimental alloys indicates dislocation re-
arrangement, precipitation coarsening, and recrystal-
lization within the cold-worked alloys. The decrease
in resistivity is much higher in binary Al-5Mg alloy
than in Zr-added alloy. During aging, Zr-added al-
loys form the fine precipitates of Al3Zr, which hamper
the reduction of resistivity of the alloys. This phe-
nomenon is more profound for the directly cold-rolled
alloys because the hot-rolled alloy loses the effective-
ness during socking and rolling at higher temperatures
through Al3Zr precipitates coarsening. For annealing
at a higher temperature, the initial drop in resistivity
is observed within a short time, as discussed earlier,
since higher aging temperatures make higher disloca-
tion mobility of the materials [20].

3.2. Impedance behavior

The frequency dependence of the impedance be-
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Fig. 7. Impedance behavior of the alloys as a function of
the applied frequency.

havior of the directly cold-rolled Al-Mg Alloy 1 (DC),
Al-Mg-Zr Alloy 2 (DC), and prior to hot roll Al-
-Mg Alloy 1 (HC), Al-Mg-Zr Alloy 2 (HC) at room
temperature can be seen in Fig. 7. It has been ob-
served that all of the samples exhibited relatively high
impedance at low frequencies, and it decreased with
increasing the frequency. In conformity with Drude
Lorentz’s model, capacitive impacts are elevated at
lower frequencies due to the dispersive effect of the
electrons colliding with the lattice and electric polar-
ization of the bound electrons, not in the conduction
band. Some interfacial polarization effects may also
appear. This leads to the high impedance at lower fre-
quencies as it combines both the capacitive and purely
resistive effects. Adding Zr significantly decreases the
impedance characteristics for both rolling conditions
[21]. As fine grains are formed and more grain bound-
aries of a thin layer are generated, impedance reduces.
With the rise of rolling deformation, dislocation den-
sity increases, and a serious change of grain orienta-
tion causes higher impedance values for hot- and cold-
-rolled samples. The impedance at 104 Hz frequency
of the experimental alloys at different aging tempera-
tures for 1 h is shown in Fig. 8. All the alloys exhibit a
higher value of impedance while aging is done. The in-
tensity of impedance of all the samples shows a sharp
decreasing trend. The dislocation rearrangement has
caused a reduction in impedance. The formation of
fine-intermetallic precipitation has caused a slight in-
crease in impedance [22].

3.3. Thermal analysis

The directly cold-rolled Al-Mg Alloy 1 (DC), Al-
-Mg-Zr Alloy 2 (DC), and prior to hot-rolled Al-Mg
Alloy 1 (HC), Al-Mg-Zr Alloy 2 (HC) have given rise
to the DSC heating curve as shown in Fig. 9. All the
DSC heating curves of the experimental alloys are sim-
ilar in nature, where three peaks are present. The first

Fig. 8. The behavior of the impedance with the tempera-
ture at 104 Hz frequency.

Fig. 9. DSC heating curve of the experimental alloys.

one, an exothermic peak around 70◦C, is attributed
to the formation of GP zones. The activation energy
of the process, 60–64 kJmol−1, is close to the activa-
tion energy for GP zone formation, as reported earlier
to be 59.9 kJmol−1 [23]. The peak temperatures and
corresponding activation energy of the alloys studied
are presented in Table 2. A second broad endother-
mic peak occurs around 136–164◦C, which refers to
the dissolution of some metastable phase as Al-Mg
alloy always contents during casting. The activation
energy of the process is close to the activation energy
for the diffusion of magnesium in aluminum, as an ear-
lier study has been reported to be 130 kJmol−1 [20,
24]. Finally, exothermic peaks around 326–374◦C rep-
resent recrystallization. However, its activation energy
is somewhat higher than the previously reported value
of 190 kJmol−1. This may be due to hindrance to dis-
location movement by certain iron aluminides, which
might have been present due to the relatively higher
iron content in the alloy (∼ 0.3 wt.%).
From the respective graph and the table, it is noted
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Ta b l e 2. Results of DSC heating run

Alloy Transformation Peak temperature (◦C) Activation energy (kJ mol−1)

GP zone formation 68 62
Alloy 1 (DC) Dissolution of some phases 136 135

Recrystallization 333 202

GP zone formation 71 64
Alloy 2 (DC) Dissolution of some phases 171 133

Recrystallization 374 204

GP zone formation 69 60
Alloy 1 (HC) Dissolution of some phases 162 131

Recrystallization 326 191

GP zone formation 70 61
Alloy 2 (HC) Dissolution of some phases 164 129

Recrystallization 335 192

Remarks:
– Alloy 1 (DC) is a directly cold-rolled Al-Mg alloy,
– Alloy 2 (DC) is a directly cold-rolled Al-Mg-Zr alloy,
– Alloy 1 (HC) is a hot- and cold-rolled Al-Mg alloy,
– Alloy 2 (HC) is a hot- and cold-rolled Al-Mg-Zr alloy.

Fig. 10. Optical micrograph of (a) Al-Mg Alloy 1 (DC), (b) Al-Mg-Zr Alloy 2 (DC), (c) Al-Mg Alloy 1 (HC), and
(d) Al-Mg-Zr Alloy 2 (HC).

that the Zr added directly cold-rolled Al-Mg-Zr Alloy
2 (DC) always shows all the processes delayed, but this

scenario is absent for prior to hot roll Al-Mg-Zr Alloy
2 (HC). In the literature, the effect of zirconium ad-
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Fig. 11. Optical micrograph of (a) Al-Mg Alloy 1 (DC), (b) Al-Mg-Zr Alloy 2 (DC), (c) Al-Mg Alloy 1 (HC), and
(d) Al-Mg-Zr Alloy 2 (HC), aged at 300◦C for 300 min.

dition to aluminum alloys has been well documented.
During solidification, it produces Al3Zr particles that
hinder the dislocation slip, keep the intermediate sub-
boundaries stable, and enhance the recrystallization
resistance. Based on these reasons, the entire process
of thermal stability of the alloy has been delayed. Prior
to hot rolling Al-Mg Alloy 1 (HC), Al-Mg-Zr Alloy
2 (HC) does not show the dissolution peak at those
temperatures because some existing precipitates are
dissolved during heating and soaking for hot working.
This thermal process also coarsens the Zr precipitates
of the Al-Mg-Zr Alloy 2 (HC). The coarsening Al3Zr
precipitates also reduced the effectiveness of the ther-
mal stability of the alloy [25].

3.4. Optical micrographs

The microstructures of the experimental alloys Al-
-Mg and Al-Mg-Zr, both the directly cold-rolled and
prior to the hot-rolled state, are shown in Fig. 10.
Directly cold-rolled Al-Mg Alloy 1 (DC) microstruc-
ture displays the as usual α-Al dendrites with coarse
grains where the β-Al8Mg5 intermetallics along with
aluminides of other trace elements stay in the inter-

dendritic regions (Fig. 10a). The directly cold-rolled
Al-Mg-Zr alloy 2 (DC) shows the refined primary den-
drites α with consequent diminution of dendrite arm
spacing (Fig. 10b). This implies the low growth restric-
tion effect. The significant grain refinement of the alloy
through the Zr addition can be credited to the hetero-
geneous nucleation, which is facilitated by the forma-
tion of Al3Zr particles [26, 27]. Due to cold rolling,
the alloys exhibit elongated and fragmented dendrites
along the rolling direction. In the case of prior to the
hot roll, both alloys show signs of the equiaxed grain
structures (Figs. 10c,d). During hot rolling at 400◦C,
most of the dendritic structure and eutectic phases are
dissolved into an equiaxed structure, and the inter-
metallics are distributed in the interdendritic regions.
The cold rolling of the hot-rolled alloys creates typi-
cally strained and elongated grains along the rolling
direction.
Figure 11 presents the optical microstructures of

the above experimental alloys subjected to aging at
300◦C for 300min. In both rolling conditions, Al-Mg
alloy exhibits severe equiaxed grains due to recrys-
tallization (Figs. 11a,c). However, in the Zr-added al-
loys, elongated grains still dominated as they recrys-
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Fig. 12. SEM images and EDX spectra of (a) Al-Mg Alloy 1 (DC), (b) Al-Mg-Zr Alloy 2 (DC), (c) Al-Mg Alloy 1 (HC),
and (d) Al-Mg-Zr Alloy 2 (HC), aged at 200◦C for 1 h.
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tallized partially (Figs. 11b,d). The recrystallization of
Zr-added alloys having fine precipitates of Al3Zr does
not complete at the same temperature. The fine pre-
cipitates of Al3Zr are coherent with the matrix, im-
peding dislocation slip and effectively pinning sub-
boundary and grain boundary. As a result, aging tem-
perature grain growth and recrystallization are diffi-
cult in aluminum alloys [28].

3.5. SEM and EDX observation

Scanning electron microstructures of the experi-
mental alloys aged at 200◦C for 1 h that substantiate
the observations through optical microstructures are
shown in Fig. 12. The directly cold-rolled Al-Mg Alloy
1 (DC) and Al-Mg-Zr Alloy 2 (DC) show the elongated
grain, but Zr-added alloy consists of relatively refined
grains in the microstructure (Figs. 12a,b). It has al-
ready been stated earlier about the refining properties
of Zr. There is no evidence of recrystallization, and it
keeps hold of its elongated grains after aging at 200◦C
for 1 h. Fracture surfaces are observed along with the
grain boundary. The increasing magnesium content in
the alloy can increase the work hardening rate. Alloys
containing more than 3 wt.% Mg undergo sensitiza-
tion, wherein the magnesium segregates from the solid
solution, and this leads to a higher tendency for inter-
crystalline failure, presumably due to the formation
of β-phase Al8Mg5 or Al3Mg2 precipitates at the slip
band and grain boundaries. Upon cold working, this
particular problem is aggravated [29, 30]. As a result,
fracture surfaces remain in the grain boundary. It is
also demonstrated that the Zr bearing alloys show a
relatively thin grain boundary fracture because of rel-
atively fine grains. The corresponding EDX analysis
by weight percent of the SEM confirms that Al-Mg
Alloy 1 (DC) consists of a weight amount of 93.45%
Al, 5.65% Mg, 0.11% Si, 0.52% Fe, and 0.27% Sn.
Similarly Al-Mg-Zr Alloy 2 (DC) contains 93.44% Al,
5.10% Mg, 0.04% Si, 0.98% Fe, 0.18% Sn, and 0.25%
Zr.
Scanning electron microstructures of prior to hot-

rolled Al-Mg Alloy 1 (HC) aged at similar condi-
tions show partially recrystallized grains with am-
ple second phase particles at the grain boundaries
(Fig. 12c). Heavily rolled both hot- and cold-rolled
samples started the process of recrystallization earlier.
However, no evidence of recrystallization of Al-Mg-Zr
Alloy 2 (HC) (Fig. 12d) is viewed. The corresponding
EDX analysis by weight percent of the SEM corrob-
orates that Al-Mg Alloy 1 (DC) consists of a weight
amount of 93.27% Al, 5.45%Mg, 0.13% Si, 0.97% Fe,
0.12% Sn, and 0.06 % Zr. Similarly Alloy 2 contents
93.22% Al, 5.37% Mg, 0.13% Si, 0.95% Fe, 0.03%
Sn, and 0.30 % Zr.

4. Conclusions

It is evident that no age-hardening effect is ob-
served due to the addition of Zr in the Al-5Mg al-
loy. However, during aging, relatively lower softening
is noticed than in the base alloy since Zr produces
Al3Zr particles during solidification, and aging hinders
the dislocation movement into the cold-rolled alloys.
As a result, the whole thermal processes of the al-
loys are delayed, like GP zone formation, dissolution
of some phases, and recrystallization. The dendrites
nature of the Al-Mg alloy microstructure is refined
substantially with the addition of zirconium through
the heterogeneous nucleation of Al3Zr particles. The
hot-rolled alloys after aging showminimum positive
response due to prior precipitation coarsening of Al3Zr
in zirconium-bearing alloys during homogenizing and
soaking at the hot-rolling temperature, and these pre-
cipitates are not as effective as finely dispersed precip-
itates in resisting the movement of dislocation.
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