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Microstructure and Properties of Cold Rolled and
Annealed Al-Mg Alloys
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The effect of Mg content and thermomechanical processes on microstructural evolution, mechanical and physical
properties of cold rolled and annealed Al-Mg alloys containing 3-6% Mg and around 0.5wt.% Mn, have been
investigated by means of optical microscopy, hardness and electrical conductivity measurements. For a given
composition, it was found that the final grain size of the recrystallized material decreases with increasing strain as
well as with the increasing Mg content. In alloys with 4.5 and 6% Mg the grain size at critical strain decreases with

addition of Mn.
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Introduction

1-Mg alloys are an important group of commercial Al

alloys with good combination of strength and
formability and therefore they have various applications in
transport, packaging and general engineering industries.
They belong to the group of non-heat treatable Al alloys
which derive their strength mainly from solution
strengthening and work hardening during deformation.
Cold deformation is particularly effective in strengthening
since restoration processes are thermally activated.

Strength of Al-Mg alloys strongly increases with
addition of Mg. Mg has a high solubillity in solid solutions
and therefore it provides the most effective enhancement of
strength among all alloying additions in the aluminium
solid solution [1-5]. Mg, like other solute elements, has a
strong influence on recrystallization and grain growth. It
also serves to reduce both the rate of growth and the final
grain size [1, 6, 7].

Commercial Al-Mg alloys also contain elements such as
Mn, Fe, Si or Cr and Ti. These elements form the second
phase particles due to a limited solubility in solid solutions.
Although these elements have a minor influence on strength
of Al alloys, they have a significant influence on annealing
behaviour, i.e. they are an important parameter in the grain
size control. Addition of Mn increases strength no matter it
is in a solid solution or in the precipitated intermetalic
phase. Mn usually precipitates as a dispersoid during
preheating and hot processing increasing toughness, and, at
the same time, decreasing susceptibility to intergranular
cracking and stress corrosion. Mn is mainly added for the
grain size control due to its grain growth inhibition.
Although the predominant reason for alloying is to increase
strength, alloying has important effects on the other
characteristics of Al alloys: physical and electrochemical
properties and corrosion resistance. Electrical conductivity
is one of the most sensitive properties of Al alloys, being

particularly responsive to changes in composition and
temper. Electrical conductivity of Al-Mg alloys depends on
whether the element is in a solid solution or a second phase is
formed. Elements in a solid solution are always more
harmful to electrical conductivity. The electrical conductivity
of these alloys is mainly dependent on the amount of
magnesium dissolved and decreases almost linearly with
concentration of Mg in a solution [1]. The effects of other
elements are submerged by Mg. During the cold
deformation, electrical conductivity decreases due to the
increase of the number of vacancies and the density of
dislocations. A higher electrical conductivity after annealing
is a result of the combined effects of recovery and
recrystallization, and the dissolution of precipitate phases.

The grain size is one of the most important
microstructural factors controlling strength and formability.
A fine grain size is extremely important factor to minimize
surface roughening during forming and to provide ductility
during forming operation and fracture toughness. On the
other hand, to avoid stretcher strain markings, the material
should be formed in the fully soft temper, i.e. in this case it
is necessary to avoid a grain size which is too fine. For
these reasons, it is important to obtain an optimal grain size,
and to have a good combination of strength and formability.
The grain size is controlled by an appropriate combination
of hot and cold rolling and annealing [8-12].

The grain size in Al-Mg alloys with Mn after annealing
depends on chemical composition, initial grain size, heating
rate, precipitation, second-phase particles, Mn dispersoid,
content Mg in solid solution and annealing time.
Magnesium serves to reduce both the rate of growth and the
final grain size but also, to give a much greater non-
uniformity in the scale of the recrystallized structure [4].
The grain size in alloys for a given composition is the most
significantly effected by cold rolling reduction before
annealing.
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For a given annealing temperature there is a critical
amount of strain required to initiate recrystallization. Below
the critical strain, formation of recrystallization nuclei is
hampered by the low driving force and the lack to region of
large lattice curvatures and complete recrystallization does
not occur. Just above the critical strain the annealed grain
size is very large due to the activation of only nucleation
sites [2, 13, 14], i.e. the critical strain gives raise to the
largest grains after annealing. If the strain is higher than
critical, the grain size decreases.

The aim of this work was to determine the relation
between the applied deformation and the grain size of
annealed Al-Mg alloys, as well as their mechanical and
physical properties.

Experimental

The chemical compositions of commercial Al-Mg alloys
which were investigated are presented in Table 1.

Table 1. Chemical compositions of Al alloys (wt.%)

Mg | Si | Cu [Mn | Fe | Zn | Ni | Ti | Al

AlMg3 3.1 [0.09]0.01 {0.03]0.31]0.04|0.01]0.01 |Bal.
AlMg4.5Mn| 4.1 |0.12 |0.015| 0.54 | 0.36 | 0.07 | 0.01 | 0.01 | Bal.
AlMg6Mn | 5.95|0.16 | 0.02 | 0.57 | 0.40 | 0.02 | 0.01 | 0.04 | Bal.

Pre-deformation treatment was performed and it
consisted of pre-rolling and annealing for 3h at 320°C. The
final rolling included reductions of 10, 15, 20, 25 and 50%,
and was followed by the final annealing for 3h at 320°C.
The final thickness of all samples was 3 mm, since they
will be used for further spinnability testing on the industrial
scale. To reveal a grain size, the standard procedure
included mechanical and electro-polishing, etching using
Barker's solution (25ml HBF; (40%), 1000ml distilled
water). The grain size was observed by the optical
microscope under the polarized light. The average grain
size was determined by the linear intercept method.
Hardness was measured by the Vickers hardness test (HVS)
and electrical conductivity was measured using the
Sigmatest D. 2.068.

Results and Discussion

The microstructures obtained after annealing of AIMg3
are shown in Fig.la-e. The effect of strain on the average
grain size in the annealed specimens is shown in Fig.1f.
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Figure 1. Microstructure of AIMg3 alloy annealed for 3h at 320°C after (a)
10% reduction; (b) 15% reduction; (c) 20% reduction; (d) 25% reduction; (e)
50% reduction; (f) the effect of strain on the average size grain

Polygonal grains with almost uniform size distribution
characterize the microstructure in all samples. It was noted
that the grain size increases with the rolling reduction up to
the maximum value, and then decreases. The maximum
grain size is related to the critical strain for recrystallization
[13]. For this alloy the critical strain is about 15%. Similar
dependence was obtained for the two other alloys.

The typical microstructures obtained after annealing of
AlMg4.5Mn and AIMg6Mn are shown in Figures 2a-e and
3a-e. The effect of strain on the average grain size of these
alloys is shown in Figures 2f and 3f.
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Figure 2. Microstructure of AIMg4.5Mn alloy annealed for 3h at 320°C
after (a) 10% reduction; (b) 15% reduction; (c) 20% reduction; (d) 25%
reduction; () 50% reduction; the effect of strain on the average size grain.
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For AlMg4.5 Mn alloy the maximum grain size of
approximately 30 um was obtained after 20% reduction and
then the grain size decreases and for AIMg6Mn, the
maximum grain size, approximately 25 pum, was obtained
after 25% reduction and as in AIMg4.5Mn the grain size
decreases after achieving the critical strain.

The effect of strain on the average size grain in the
annealed specimens of all tested alloys is shown in Fig.4.

For all tested alloys the average grain size increases with
reduction up to the maximum value, and then decreases.
The critical strain values for AlMg3, AlMg4.5Mn and
AlMg6bMn were 15, 20 and 25% respectively. The
maximum grain size is related to the critical strain for
recrystallization.
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Figure 3. Microstructure of AIMg6Mn alloy annealed for 3h at 320°C
after (a) 10% reduction; (b) 15% reduction; (c) 20% reduction; (d) 25%
reduction; () 50% reduction; the effect of strain on the average grain size

Since the critical strain for recrystallization has been
reached, the average grain size decreases as the percentage
of cold deformation increases. A further increase of strain
results in the decrease of the grain size. The recrystallized
grain size depends on the nucleation rate and the growth
rate [2, 7, 8, 14]. The nucleation rate increases with strain.
At low strain, the deformation is distributed
heterogeneously close to the grain boundaries and particles.
Consequently, the nuclei are widely distributed in the
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deformed region resulting in a smaller number of nuclei per
unit volume and in coarse grains. As the strain increases,
more energy stored from cold work is available for the
nucleation of new grains and the recrystallized structure is
finer. Also, the critical strain increases due to the increase of
Mg content in alloy, because a higher Mg content requires a
higher driving force for the structural rearrangement
(recovery and recrystallization). The Mn has the main role in
the grain size control. The addition of the Mn in AIMg4.5Mn
and AlMg6Mn alloys inhibits grain growth and strongly
decreases the grain size at the critical strain compared to the
AlMg3 alloy.

m_ ]
£ -am A
= = o= Alled Sin
ﬁ 3+ - &= ANGEMN
B

30 b

2% P o f
.g_:' 9 F ]

Figure 4. Effect of strain on the grain size in annealed specimens

The effect of the Mg content on the critical strain for
static recrystallization and the related grain size is
summarized in Fig.5. Higher Mg content increases the
critical strain for static recrystallization, while decreasing
the related grain size. The different slopes on d./%Mg
curve are directly related to the addition of Mn in alloys
with 4.5% and 6% Mg.
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Figure 5. Effect of the Mg content on the critical strain for static
recrystallization and related grain size

The effect of strain on hardness is shown in Fig.6, for
both strained (closed symbols) and annealed (open
symbols) specimens. In the strained state, hardness
increases as the amount of deformation increases. Also, the
differences in hardness between AIMg6Mn and AlMg3
increase as the amount of deformation increases. This is in
agreement with the assumption that the Mg content has a
greater influence on hardness at higher strain [4].
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Figure 6. The influence of cold rolling reduction on hardness

In the annealed condition, hardness curves for all alloys
have a similar shape. The hardness of annealed specimens
decreases up to some specific strain and then slightly
increases with further increase in strain. The minimum
hardness values were obtained after 15, 20 and 25% cold
rolling for AlMg3, AlMg4.5Mn and AIMg6Mn,
respectively. The results in Fig.6 are comparable with those
in Fig.4. It can be noted that the largest drop in hardness is
related to the critical strain of all alloys. Also, the highest
hardness drop was obtained for AIMg3 alloy, medium for
AlMg4.5Mn and the lowest for AIMg6bMn alloy. This
behaviour is in good agreement with the grain sizes shown
in Fig.4.

Also, the results in Fig.6 show that the Mg content has a
great influence on hardness, it increases the hardness in
both deformed and annealed condition, as it was found
earlier [1-5]. The clear Mg content effect on hardness is
illustrated in Fig.7.
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Figure 7. Effect of the Mg content on hardness

The results of the electrical conductivity measurements
are shown in Fig.8. The results indicate that the addition of
Mg has a strong influence on the electrical conductivity, in
both strained and annealed conditions. On the other hand, it
seems that the strain has a very weak influence, e.g. at 50%
deformation the electrical conductivity decreases from 2 to
2.5%, which is in accordance with some previously
reported results [1, 15].

Electrical conductivity slightly decreases with increasing
strain as a result of an increase of the dislocation density
and vacancies concentration [1, 14-16]. However, the



RADOVIC,LJ., NIKACEVIC,M.: MICROSTRUCTURE AND PROPERTIES OF COLD ROLLED AND ANNEALED Al-Mg ALLOYS 19

decrease of the electrical conductivity induced by cold
deformation is the most intensive at the cold rolling
reduction lower than applied in this work, as stated earlier
[16, 17]. It can explain the small changes in the electrical
conductivity in respect the applied strain. After annealing
the electrical conductivity level is slightly higher than in
strained condition. Two opposite effects contribute to the
variations in electrical conductivity. The annihilation of
vacancies during the recovery and the decrease of
dislocation density during the recrystallization increase
conductivity. On the other hand, the dissolution of soluble
precipitate phases (i.e. Mg removing to solution) [18]
decreases conductivity. After annealing at 320°C/3h the
structures of these alloys are fully recrystallized and the
grain growth still does not start. It can be assumed that the
differences in the structures, i.e. grain sizes, have no
influence on conductivity.
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Figure 8. The influence of cold rolling reduction on electrical conductivity

Fig.9 illustrates the effect of the Mg content on electrical
conductivity in both 50% deformed and annealed condition.
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Figure 9. Effect of the Mg content on electrical conductivity

The increase of the Mg content decreases the electrical
conductivity in both deformed and annealed conditions.
The deviation from the linear relationship between the
electrical conductivity and the Mg content is probably
related to the absence of Mn in the AIMg3 alloy.

Conclusion

The effect of cold rolling reduction on the grain size,
hardness and electrical conductivity of annealed Al-Mg
alloys with different content of Mg was studied.

The grain size is strongly influenced by strain prior to
annealing. The critical strain gives rise to the largest grains
after annealing. The critical strain is dependant on the Mg
content, so the wvalues for AlMg3, AlMg4.5Mn and
AlMg6Mn were 15, 20 and 25% respectively. The grain
sizes which related to the critical strain were 62, 30 and 25
um, respectively. The grain size decreases after achieving
the critical strain for all tested alloys, thus the influence of
the Mg content on the recrystallized grain size diminishes at
higher strains. The addition of approximately 0.5% Mn in
alloys with 3 to 4.5% Mg greatly decreases the grain size at
the critical strain.

The hardness of Al-Mg alloys increases with Mg
addition, as well as with strain, while in the annealed
condition the hardness was observed to decrease to a
minimum, and then to increase slightly. That minimum
value of hardness corresponds to the critical strain.

Electrical conductivity slightly decreases with increasing
strain, but pre-strain has no influence on electrical
conductivity of annealed specimens. It can be assumed that
changes of the concentration of vacancies and the
dislocation density during deformation/annealing have the
main influence on the electrical conductivity while the
grain size has minor influence.
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Mikrostruktura i osobine hladno valjanih i Zarenih Al-Mg legura

Ispitan je uticaj sadrZaja Mg i parametara termomehanicke prerade na mikrostrukturu, mehanicke i fizicke osobine
hladno valjanih i Zarenih Al-Mg legura sa sadrZajem Mg od 3-6% i dodatkom oko 0,5% Mn. KoriS¢ene su metode
opticke mikroskopije, merenja tvrdoce i elektri¢ne provodljivosti. Pokazano je da za leguru datog hemijskog sastava
veli¢ina rekristalisanog zrna opada sa povecanjem stepena deformacije. Povecanje sadrzaja Mg u leguri takode
smanjuje veliinu rekristalisanog zrna. u legurama sa 4,5 i 6% Mg dodatak Mn znacajno smanjuje veli¢inu zrna pri
kriti¢nom stepenu deformacije.

Kljucne reci: legure Al-Mg, mirKkostruktura, hladno valjanje, Zarenje, tvrdoca, elektri¢na provodljivost, kriti¢ni
stepen deformacije, veli¢ina zrna.

MUuKpPOCTPYKTypa U CBOMCTBA XOJIOAHO MPOKATHIBAHHBIX U
000XEHHBIX CcI1aBOB Al m Mg

31ech CILITAHO BIUSHAE COAECPXKaHus Mg M IapaMeTPOB TEPMOMEXaHHYECKOM MepepaboTKi Ha MEKPOCTPYKTYDY,
a B TOM pOJie M MEXaHHYeCcKAe M (PH3MIECKUE CBOMCTBA XONOJHO IPOKATHIBAHHBIX M 0O0KEHHBIX CILTaBOB Al m Mg
co copepxanueM Mg m3 3-6% c pgo6GaBnenmeMm oxono 0,5 % Mn. 3pech HCIONB30BaHBI METORBI ONTHIECKOH
MEKPOCKOIHAH, H3MEPEHI JKECTKOCTH B ANEKTPAIECKOil MpoBoaEMOCTH. ToxXe IOKa3aHO, UTO JJIS CIIaBa AaHHOM
XIMIIECKOM CTPYKTYpPhI pasMep PEKPHCTAILIH30BAaHHO 3€pHO CHIDKAEeTCS C YBENHUCHHEM CTeleHH AecopMalum.
YBenmueHne coniepxXaHmsi Mg B CILIaBe TOXe YMEHBIIAeT pasMep pPeKpHCTAIH30BaHHOM 3epHO. B cmmaBax co
4,5% 1 6% Mg no6aBienre Mn 3HaYUTENHHO YMEHBIIAET pa3sMep 3epHO NIPH KPHTHYECKOH cTeneHn nedopmanmn.

Karwwuesvie caosa: cmmaBel Al @ Mg, MUKPOCTPYKTypa, XONOJHOE IPOKAThHIBaHHE, OGXKWTaHWE, KECTKOCTD,
3JIeKTpHIEcKas IPOBOIAMOCTD, KPUTHIECKas CTENEHDb AehopManui, pa3mMep 3epHO.

Microstructure et les propriétés des alliages AI-Mg laminés a
froid et recuits

Dans ce papier on présente les recherches sur I’effet du contenu du Mg et les paramétres du traitement thermo
mécanique a la microstructure, les propriétés mécaniques et physiques des alliages AI-Mg laminés a froid et recuits
avec le contenu de Mg de 3 a 6% et I’addition de Mn de 0,5% environ. On a utilisé les méthodes de microscopie
optique, le mesurage de la dureté et la conductibilité électrique. On a démontré que pour Dalliage de cette
composition chimique la dimension de grain recristallisé diminue si le degré de déformation
augmente .L.’augmentation du contenu de Mg dans I’alliage diminue aussi la dimension du grain recristallisé. Dans les
alliages qui contiennent 4,5 et 6% du Mg I’addition du Mn diminue considérablement la taille du grain quand le
degré de déformation est critique.

Mots clés: alliages AI-Mg, microstructure, laminage a froid, recuit, dureté, conductibilité électrique, degré critique de
déformation, dimension de grain.



