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ON THE MECHANICAL BEHAVIOUR OF THERMALLY AFFECTED 
NON-HEAT-TREATABLE ALUMINIUM ALLOYS
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ABSTRACT

The influence of heat treatment on the mechanical behavior in terms of true stress-strain and mode of fracture of 
the deferent non-heat-treatable alloys has been carried out. Hardness, resistivity and the microstructural change of 
the alloys due to annealing also consider for complying the properties. In this purpose the hot rolled followed by cold 
rolled alloys samples are isochronally annealed for one hour at different temperatures. The experimental results show 
that maximum strength can be achieved by 5xxx series alloys followed by 3xxx, 4xxx and the lowest for 1xxx series 
alloys as attributed to the alloying element performance. Increasing of heat treatment temperature led to decrease in 
hardness and resistivity of the alloys by reason of recovery and coarsened the grains. The stress-strain curves show 
the lower strength and higher elongation with annealing temperature. Microstructural study also confirms that cold 
rolled alloys contents the elongated grain but annealing at 400°C per one hour a recrystallized grains are formed. 
Fractographic observations also verify that commercially pure aluminum and silicon added alloys are fractured of 
ductile mechanism, but manganese and magnesium added alloys demonstrate a brittle type of fracture as by reason 
of formed intermetallic phases. 
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INTRODUCTION

Based on heat treatment, there are two basic types 
of aluminum alloys in practical application namely 
heat-treatable and non-heat-treatable alloys [1, 2]. The 
primary strength of heat-treatable alloys is created by 
alloying elements which form various intermetallics in 
the Al matrix. Mostly used alloying elements are copper, 
magnesium, silicon and lithium/tin. Depending on these 
elements, the alloys are also termed as 2xxx series, 6xxx 
series, 7xxx and 8xxx series Al-alloys respectively [3, 
4]. Since these elements in various combinations show 
increasing solid solubility in aluminum with increasing 
temperature, it is possible to subject them to thermal 

treatments that will impart pronounced strengthening. 
This method involves a sequence of solution heat 
treatment, subsequent quenching, and then precipitation 
hardening or age hardening [5]. Maximum strength 
can be achieved by proper combination of these heat 
treatments. Besides, strength of non-heat-treatable alloys 
are created through solid solution strengthening, where 
pure aluminum, manganese, silicon, and magnesium are 
the alloying elements. These are designated as the 1xxx, 
3xxx, 4xxx, and 5xxx series, respectively [3, 6]. Various 
levels of cold working or strain hardening are employed 
to increase the additional strength of such alloys. Plastic 
deformation is performed by rolling, dies or similar 
operations where the area is reduced. The level of area 



Journal of Chemical Technology and Metallurgy, 58, 6, 2023

1154

reduction controls the material ultimate properties [7].
Aluminum alloys are used in a wide variety of 

applications in the automobile, marine and aerospace 
industries for their low specific gravity, high strength 
to weight ratio, high wear resistance, high reflectivity, 
excellent heat and electrical conductivity, low melting 
point, negligible gas solubility, excellent castability 
and good corrosion resistance [8 - 10]. A new type of 
aluminum alloy material has emerged in recent years 
that is non-heat-treated aluminum alloy. The advantages 
of these alloys are that the material does not have to 
undergo solution treatment at high temperatures as well 
as artificial aging. Aluminum alloys can achieve high 
strength through natural aging only to satisfy the high 
performance for automobile and aerospace apparatuses 
[11 - 13].

After a literature review, it is clear that there are few 
research reports on non-heat-treated aluminum alloys, 
including very few reports on high-strength, high-
plasticity, non-heat-treated aluminum alloys. The study 
also confirms that rolling reduction and the following 
annealing temperature are two important parameters 
for safely used of the non-heat treatable alloys [14, 
15]. Therefore, it is very necessary to study the effects 
of rolling reduction and annealing temperature on 
microstructure and mechanical properties of these alloys.  
Therefore, the effect of annealing temperature on the 
hardness, precipitated behavior, mechanical properties, 
metallographic structure and fracture morphology 
of different non-heat treatable wrought alloys were 
studied. The reasonable annealing temperature was 
determined for consideration of the factor of safety in 
actual engineering design.

EXPERIMENTAL

The required melting was done in a gas fired pit 
furnace under a flux cover such as degasser, borax, 
etc. Commercially pure aluminum was taken as the 
starting material to prepare the alloy. To cast the alloys, 
aluminum was first melted in a clay-graphite crucible 
and then alloying elements such as commercially pure 
magnesium, Al-Si (50 % Si) master alloy were added 
by dipping into the molten metal. Mn-Al (80 % Mn) 
alloy powder was taken in an aluminum foil cover and 
then added by dipping. During the melting temperature 
of the furnace was always maintained at 780 ± 15°C 

with the help of the electronic controller. Then the melt 
was homogenized under stirring at 700°C and poured in 
200°C preheated 18.0 mm x 125.0 mm x 250.0 mm cast 
iron metal mould. Four alloys chemical compositions 
were analyzed by optical emission spectroscopy 
(OES) methods and the main elements are in Table 1. 
Furthermore, Cr, Zn, Ni, Pb, Sn, etc., were also present 
as trace impurities.

Four cast alloys were homogenized for a time 
duration of 6 hours at 400°C and then cooled slowly 
inside furnace. Solutionizing treatment was conducted 
for 2 hours at 530°C followed by rapid cooling in water. 

For the rolling operation alloys were machined 
in a size of 20 x 17 x 250 mm. First the samples were 
deformed to a thickness of 15 x 17 x 250 mm by hot 
rolling maintaining the temperature at 400°C followed 
by 80 % cold rolling which reduced the thickness from 
15 mm thick to 3.0 mm. In this case the deformation 
for each pass was about 1.0 mm. Both hot and cold 
rolling were done with a laboratory scale rolling mill 
of 10HP capacity. Sample for hardness and conductivity 
measurement 3 x 15 x 15 mm in size were obtained from 
the cold rolled samples. The samples were annealed 
for a period of 60 minutes at various temperatures 
up to 400°C to study the effect of heat treatment. The 
hardness of the machined surface was also taken using 
a Rockwell Brinell hardness testing machine named 
Zwick hardness tester where 1/8-inch ball in B scale 
was used. Tensile testing was performed according to 
ASTM specifications using an Instron testing machine 
at room temperature. The gauge length of the tensile 
specimen was 25 mm and the sustaining strain rate was 
10-3/s. Five tests were undertaken at each condition and 
the closest value of the average of the results is used to 
build the true stress-strain curve. Impact test was also 
carried out following ASTM standards with 2 mm deep 
45° angle V-shaped grooves with specimen size of 10 
x 10 x 55 mm. Electrical conductivity of the alloys was 

Al alloy Si Mn Mg Fe Al
1xxx 0.327 0.002 0.004 0.290 Bal
3xxx 0.486 2.565 0.006 0.326 Bal
4xxx 3.032 0.006 0.014 0.207 Bal
5xxx 0.356 0.009 3.100 0.899 Bal

Table. 1. Chemical composition of the experimental 
alloys (wt. %).
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carried out with an Electric Conductivity Meter, type 
979. 15 mm x 15 mm finished surface samples produced 
by grinding and polishing were prepared for this 
measurement. Electric resistivity was calculated from 
those conductivity data. The optical metallography of 
all these samples was carried out in the usual way where 
Inverted Metallurgical Microscope was employed. 
The specimens were prepared through a conventional 
mechanical polishing finally with alumina followed by 
etching with Keller reagent. After the tensile test the 
fracture surfaces were examined by a Jeol Scanning 
Electron Microscope type of JSM-5200.

RESULTS AND DISCUSSION

Isochronal annealing
Fig. 1 illustrates the results of isochronal annealing 

on hot rolled and 80 % cold-worked alloys at different 
temperatures for one hour. It has been observed 
that almost all alloys are initially softened by this 
of dislocation rearrangement and grain recovery 
inside the cold deformed alloys followed by another 
softening for particle coarsening and recrystallization 
at higher annealing temperature. The rate of softening 
varies on the alloy’s composition, although Mg-added 
alloys softened significantly when annealed at high 

temperatures compared to other alloys. Binary phase 
diagram of Al-Mg shows that the dissolution temperature 
of Al3Mg2 in the alloy matrix around at 250°C so the 
Mg-added Al alloy’s hardness dramatically dropped 
as the brittle phase dissolved [16]. This caused the Mg 
alloy to soften faster than the other alloys being exposed 
to higher temperatures. Similarly, Al-Mn binary phase 
diagram indicates that the brittle Al12Mn phase is stable 
up to 450°C [17]. As a result, at higher temperatures the 
rate of softening was much relatively low compared that 
of other alloys. In case of Si in Al alloy, the binary phase 
diagram indicates the presence of eutectic Si within the 
aluminium matrix, and yet no intermetallic compounds 
between Si and Al is developed. It also confirms that the 
spherical Si can be clearly seen in the scanning electron 
micrograph image [18]. Because of this, the level of 
softening is substantially more than in an aluminum 
alloy with manganese added.

Fig. 2 indicates the variation of average values of 
electric resistivity of the experimental non-heat treatable 
alloys with annealing temperature. The electrical 
resistivity of the 3xxx, 4xxx and 5xxx series alloys 
demonstrate the higher values than of commercially 
pure 1xxx alloy. Alloying may disturb the crystal lattice, 
which slows down or inhibits electrons as they flow 
through the material [19]. The formation of Al3Mg2 and 
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Fig. 1. Isochronal annealing curve of the 80 % cold rolled 
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Fig. 2. Variation of resistivity due to isochronal annealing 
of the 80 % cold rolled alloys for 1 hour.
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Al8Mg5 intermetallic compounds increases electrical 
resistivity, despite Mg’s lower value compared to Mn 
or Si. Rolling deposits corroded particles at the grain 
boundary, which impedes electron mobility across the 
alloy. Therefore, the addition of Mg to the Al alloy 
resulted in a rise in electrical resistivity. When Mn is 
added, Al6Mn form during solidification and during 
annealing the brittle intermetallic phase Al12Mn is also 
responsible for the rise in electrical resistivity. The free 
mobility of electrons is not hindered by the presence 
of eutectic Si in the Al matrix because of its spherical 
form. As a result, its electrical resistance is much lower 
compared to that of other alloys.

From the figure described the resistivity drop at 
initial stage during isochronal annealing of the four 
non-heat treated alloys are associated with minimize or 
rearrangement of dislocation and vacancies as the said 
alloys are heavily work hardened. Some deviation is 
observed at the intermediate stage of annealing because 
of fine precipitates take place through GP zones and 
metastable phase formation. The presence of different 
elements into different alloy controls the formation of 
precipitation temperature. These precipitates barricade 
the dislocation movement thus the higher resistivity. At 
the higher annealing temperature resistivity reduction 
occurs through recovery, particle coarsening as well 
as recrystallization as make smaller the scattering 
centers [10]. 

True stress true strain
Figs. 3, 4, and 5 illustrate the true stress-strain 

curves derived from the tensile test outcomes of the 
experimental alloys when the alloys were annealed 
at room temperature, 150°C, and 400°C for one hour, 
respectively. In the true stress-strain curve of room 
temperature, except the tensile strength, more or less 
identical elongation is evident (Fig. 3) [20]. Hot rolled 
followed by heavily cold rolled alloys consists of 
considerably elongated grains and sub-grains along with 
lots of dislocations surrounded which further hinders 
dislocations slip. Thus, deeply deformed results in the 
increase of tensile strength and reduce of elongation 
percentage. Pure aluminium is a rather ductile material. 
The yield strength of 80 % cold-rolled pure aluminium 
is found around 120 MPa. However, the yield strength 
improved once alloying elements like Mn, Si, and Mg 
were introduced. However, the production of Al3Mg2 
once Mg was added nearly tripled the yield strength 
though the elongation has been reduced. Al12Mn 
intermetallic phase was formed in the aluminium alloy 
due to Mn addition in 3xxx, making the alloy brittle. 
This resulted in an increase in the pure aluminium’s yield 
strength, but it also led to a decrease in the material’s 
elongation. Because Si could not form an intermetallic 
compound with the aluminium, it had a negligible 
effect on the alloy’s yield strength and elongation. Even 
though, the yield strength is slightly improved because 
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Fig. 3. True stress - true strain curve for the alloys as 
rolled condition at room temperature.

Fig. 4. True stress - true strain curve for the alloys 
annealed at 150°C for one hour.
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of eutectic globular Si.
The true stress-strain curve under annealed at 150oC 

for one hour exhibit a similar nature to that observed 
at room temperature (Fig.4). Here a small variation is 
observed in both the strength and elongation contributed 
by two differing effects. Annealing treatment reduces 
vacancies and dislocation density as a result reduction 
of tensile strength and improvement of elongation. On 
the other hand, formation of precipitates through GP 
zones and metastable phases result improvement of 
tensile strength and reduction of elongation [21, 22]. 
Reduction of dislocation density has an effect as a slight 
decline in the curves.

The true stress - strain diagram of aluminium 
alloy after they have been annealed at 400°C for 1 
hour is depicted in Fig. 5. After being annealed at a 
high temperature, the alloy experiences a considerable 
decrease in its yield strength. Aluminum alloys in general 
soften as a result of grain coarsening. Elongation, on the 
other hand, has been greatly enhanced throughout the 
entire alloy. This indicates that the cold rolled effect, 
which is the cause of the brittleness in the alloy, has 
been removed. The ductile properties of the alloy are 
manifested throughout. When compared to its alloy, 
pure aluminum shows the greatest elongation. The loss 
of ductility is traced back to cold rolling alone for pure 
aluminum. However, the stresses caused by the rolling 

process are eliminated by subjecting the aluminum to 
annealing process at a higher temperature [23, 24]. 
Further, grain coarsening occurs, which aids in the 
progress toward greater elongation. The intermetallic 
compounds in the alloy, which together with the cold 
rolling produced the brittle phase, were dissolved at 
higher temperatures. At 400°C for one hour, the eutectic, 
brittle globular Si, Al12Mn and Al3Mg2 intermetallics 
are dissolved, transforming the brittle alloy into the 
ductile one. The elongation of the alloys also improves 
significantly at higher temperature by dissolving the 
intermetallic phase. It is well established that precipitates 
perform as a barrier to dislocation movement so in this 
overaged condition under lower barrier a clear decline 
nature stress-strain curves are observed for all the alloys.

Impact energy
The experimental results of the impact energy of the 

differently processed work harden alloys are plotted in 
Fig. 6. At the entire conditions 1xxx series alloy shows 
the highest energy due to the purity of aluminum. Brittle 
natures of compound are generated in 3xxx and 5xxx 
alloys when Mg and Mn are introduced, whereas eutectic 
globular Si formed in 4xxx alloy when Si is added in 
to Al-alloy. These compounds are responsible for the 
subsequent lowering the toughness of the material [25]. 
The 5xxx series alloy exhibits the lowest energy as the 
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Fig. 5. True stress - true strain curve for the alloys annealed 
at 400°C for one hour.

Fig. 6. Variation of impact energy of the experimental alloys 
isochronally annealed at different temperature for one hour.
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formed Mg-rich intermetallics commence the stress 
corrosion cracking. By relieving the stress caused by 
initial stage of annealing able to restore the alloy’s 
toughness. Dislocation density of work harden alloys 
reduces through this annealing. Subsequent fall of impact 
energy for all the alloys are attributed to formation of 
intermetallic like GP zones and metastable phases. These 
intermetallics make obstruction to dislocation motion in 
between particles spacing. High temperature also caused 
grain coarsening and the dissolution of the intermetallic 
phase, which both added to the toughness value of pure 
aluminum and aluminum alloys. The dissolution of the 
different intermetallic phases takes place at different 
temperature so the intensity and position of the curves is 
different. However, new grains at high temperatures are 
often responsible for a decrease in toughness in certain 
circumstances [26]. 

Optical microstructures
Fig. 7 shows the obtained microstructure of the 80 % 

cold rolled experimental alloys at room temperature. It 
is clearly seen that cold rolling has deformed the grains, 
resulting in elongated grains in the rolling direction. 
Except the pure 1xxx series Al alloy the grain boundary 
is thick because of different alloying elements present 
there. The intermetallic complexes are disrupted by 
the rolling effect throughout the alloy causing it to be 
crushed and clustered at the grain boundaries for 3xxx, 
4xxx, and 5xxx alloys. Mg-added 5xxx alloy, on the 
other hand, has more clustered particles at the grain 
boundary. As magnesium caused corrosion cracking in 
the aluminum alloy, the corroded particles were also 
crushed and began to accumulate at the grain boundaries. 
Because of the deformed grains and intermetallic 
particles, all of the alloys experienced an increase in 

Fig. 7. Optical microstructure of hot and cold rolled: a) 1xxx, b) 3xxx c) 4xxx and d) 5xxx alloys. 

 100µm  100µm 

 100µm  100µm 

             a)                          b)

             c)                          d)



Nasim Rokon,  Mohammad Salman Haque, Mohammad Salim Kaiser

1159

their micro hardness and resistivity [27].
Fig. 8 is a representation of the material’s 

microstructure after it had been subjected to a heat 
treatment at a temperature of 400°C for one hour. 
Since the intermetallic complex dissolves at higher 
temperatures, the number of intermetallic compounds 
along the grain boundary drops. The formerly elongated 
and distorted grains are absent. However, after an hour of 
annealing at 400°C, most of the intermetallic compounds 
in 5xxx alloy had been highly dissolved because of 
lower dissolution temperature. On the other hand, higher 
dissolution temperature cases the lower dissolved of 
second phases in case of Mn added alloy. However, Si 
added alloy shows the fine distribution of the particles 
defused from the Al matrix. In case of commercially 
pure Al indicated the lower second phase, it contents 
the minimum elements as an impurity and the grains of 

all alloy has partially recrystallized [29].

Fracture behavior
The SEM fractography depicted in Fig. 9 was taken 

from a variety of various series of aluminum alloys 
that were first hot rolled and then 80 % cold rolled. The 
samples were also subjected to a tensile test at a strain 
rate of 10-3/s after being annealed at 150°C for an hour. 
Large dimples and voids of varying sizes are visible in 
commercially pure Al of the 1xxx series, which may be 
indicative of ductile fracture and secondary fractures 
were also identified on the fractured blocks (Fig. 9(a)). 
Meanwhile, the dimple size is getting smaller, suggesting 
a mixed mode of fracture, in alloys with Mn, Si, and Mg 
added to the 3xxx, 4xxx, and 5xxx series, respectively 
(Fig. 9(b), 9(c), and 9(d)). These elements hamper 
the grain growth during solicitation. The Mn-added 

Fig. 8. Optical microstructure of: a) 1xxx, b) 3xxx, c) 4xxx and d) 5xxx alloys annealed at 400°C for one hour.
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alloy retains fine dimples with a much larger cleavage 
surface. It is well known that 3xxx alloys contain the 
intermetallic Al12Mn that could cause cracks to occur 
[30]. The continuous distribution of brittle, eutectic and 
globular Si particles in the 4xxx alloy initiated the crack 
and offered an easier path for crack propagation, which 
led to the observation of considerably larger cleavage 
surface in the 4xxx alloy than in the 3xxx and 5xxx 
alloys. Debonding or fracturing of Si particles at the 
Al/Si contact causes fracture to propagate preferentially 
along the boundaries between the Al matrix and the Si 
particles in the matrix. The addition crack produced by 
the Al3Mg2 intermetallic via stress corrosion cracking is 
readily seen on the fracture surface of 5xxx series alloy. 
Furthermore, there is a significant amount of spherical 
particles dispersed throughout the bottom and wall of the 
little dimples. These fragments are the result of brittle 
precipitates breaking apart, proving that the material has 

experienced inter-granular fracture. As a result, 3xxx, 
and 5xxx alloys break using a combination of ductile 
and brittle mechanisms [31, 32].

CONCLUSIONS

This study was concerned with the effect of alloying 
elements on the strengthening process of non-heat-
treatable aluminum alloys by solid solution strengthening 
and post-deformation annealing. These findings are 
based on considerable experimental analysis.
•	 The commercially pure 1xxx series Al-alloy offers 

the minimum strength followed by Si added 4xxx, 
Mn added 3xxx alloy and the highest for Mg added 
5xxx series alloy as accredited to the alloying element 
performance. Increase in annealing temperature 
minimal of dislocation density, recovery, particle 
coarsening and recrystallization process leading to a 

Fig. 9. SEM fractography of tensile surface of: a) 1xxx, b) 3xxx, c) 4xxx and d) 5xxx alloys annealed at 150°C for one hour.

a)                          b)

c)                          d)
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decrease in hardness and resistivity of the non-heat 
treatable alloys. As a result, the true stress - strain 
curves show the declined in nature, lower strength and 
higher elongation with higher annealing temperature.

•	 Cold rolled alloys 3xxx, 4xxx and 5xxx series Al-
alloys contents the elongated grain with thick grain 
boundary because of elements adding together except 
1xxx series pure Al-alloy. The recrystallized grain is 
formed when the alloys are annealed at 400°C for one 
hour as dismiss the elongated grains. 

•	 Commercially pure aluminum 1xxx series Al-alloy 
exhibits the fully ductile fracture but manganese 
added 3xxx and magnesium added 5xxx series 
alloys consist of some brittle fracture as they form 
intermetallics. In case of Si added 4xxx alloy consists 
of ductile fracture but initiated by the eutectic and 
globular Si particles.
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