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Abstract: The effect of natural and artificial age hardening and varied quenching temperatures on the mechanical properties and microstructure of 
secondary Al-Zn-Cu alloy were studied. Stir casting was used to produce rods from aluminium scraps; some of the rods were homogenized in a heat treatment 
furnace at 550℃ for 5 hours before cooling under the atmospheric air at room temperature. Some of the machined specimens from the homogenized alloy 
were subjected to natural ageing after quenching in water at different temperatures. The specimens for artificial ageing were reheated in the furnace to 177℃ 
after quenching, held for 5 hours and brought out to cool under air at room temperature. XRD reveal the precipitation of Si after age hardening process while 
the micrographs show the precipitated phases. The optimal combinations of mechanical properties were achieved by quenching in water at room temperature 
(32℃) and 60℃ respectively and natural ageing. 
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1. INTRODUCTION 
Aluminium alloys have found applications in areas such as automotive panel materials, aircraft structures, foils, 
electrical conductors, roofing sheets, oil tanks, etc., due to their lighter weight, corrosion resistance, specific 
strength and formability (Mroczka et al., 2012; Miao and Laughlin, 2000; Tabereaux and Peterson, 2014). The 
production and use of aluminium also results to the generation of scraps in form of off-cuts, machining swarfs, 
chips, droses, and end-of-life aluminium products (Wallace, 2011). The scrap aluminium will constitute 
environmental problems when they are not properly managed. The importance of recycling cannot be over 
emphasized. Recycled aluminium alloys are also referred to as secondary aluminium. The production of new 
metals through the mining, extraction and refining processes requires energy. The energy and cost 
requirements for aluminium recycling are less than that those for production of new metals (Wallace, 2011; 
Mouritz, 2012). Recycling also reduces the waste that goes to the landfill (Mouritz, 2012). Another reason that 
favors recycling of aluminium is that it has high scrap value as it can be recycled repeatedly without impairing 
its properties (Wallace, 2011; Mouritz, 2012). Aluminium scraps are however contaminated by iron and silicon; 
these elements have limited solubility in aluminium resulting in the formation coarse Fe-Si precipitates usually 
located at the grain boundaries and are weakly attached to the matrix resulting to low mechanical properties 
of recycled aluminium alloys (Neikov, 2019). The need to strengthen secondary aluminium alloys becomes 
necessary. Aluminium alloys can be strengthened by solid solution hardening, age hardening or grain 
refinement. Among the methods used to strengthen aluminium alloys, age hardening is the most effective and 
applies to the aluminium alloys containing copper, magnesium, chromium, silicon and zinc (Mroczka et al., 
2012). Age hardening of aluminium alloys constitutes heating the alloy to nearly the solvus temperature, 
quenching in water to obtain super saturated solid solution, followed by natural or artificial aging treatment 
(Cochard et al., 2017). Natural aging is done by leaving the solution treated and quenched alloy at room 
temperature for several days while artificial aging is done by heating the alloy to temperature range 150 – 200℃ 
and held for several hours up to tens of hours to attain maximum strength and hardness by precipitation and 
dispersion of the second phase in the microstructure (Starke, 1989). Heat treatable aluminium alloys are those 
that contain any of copper, magnesium, lithium, silicon and zinc because they respond to precipitation 
hardening and the solid solubility of the alloying elements decrease with decrease in temperature (Rambabu  
and Kutumbarao, 2017). The combination of mechanical properties obtained in heat treated aluminium alloys 
depends on several process parameters such as the solution treatment temperature (Reis et al., 2012), 
quenching media (Abubakre et al., 2009), quenching temperature and cooling rate (Slámová et al., 2008; Kavalco 
et al., 2009; Kavalco et al., 2009), as well as aging temperature and time (Reis et al., 2012; Hossain and Kurny, 
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2013). In this work, the effect of quenching temperatures on the properties of age hardened secondary 
aluminium-copper–zinc alloy was investigated. 
2. MATERIALS AND METHODS 
  Production of the recycled cast aluminium alloy, homogenization and chemical analysis  
6 kg of aluminium scrap from roofing sheets earlier cleaned and dried was melted using oil fired pit melting 
furnace inside a crucible and the melt was superheated to 770℃ to remove slag. The chemical composition of 
the scrap was unknown, but about 2-4 wt% of copper was targeted in the composition of the recycled cast 
scrap to enhance its mechanical properties and make it more prone to ageing (Adeosun et al., 2011). After 
removing the slag, 250 g of copper wire melted with another crucible was added to the aluminium melt and 
stirred. The melt was allowed to cool to about 730℃ and then cast in sand mould into rods of 12 mm diameter 
and 20 cm length. The as-cast specimens were kept and the others were subjected to homogenization heat 
treatment in order remove internal stress, eliminate compositional segregation and dissolve the coarse 
interdendritic phases. The homogenization process was carried out in an electric heat treatment furnace by 
raising the temperature of the cast specimens at the rate of 10℃/minute to 550℃ and held for 5 hours before 
they were brought out to cool under air at room temperature (Birol, 2004; Priya, 2016). Optical emission 
spectrometer (QUANTO DESK AA83673 Model) was used to determine the elemental composition of the 
homogenized alloy.    
 Machining and precipitation hardening  
Tensile specimens of gauge length 30 mm and gauge diameter 4 mm were machined from the specimens in 
line with ASTM standard E8/E8M -21. Specimens for hardness test and metallography of dimensions 20 mm 
height by 12 mm diameter were also machined; while those for impact test were machined to 75 mm length 
and 8 mm diameter following ASTM E23-18 standard. The specimens were grouped into as-cast, homogenized, 
T4 specimens and T6 specimens. Some of the homogenized specimens were subjected T4 age hardening 
treatment by raising the temperature in an electric heat treatment furnace to 470℃  at the rate of 10℃/minute, 
holding for 2 hours (solutionization), before quenching in water (Totten and Webster, 2003). Different 
specimens were quenched in water at temperatures; 0℃, room temperature (32℃), 60℃ and 100℃ 
respectively. The specimens were allowed to cool in the water before they were brought out and kept at room 
temperature for 30 days to complete the natural ageing process (ASM International, 1991; Isadare et al., 2013). 
Those for T6 age hardening treatment followed the same heating and quenching scheme as the T4 specimens, 
but were subjected to artificial ageing by reheating in the furnace up to 177℃, held for 5 hours and were 
brought out to cool under air at room temperature (Zainon et al., 2009).  
 Mechanical testing of the specimens 
Uniaxial tensile tests were carried out on the tensile specimens at room temperature using Instron® Universal 
Testing Machine (Model 3369) at 10 mm/s strain rate following ASTM standard E8/E8M -21. The specimens were 
tested repeatedly and the average values were reported to ensure reliability.  
Rockwell hardness tests were carried out on the specimens using Mosanto® Hardness Testing Machine with a 
diamond indenter under major load of 100 kg and minor load of 10 kg at dwell time of 2.8 seconds. Three 
indentions were made on each specimen and the average hardness were computed and reported for each 
specimen. 
Izod impact tests were carried out on the specimens using Hounsfield® Balanced Impact Machine in line with 
ASTM E23-18 to obtain the amount of energy absorbed by each specimen before yielding. Repeated tests were 
also carried out and the average results also computed and reported. All the mechanical tests were carried out 
at room temperature. 
 Optical metallography on the specimens 
The standard method of sample preparation for metallography including mounting, grinding, polishing and 
etching with 2% NITAL according to ASTM E3-11 was followed. The grit sizes of the emery papers used for the 
grinding ranged from 500 µm to 1500 µm. Suspension of polycrystalline diamond particles of sizes ranging from 
0.5 µm to 10 µm was used for fine polishing.  Accu-Scope® optical metallurgical microscope was used to obtain 
the micrographs (× 400) of the microstructure of the specimens were obtained using Accu-Scope® optical 
metallurgical microscope. 
  XRD characterization of the specimens 
The phases present in the microstructure were identified and quantified using Rigaku miniflex 600 XRD machine 
at varied diffraction angle (2θ) from 2° to 70° at a scanning speed of 2°/min on the as-cast specimen and the 
naturally aged specimen quenched in water at 60℃. The X-ray source of Cu Kα radiation of wavelength (λ = 
1.5406 Ǻ) was used.  
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3. RESULTS AND DISCUSSION 
 Chemical composition cast secondary aluminium alloy 
The chemical composition of the cast recycled aluminium alloy is shown in Table 1. It is characterized by high 
content of iron and silicon impurities, which depicts typical composition of aluminium scrap (Neikov, 2019; 
Kuchariková, 2016). The iron impurities could have come from sources such as cutting tools, “Fe pickup” while 
the silicon could have come from possible slag inclusions. 

Table 1. Chemical composition of the recycled aluminium alloy 
Element Al Si Fe Cu Mn Mg Zn Cr V Ca Sr Other 

% 85.79 6.15 1.87 2.39 0.31 0.08 2.56 0.07 0.12 0.004 0.001 0.67 
 Mechanical properties of the specimens 
Figures 1 – 5 show respectively the tensile strength, elongation at break, impact energy, elastic modulus and 
Rockwell hardness of the cast specimens. The best combinations of mechanical properties were achieved in 
specimens quenched in water at room temperature and at 60℃ respectively and subjected to natural ageing 
when compared with the as-cast specimen. The specimen quenched in water at room temperature and 
subjected to natural ageing exhibited 15.3%, 26.9% and 7.9% improvement in tensile strength, ductility and 
impact toughness respectively; while that quenched in water at 60℃  and naturally aged showed 19.3%, 14.9% 
and 2.8% increase in tensile strength, ductility and impact toughness respectively. Figure 5 shows that there is 
no significant change in hardness at those conditions where strength and toughness were improved when 
compared to the as-cast specimen. The effects of quenching temperature are noticeable on the properties of 
the age-hardened alloy because the quenching temperature affects the cooling rate which subsequently 
affects the rate of precipitation of the second phase and their distribution in the alloy (Kavalco et al., 2009; Totten 
and Webster, 2003). The higher cooling rate resulting to higher heat extraction experienced by the specimen 
quenched in water at 32℃  and 60℃  resulted to finer microstructure and more uniform distribution of the 
precipitated phase in the microstructure (Abubakre et al., 2011). The decrease in elastic modulus observed in 
the observed in Figure 4 for the specimens quenched at 32℃  and 60℃  and subjected to natural ageing is as 
a result of improved toughness and ductility. The specimens subjected to artificial ageing could not replicate 
the improved mechanical properties obtained in the naturally aged specimen because the longer ageing time 
resulted to the agglomeration and spherudization of the precipitated phase in the microstructure. The effect of 
variation in the ageing temperature and holding time for the specimens subjected to T6 heat treatment will 
further be studied and elucidated.   
 Microstructure of the specimens 
The micrographs of the microstructure of all the specimens are shown in Plates A – J (× 400). The micrograph 
of the as-cast specimen as shown in Plate A shows coarse grains and the presence of impurities around the 
grain boundaries. High content of silicon in aluminium gives rise to coarse grains (Jaradeh, 2006). Metals 
characterized by coarse grains usually exhibit inferior mechanical properties to similar metals with finer grains 
(Abubakre et al., 2009; Umunakwe et al., 2017). Plate B shows the microstructure of the homogenized specimen 
with improved homogeneity in the structure as a result of redistribution of elements and dissolution of some 
the impurities around the grain boundaries. Precipitated phases were seen in all the age-hardened specimens 
(Plates C - J). However, different quenching conditions and type of ageing affected their distribution in the 
microstructure. Those with poor distribution of the precipitated phase (Plates C, D, F, H, I and J) exhibited poor 
mechanical properties while those with good distribution of the second phase exhibited improved mechanical 
properties in Figure 1-3 and 5 respectively. 

 
Figure 1. Effect of quenching temperature, T4 and T6 temper treatment on the ultimate tensile strength of the recycled Al-Cu-Zn alloy 
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Figure 2. Effect of quenching temperature, T4 and T6 temper treatments on the percentage elongation at break of the recycled Al-Cu-Zn alloy 

 
Figure 3. Effect of quenching temperature, T4 and T6 temper treatment on the impact energy of the recycled Al-Cu-Zn alloy 

 
Figure 4. Effect of quenching temperature, T4 and T6 temper treatment on the elastic modulus of the recycled Al-Cu-Zn alloy 

 
Figure 5. Effect of quenching temperature, T4 and T6 temper treatment on the Rockwell hardness of the recycled Al-Cu-Zn alloy 

 
Plate A: As-Cast specimen Plate B: Homogenized specimen  Plate C: Quenched at 0℃ and naturally aged 

0

2

4

6

8

0 32 60 100 As-cast Homogenized

% elongation at 
break

Quenching temperature (℃)

0

5

10

15

0 32 60 100 As-cast Homogenized

Impact energy (J)

Quenching temperature (℃)

Naturally aged Artificially aged

0

5

10

15

20

25

0 32 60 100 As-cast Homogenized

Elastic modulus 
(GPa)

Quenching temperature (℃)

0

50

100

0 32 60 100 As-cast Homogenized

Hardness (HRB)

Quenching temperature (℃)

Naturally aged Artificially aged



ANNALS of Faculty Engineering Hunedoara – INTERNATIONAL JOURNAL OF ENGINEERING 
Tome XX [2022]  |  Fascicule 4 [November] 

191 |  F a s c i c u l e  4  

 
Plate D: Quenched at 0℃  and artificially aged Plate E: Quenched at 32℃  and naturally Plate F: Quenched at 32℃  and artificially aged 

   
Plate G: Quenched at 60℃  and naturally Plate H: Quenched at 60℃  and artificially aged Plate I: Quenched at 100℃ and naturally aged 

 
Plate J: Quenched at 100℃ and artificially aged 

 X-ray diffraction pattern of the as-cast 
and the aged specimens 

The XRD pattern of the as-cast and age-
hardened specimens are shown in Figure 6 and 
7. The major phases identified were aluminium, 
graphite and the intermetalics; aluminin 
chromite, garnet, and andalusite formed as a 
result of interaction of aluminium and the 
impurities. However, the amount of andalusite 
(Al2SiO5) increased from 12% in the as-cast 
specimen to 22% in the age hardened 
specimen. It implies that more silicon was 
precipitated after the age-hardening 
treatment and interacted with aluminium 
resulting to the distribution of andalusite in the 
age-hardened specimen. 
4. CONCLUSIONS 
The study on the effects of various quenching 
temperatures on the mechanical properties 
and microstructure of the secondary Al-Cu-Zn alloy subjected to T4 and T6 thermal treatments reveals that a 
combination of quenching temperature and method of ageing affects the distribution of the precipitated 
silicon in the microstructure. High and extremely low quenching temperatures and artificial ageing for 5 hours 
at 177℃ resulted to poor distribution and agglomeration of precipitated phase in the micrstructure and that 
translated to poor mechanical properties. The optimal water quenching temperature were 32℃ and 60℃ and 
natural ageing of the quenched specimen resulted to good distribution of the precipitated phase and improved 

 
Figure 6. XRD pattern of the as-cast specimen 

 
Figure 7. XRD pattern of the age-hardened specimen 
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mechanical properties. The recycled aluminium alloy with improved mechanical properties can find 
applications in areas such as window frames, dish washers, household furniture, etc. 
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