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Abstract  This study investigates the influence of as-cast cooling on the microstructure and mechanical properties of 
age-hardened Al-Zn-Mg-Cu alloy. The material was cast in the form of cylindrical rods in green sand mould where some 
samples were rapidly cooled and others gradually cooled to room temperature. From the samples that were gradually cooled, 
some were annealed while others were T6 tempered. Both the as-cast and heat treated samples were subjected to tensile and 
hardness tests and the morphology of the resulting microstructures were characterised by optical and scanning electron 
microscopy. The results revealed formation of microsegregations of MgZn2 during gradual solidification which was not 
present during rapid cooling. It was also found that age hardening and annealing heat treatment operations eliminated 
microsegregations thus improving mechanical properties of Al-Zn-Mg-Cu alloy.  
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1. Introduction 
The demand for aluminium grows rapidly because of its 

unique combination of properties which makes it one of the 
most versatile engineering and structural materials [1-3]. The 
optimum properties of aluminium are achieved by alloying 
and heat treatments. These promote the formation of 
coherent precipitates which interfere with the movement of 
dislocations and improve its mechanical properties [4-7]. 
One of the most commonly used aluminium alloy for 
structural applications is the 7075 Al alloy due to its 
attractive properties such as low density, high strength, 
ductility, toughness and resistance to fatigue [8-11]. It has 
been extensively utilized in aircraft structural parts and other 
highly stressed parts [12-16]. 

Nevertheless, aluminium-zinc alloys are susceptible to 
embrittlement because of microsegregation of magnesium 
zinc (MgZn2) precipitates which may lead to failure of 
components produced from them [17, 18]. These alloys are 
also susceptibility to stress corrosion cracking [19, 20] due to 
inhomogeneity and inherent residual stresses associated with 
their fabrication methods [21]. These microsegregations and  
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inherent residual stresses have serious deleterious effects on 
mechanical properties [18]. Hence, this study aims at 
resolving the problems of microsegregations and inherent 
residual stresses that are associated with aluminium-zinc 
alloys, for improved performance in service. The aim of this 
work is to investigate the influence of as-cast cooling on the 
structure and mechanical properties of T6 tempered 7000 
series aluminium alloy via annealing and age hardening heat 
treatment processes.  

2. Materials and Method 
The elemental composition of the 7000 series Al alloy 

used for this study is shown in Table 1. The material was cast 
in the form of cylindrical rods. Some of the cast rods were 
rapidly cooled to room temperature by knocking them out 5 
minutes after casting while others were cooled gradually 
inside the mould. Tensile samples were machined from these 
categories of rods according to British Standard BSEN 
10002-1:1990 [22]. Samples were also sectioned for 
metallographic and micro hardness tests. 

Age hardening and annealing heat treatments were carried 
out on samples machined from slowly cooled castings. 
Annealing was carried out on samples prepared for 
metallographic analysis and hardness test. These samples 
were heated to 470 °C, soaked at this temperature for 4 hours 
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and then furnace cooled. Age hardening was carried out by 
solution treatment of another set of samples prepared for 
metallographic and hardness test at a temperature of 465 °C 
for 4 hours followed by quenching in cold water. The 
quenched samples were subjected to aging by heating them 
to 140 °C, holding at this temperature for 5 hours then air 
cooling to room temperature (i.e. T6 tempered).  

Tensile test for all specimens was carried out in 
accordance with the British Standard BSEN 10002-1:1990 
[22]. The tensile test was carried out at room temperature at a 
strain rate of 5 mm/min using Instron 3369 
electromechanical testing machine. Proof stress, ultimate 
tensile strength, elastic modulus and percentage elongation 
values were obtained. Hardness test was done using the 
LECO ASTM E384 micro hardness tester, at 5 different 
points on each sample with a test load of 490.3 mN over a 
dwell time of 10 s. The average hardness value was 
estimated and recorded. The samples for microscopy were 
grinded with graded emery grit papers (400 – 1200) and 
polished with 10, 7, 5, 3.5, 2.5, 1.5, 1 and 0.5 micron 
diamond pastes followed by etching with a freshly prepared 
Keller’s solution (1.0 ml HF, 1.5 ml HCl, 2.5 ml HNO3, and 
95.0 ml H2O). 

Table 1.  Elemental Composition of 7000 Series Al alloy used. 

Element Mg Zn Cu Fe Cr Ni Mn Al 

Weight 
% 

2.45 5.36 1.43 0.11 0.01 0.02 0.02 Balance 

3. Results and Discussion 
Figures 1 to 4 show the micrographs of samples under 

conditions of slow cooling, rapid cooling, annealing and 
age-hardening (T6 tempered) respectively. Figure 5 is the 
scanning electron micrograph of T6 tempered sample. The 
microstructure of as-cast but slowly cooled sample shows 
microsegeregation of MgZn2 in aluminium matrix while 
as-cast but rapidly cooled sample shows fine grains of 
MgZn2 phase which is uniformly distributed in the 
aluminium matrix. The microstructure of annealed sample 
shows dissolved MgZn2 phase which is non-uniformly 
distributed in the aluminium matrix while the 
microstructures of age-hardened sample (Figures 4 and 5) 
show the finely dispersed precipitates of MgZn2 in 
aluminium matrix. The presence of dispersed precipitate of 
MgZn2 corresponds with the result of Salamci [23] and Du et 
al. [24] who discovered that aging heat treatment of 
Al-Zn-Mg-Cu alloys led to formation of MgZn2 intermetallic 
phase in the structure. 

In their study on evolution of eutectic structures in 
Al-Zn-Mg-Cu alloys Fan et al. [25], reported that several 
coarse intermetallic phases such as MgZn2, Al2Mg3Zn3, 
AlCuMg, Al2Cu, Al7Cu2Fe, Al13Fe4 and Mg2Si can be 
formed below the solidus line during solidification of as-cast 
7000 series aluminium alloys as a result of solute 

redistribution of metals. This report supports our finding of 
microsegeregation of MgZn2 in slowly cooled samples. 

In a rapidly cooled sample, there was no room for solute 
redistribution of Mg and Zn and hence microsegregation of 
MgZn2 was not formed. However, during the soaking period 
of heat treatment operations, the microsegregations formed 
after slow cooling are dissolved to form a homogeneous 
phase and they disappeared after subsequent cooling. 

 

Figure 1.  Optical micrograph of slowly cooled Al-Zn-Mg-Cu alloy, x200 

 

Figure 2.  Optical micrograph of rapidly cooled Al-Zn-Mg-Cu alloy, x200 

 

Figure 3.  Optical micrograph of annealed Al-Zn-Mg-Cu alloy, x200 

 

Figure 4.  Optical micrograph of T6 Tempered Al-Zn-Mg-Cu alloy, x200 
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Figure 5.  SEM micrograph of T6 Tempered Al-Zn-Mg-Cu alloy 

The elimination of microsegregations after annealing and 
aging heat treatment operations in the present investigation is 
in agreement with the findings of Guo et al. [26] who found 
out that solution treatment markedly reduce the degree of 
microseregation in 2024 wrought aluminium alloy. Table 2 
presents the mechanical tests results; the T6 tempered 
samples has the highest ultimate tensile and yield strengths 
followed by as-cast but slowly cooled samples, as-cast but 
rapidly cooled and annealed samples. The T6 tempered 
sample has the highest hardness and strength because of the 
presence of coherent MgZn2 precipitates in its structure 
which was developed during aging. The reason for the 
observed trend in hardness and strength in the remaining 
samples is the variations in their grain size and morphology. 
This is in agreement with the findings of Kenji et al. [27] 
which indicated that solid-solution and grain refinement 
contribute to the hardening of Al-Mg alloys. Also, it is well 
reported in previous studies that fine-grained materials have 
more grain boundaries and are harder and stronger than 
coarse grained materials that have fewer grain boundaries 
[28-30].  

Since age-hardened/T6 tempered sample has more grain 
boundaries than others (as-cast but rapidly cooled, as-cast 
but slowly cooled and annealed samples) there is more 
impediment to dislocation movement during deformation 
and hence it is harder and stronger [31].  

The improvement in strength and hardness can also be 
explained from the microstructural perspective. The finer the 

grains, the more the grain boundaries. During plastic 
deformation, slip or dislocation movement must take place 
across these grain boundaries. Since polycrystalline grains 
are of different crystallographic orientations at the grain 
boundaries, a dislocation passing from one grain to another 
will have to change its direction of motion. Such changes of 
direction cause impediment to dislocation movement, and 
increase both the yield strength and ultimate tensile strength. 
Since age-hardened samples have the highest number of 
grain boundaries, dislocation movement becomes more and 
more difficult during plastic deformation. This is responsible 
for the observation of the highest yield strength and ultimate 
tensile strength in age-hardened samples. Also, 
Al-Zn-Mg-Cu alloy used for this study contains about   
5.36 % Zn and 2.45 % Mg. These two alloying elements 
increased the strength of this alloy via the formation of 
coherent MgZn2 precipitate within its structure during aging. 
This result tallies with Du et al. [24], Li and Peng [11], 
Demir and Gündüz [32] and Kaya et al. [33] who concluded 
that Al-Zn-Mg alloy can get the highest strength level in 
natural and artificial aging. 

Annealed sample has the highest percentage elongation 
followed by as-cast but rapidly cooled, T6 tempered, and 
as-cast but slowly cooled samples. This is partly due to 
increase in grain coarsening which led to an increase in the 
grain boundary area that increased the amount of energy 
required for the movement of dislocations required to cause 
fracture [34-36]. Thus, the material can withstand a higher 
plastic deformation before the final fracture. However, the 
percentage elongation of as-cast but slowly cooled sample is 
the least due to the presence of badly shaped 
microsegregation of MgZn2 in its structure (Fig. 1). 

T6 tempered samples have the highest hardness followed 
by as-cast but slowly cooled, as-cast but rapidly cooled, and 
annealed samples. As-cast but slowly cooled sample has 
high hardness as a result of its brittle structure. The highest 
hardness values developed by age-hardened samples can be 
attributed to precipitation of coherent and finely dispersed 
MgZn2 phases which serves as foreign inclusion in the lattice 
of the host crystal in the solid solution; this causes more 
lattice distortions which makes the alloy harder. In the 
previous study solid solution strengthening from elastic 
distortions is produced by substitutional atoms of Mg and Zn 
in aluminium matrix [37]. 

Table 2.  Results of mechanical tests for as-cast and heat treated Al-Zn-Mg-Cu samples 

Samples Proof Stress 
(MPa) 

UTS 
(MPa) 

Elastic Modulus 
(MPa) % Elongation Hardness (VHN) 

Rapidly cooled 182.56 205.54 11205.01 17 63.4 

Slowly cooled 213.21 234.87 16230.84 11 85.2 

Annealed 153.43 178.35 15489.89 20 55.6 

T6 Tempered 255.55 297.89 15901.51 15 109.5 
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Hence, the main strengthening mechanism in these alloys 
is precipitation hardening by the structural precipitates of 
MgZn2 formed during artificial aging. These precipitates act 
as obstacles to dislocation movement and thereby strengthen 
the alloys. The elastic modulus, which is a measure of the 
stiffness of a material and the theoretical strength of that 
material [38], was found low for rapidly cooled sample. This 
was as a result of weak bonds that formed during fast cooling 
of the alloy since there is no room for proper diffusion to take 
place unlike in slowly cooled, annealed and aged samples 
where there was no significant difference in elastic modulus. 
The precipitates formed during aging are stronger and are 
therefore more rigid and stiff. 

4. Conclusions 
The following conclusions can be drawn from the results 

of this work. 
1)  Gradual cooling of this alloy resulted in formation 

of microsegregations with its associated deleterious 
effects on the mechanical properties. 

2)  Rapid solidification process, annealing and T6 
tempering heat treatment operations eliminated the 
formation of microsegregations and significantly 
improved mechanical properties.  

3)  T6 tempering heat treatment operation was found to 
improve hardness value, yield and ultimate tensile 
strengths with a corresponding decrease in ductility. 
On the other hand, annealing heat treatment 
operation improved ductility but lowered hardness 
value, yield and ultimate tensile strengths.  

4)  Annealing treatment for this alloy will be suitable 
for designs and applications that require high 
toughness and ductility while age hardening 
treatment will be suitable for designs that require 
high hardness value, ultimate tensile and yield 
strengths.  

5)  The results of this research work would also help in 
ameliorating intergranular and stress induced 
corrosions as a result of removal of grain boundary 
segregations and stress; but further research work is 
required to confirm this.  
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