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Abstract 

Wrought 7075 aluminum alloy has the highest mechanical properties as compared to other aluminum 

alloys. But, cast 7075 aluminum alloy shows an entirely different result due to solute segregation 

phenomena at the grain boundaries. To avoid solute segregation, many strategies are employed, such 

as mold vibration, the use of heat treatment cycles, and the addition of chemicals to control the 

solidification rate. Out of all the techniques, chemical treatment with the oxide addition generates 

more nuclei for better distribution of segregated phase is quite easier than the rest. It is quite similar 

to adding inoculants to the liquid melt to alter the microstructure. To improve the mechanical 

properties of cast 7075 aluminum alloy, 2.5 wt.% of oxides like ZrO2, TiO2, and ZrTiO4 were added. 

The powder particles are in the range of ~ 2 to 6 μm in size. The prepared liquid melt was poured 

into a metal die. The 2.5 wt.% ZrO2 added Al 7075 shows good mechanical properties in comparison 

to as-cast Al 7075. The hardness of 2.5 wt.% ZrO2 added Al 7075 shows double the value compare 

to as-cast Al 7075. It also shows uniform distribution of the segregated phase mentioned in the 

micrograph. The XRD analysis confirms the presence of intermediate phases η(Mg(AlCuZn)2).  
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Introduction 

T6 heat-treated 7075 alloys have wide potential in the field of automobiles due to their best 

mechanical properties. To reduce fuel consumption and increase vehicle performance, a lightweight-

to-high strength ratio is very important worldwide (Imran & Khan, 2019). To improve the cast 

properties of 7075 alloys, several techniques are investigated. It is categorized into three major 

sectors; the addition of oxides, modification of the heat treatment cycle, and the microalloying effect 

(ALTUNTAŞ, 2022; Sabbar et al., 2021). The major one includes the addition of nanoparticles made 

of oxides, carbides, and nitrides. The addition of Al2O3, TiO2, TiC, SiC, AlN, etc are investigated by 

several researchers (Gan et al., 2014; Karunanithi et al., 2014; Yang et al., 2019; Zhai et al., 2020; P. 

X. Zhang et al., 2019; Zuo et al., 2019). The second technique includes a heat treatment cycle named 

the diffusion-controlled solidification process (Parsania et al., 2015; Rao et al., 2012). The 

microalloying effect includes grain refinement of cast alloy by the addition of a small quantity of Zr, 

Sc, Sr, Ag, Er, Ti-B2, and other rare earth metals (A. Ghosh et al., 2020; He et al., 2010; T. Li et al., 

2015; Vlach et al., 2020; Wang et al., 2011; W. L. Zhang et al., 2019). The 7XXX series aluminum 

alloy has Zn, Mg, Cu, and Cr solutes. The solute distribution during solidification leads to micro-

segregation and the formation of coarse intermetallic particles, which can significantly influence the 

properties of the 7000 series aluminum alloys. The strength of these alloys generally depends on Zn 

to Mg ratio. It has the problem of hot cracking during rapid cooling along with the presence of Zn 

concentration of around 7 to 8 wt.% (Senkov et al., 2005). The as-cast microstructure involves α(Al), 

eutectic of (α(Al)+Mg(Al,Cu,Zn)2, and Al7Cu2Fe phases (X. G. Fan et al., 2006). The small addition 

of Zirconium can improve its properties by forming metastable and coherent Al3Zr dispersoids, 

which prevent recrystallization through a grain boundary pinning mechanism (Morere et al., 2001). 

Furthermore studied the microstructure-property relationship of TiO2 reinforced AA7075 MMC via 

stir cast and found the density and porosity increased with the increasing amount of TiO2 

(Alagarsamy & Ravichandran, 2019).  

Solidification of 7XXX series aluminum alloy shows the presence of some intermetallic particles 

such as Al6CuMg4, Al2Mg3Zn3, AlCuMg, MgZn2, and Al2Cu (X. Fan et al., 2006; X. G. Fan et al., 

2006; Mondal & Mukhopadhyay, 2005). These intermetallic phases have low melting points and 
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create problems while hot working (Reza et al., 2011). The main hardening elements Zn, Mg, and Cu 

play an important part in the formation of the intermediate phases such as η(MgZn2), S(Al2CuMg), 

and T(AlCuMgZn), which control the final properties (Starink & Li, 2003). Some other minor 

additive elements like Ti, Zr, Fe, and Si will also influence the microstructure by forming different 

intermetallic phases at different locations (Osamura et al., 1996; Park & Ardell, 1988; Yazdian et al., 

2010). While solidification dendrites are observed and at the end of the dendrites segregation of 

alloying elements is also observed which controls the final mechanical properties of cast alloys 

(Anyalebechi, 2004). The main focus of the present study is to alter the microsegregation pattern to 

enhance the mechanical properties by the addition of 2.5 wt.% of ZrO2, TiO2, and ZrTiO4 into the 

cast Al 7075 alloy. The addition of oxide of Zr & Ti influences the dendrites of alpha aluminum and 

changes the distribution pattern of intermetallic phases which finally improves the mechanical 

properties of cast Al 7075 alloy. The combined effects of Zr & Ti oxide are ineffective to modify the 

microstructure. 

 

Experimental Procedure 

In a resistance heating furnace as shown in Fig. 1(a) with a 2 kg capacity of graphite crucible, the 

7075-T6 aluminum alloy was melted. After degassing and impurity removal, 2.5 wt.% ZrO2, TiO2, 

and ZrTiO4 were added. The size of the powder particle was measured by SEM analysis using a scale 

bar in Fig. 2(a) to Fig. 2(f), the average particle size varies between 2 to 6 µm. The melting was 

carried out at 720 °C. Manual stirring was done for 2 to 3 minutes to avoid the float of the oxide 

particles and increase interaction between oxide particles and liquid melt by using a pure aluminum 

rod. The liquid metal was poured into the metallic mold of cast iron after the addition of the oxide. 

Fig. 1(b) and Fig.1(c) indicate the dimensions of the die and actual sample after solidification 

respectively. The final size of cast rods is Ø 20 mm and 170 mm long. Sampling was done for 

characterization like chemical analysis, microscopy, tensile strength, hardness, etc. Fig. 1(d) and 1(e) 

indicate the prepared sample for the above characterization. Chemical analysis was carried out by 

mass Spectroscopy and Energy Dispersive Spectroscopy (EDS) method. Standard metallography 

procedures were followed to prepare the microstructure and etched with diluted 0.5 percent HF 

solution. The presence of Zr, Ti, and Zr& Ti both together" in the samples was determined using 

EDS analysis. For SEM-EDS and microscopic analysis the JOEL JSM-5610LV and Olympus GX41 

machines were used.  The grain size was measured using an image analyzer as per ASTM E112. 

Brinnel hardness and micro-hardness tester were used to determine the hardness value of the samples 

based on an average of six readings. Tensile testing was carried out on the Monsanto-20 tensile 

testing machine has a crosshead speed of 0.5 mm/min. The ultimate tensile strength, % elongation, 

and % RA were measured based on an average of three readings. The dimensions of the tensile 

testing specimen prepared according to ASTM E8M with a gauge length five times the diameter is 

shown in Fig. 1(d). 
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Fig. 1 Experimental set-up and sampling plan a) resistance heating furnace; b) metallic die 

dimensions; c) cast sample dimension; d)tensile specimen dimensions as per ASTM E8M;e) 

sampling. 

    

    

    
Fig. 2 SEM (scanning electron microscope) image and particle size measurement of oxide 

powder a) ZrO2 Powder; b) scaling of ZrO2 powder; c) TiO2 powder; d) scaling of TiO2 

powder; e) ZrTiO4 powder; f) scaling of ZrTiO4  
 

Results and Discussion 

Chemical analysis of the as-received 7075 aluminum alloy 

The mass spectroscopy technique was used to examine the chemical analysis of the 7075-T6 

aluminum alloy. Three distinct samples from a single batch were analyzed, and the average findings 

are shown in Table1. Chemical compositions are in the range of 7075 aluminum alloy. 
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Table 1 Chemical analysis of the as-received 7075-T6 aluminum alloy. 

Element (wt. %) Zn Mg Cu Mn Al 

Average 5.48 2.25 1.54 0.09 90.64 

Chemical analysis of oxides powders 

The chemical analysis of the as-received oxide powders is represented in Table 2. The ZrO2 and 

ZrTiO4 powders are pure, TiO2 powder contains roughly 3.5 and 9.0 wt.% impurities of Ca and Si, 

respectively. 

Table 2 Chemical analysis of received oxides powder by EDS analysis. 

Oxide Powder (wt. %) Zr Ti O 

ZrO2 64.61 --- 35.39 

TiO2
* --- 29.8 57.36 

ZrTiO4 25.20 25.10 49.71 

*impurities such as Ca & Si in 3.42 & 9.24 wt. % respectively. 

Chemical analysis of oxide added cast Al 7075 

The mass spectroscopy examination of oxides added cast sample is presented in Table 3. It is carried 

out by  Thermo Fisher Scientific model ARL™ iSpark 8860 Fire Assay machine. 

Table 3 Spectroscopy analysis of Al 7075; a) as-cast, b) 2.5 wt.% added ZrO2, c) 2.5 wt.% added 

TiO2, d) 2.5 wt.% added ZrTiO4. 

System Zn Mg Cu Cr Zr Ti 

 Element (wt.%) 

a 5.7223 2.4270 1.8060 0.2050 0.0101 0.0300 

b 5.9810 2.2360 1.6180 0.2120 0.0118 0.0240 

c 5.8821 2.2290 1.5490 0.2040 0.0103 0.0280 

d 6.0630 2.2870 1.6780 0.2050 0.0115 0.0290 

Mass spectroscopy confirmed the presence of Zr and Ti at the macroscopic level. Further, at the 

microscopic level presence of Zr and Ti was confirmed by EDS analysis and mentioned in Table 4. 

Table 4 EDS analysis of Al 7075 with different condition like ; a) as-cast, b) 2.5 wt.% added ZrO2, c) 

2.5 wt.% added TiO2, d) 2.5 wt.% added ZrTiO4 

Alloy System Wt.% Zr Wt.% Ti 

A --- --- 

B 0.04 – 0.22 --- 

C --- 0.01 – 0.05 

D 0.36 – 0.77 0.03 – 0.04 

Microstructure evolution of 7075 aluminum alloy after addition of oxides 

The optical and SEM (BSE mode) micrographs are examined. The microstructure of as-cast 7075 

aluminum alloy is shown in Fig. 3(a). It represents the major α(Al) phase which ends in the form of 

black boundaries made up of intermetallic phases. The intermetallic phases, η(MgZn2), 

T(Al2Mg3Zn3), S(Al2CuMg), and θ(Al2Cu) are the most typically found in the as-cast microstructure 

of the 7XXX series aluminum alloys (Ii et al., 2005; X. M. Li & Starink, 2001). Some of the 

intermetallic phases are also present at the center of the grains. At some portion of the micrograph, 

original columnar grains of the original cast structure is also present. The white portion denotes the 

α(Al) phase, while the black portions denote the intermetallic phase (Xie et al., 2003). The average 
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grain size of as-cast Al 7075 is 11 as per ASTM E112. The tensile property of as-cast 7075 Al alloy 

is reduced by a continuous network of thick eutectic phases in the form of intermetallic such as 

η(MgZn2), T(Al2Mg3Zn3), and S(Al2CuMg), etc (Mondal & Mukhopadhyay, 2005). The presence of 

dispersoid particles leads to a change in the recrystallization behavior of alloy (G. Ghosh & Asta, 

2005; Mondal et al., 2007; Pourkia et al., 2010; Sha & Cerezo, 2005). Oxide-added samples change 

the distribution patterns of the eutectic phase, as illustrated in Fig. 3(b), 3(c), and 3(d). 

   

    
Fig. 3 the optical micrographs of 7075 aluminum alloy; a) as-cast, b) 2.5 wt.% added ZrO2, c) 

2.5 wt.% added TiO2, d) 2.5 wt.% added ZrTiO4. 

The 2.5 wt.% ZrO2 added sample indicates the presence of α(Al) and eutectic phase in the form of 

intermetallic. The microstructure shows a uniform grain boundary, a cluster eutectic phase at several 

regions, as well as a reduction in the size of α(Al) grains. The addition of Zr developed the Al3Zr 

phase, which was coherent with the aluminum matrix, and is largely responsible for hindering the 

movement of dislocation and increasing the local dislocation density. As per several researchers' 

report, in the case of a multi-component system like 7075 alloy, the presence of the second phase are 

very complex and finally, it can control the mechanical and corrosion properties of the alloys 

(Mondal & Mukhopadhyay, 2005; Seyed Ebrahimi et al., 2010).  The 2.5 wt.% ZrO2 added sample 

changes the eutectic phase distribution pattern and improves tensile strength with a value of 196 MPa 

and hardness values of 112 BHN with the grain size of 12 as per ASTM E112. After the addition of 

2.5 wt.% of TiO2, hardness remains the same but the presence of clustered micro-porosities reduces 

the tensile properties as presented in fig. 3(c). The presence of impurities like calcium and silicon in 

TiO2 powder may be the cause of micro-porosities. Chen et. al. reported significant improvements in 

strength and ductility at 1 wt.% Ti addition, but beyond 1 wt.% Ti addition is also decreased. It may 

be due to stress concentration, which easily takes place at the tips of thick aciculate or rod-like TiAl3 

phases. The presence of these stresses will lead to the de-bonding of the particle interface to micro-

crack nucleation, propagation, and finally into brittle rupture (Chen et al., 2015). The micrograph of 

the TiO2-added sample does not reflect the presence of any needle. Finally, the presence of 

impurities in TiO2 powder like Si and Ca makes the brittle phase responsible for the brittle behavior 

of the sample. The 2.5 wt.% ZrTiO4 added Al 7075 microstructure is shown in Figure 3(e) where 

coarse columnar grains with a slender solid solution within α(Al) grains and interdendritic 

intermetallic. The significant effect of the combined Zr & Ti oxide addition on cast Al 7075 was 
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nullified except for eutectic distribution. The measured grain size was 10 due to coarse columnar 

grains. Fractography analysis of tensile specimens of as-cast and oxide-added Al 7075 is shown in 

Fig. 5(a) to 5(d). The pattern of dimples and cleavage both are observed in Fig. 5(a) of as-cast Al 

7075. The size reduction of the dendrite is very rarely observed and is not reported. The dimples 

show that ductility is remarkably high even in the cast. The backscattered mode Fig. 6(a) proves the 

less refinement of dendrites. The majority of the cleavage mode and some cracks can be seen in the 

fractography of ZrO2 and TiO2 added Al 7075 alloy as presented in Fig. 5(b) and 5(c) respectively, 

which significantly lowers the ductility value from 10% to 3%. The oxide added nuclei's reveals a 

reduction in the scale of the dendrites, as presented in Fig. 6(b) and 6(c). Fractography of ZrTiO4 is 

shown in Fig. 5(d), where the presence of a dimple increases the ductility value just similar to as-cast 

sample. Backscattered Fig. 6(d) showed a very modest effect on nuclei generation, and as a result, 

very little dendritic refinement is observed. 

  

  
Fig. 4 the SEM micrographs of 7075 aluminum alloy; a) as-cast, b) 2.5 wt.% added ZrO2, c) 2.5 

wt.% added TiO2, d) 2.5 wt.% added ZrTiO4. 
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Fig. 5 Fractography analysis (SEM) of Al 7075; a) as-cast, b) 2.5 wt.% added ZrO2, c) 2.5 wt.% 

added TiO2, d) 2.5 wt.% added ZrTiO4. 

    

    
Fig. 6 Fractography analysis (SEM-BSE mode) of Al 7075; a) as-cast, b) 2.5 wt.% added ZrO2, 

c) 2.5 wt.% added TiO2, d) 2.5 wt.% added ZrTiO4. 

 
Fig. 7 SEM-EDS analysis of 2.5 wt.% ZrO2 added 7075 aluminum alloy. 

Fig. 4(a) shows the SEM micrograph of as-cast 7075 Al alloy. The primary solid solution is 

represented by grey, whereas the non-equilibrium eutectic solid solution is represented by dark. 

Within the α(Al) grains the presence of the non-equilibrium eutectic solid solution was also 

confirmed as black dots. Fig. 4(b) & Fig. 7 reveal finer α(Al) grains and bright areas that confirm the 

presence of 0.22 wt.% Zr in ZrO2 added sample. While the presence of non-equilibrium eutectic 

solid solution was observed in dark areas, can be formed in the intermetallic phase such as 

η(MgZn2), T(Al2Mg3Zn3), S(Al2CuMg), and θ(Al2Cu). The SEM micrograph in Fig. 4(c) reveals the 

presence of porosity in various areas results in a decrease in tensile strength but no effect on hardness 

value. Fig. 4(a) and 4(d) show comparable SEM micrographs, the only variations are non-
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equilibrium eutectic solid solution distribution and grain size, which result in a nearby value of 

tensile strength, elongation, and hardness. The non-equilibrium eutectic solid solution in α(Al) grains 

and between the interdendritic region is present in the as-cast 7075 Al alloy but in the case of  2.5 

wt.%  ZrTiO4 added Al 7075 alloy and its amount decreased. The epitaxial lattice parameter of 

Al3(Zr, Ti) with the L12 structure compounds with α(Al) grains results in equiaxial and columnar 

grain growth due to the lack of nucleation events at the front of the growing solid-liquid interface 

(Tan et al., 2021; X. Zhang et al., 2022). Fig. 8 represents the XRD pattern of oxide added 7075 Al 

alloy. The basic XRD results are similar in all the cases but small peaks appeared due to the presence 

of oxide additions. It confirms the various intermetallics and non-equilibrium phases present as 

discussed earlier. Major phase confirms like ƞ(Mg(AlCuZn)2) which also exist in a variety of the 

forms like ƞ(MgZn2), T(Al2Mg3Zn3), and S(Al2CuMg) (Kamali et al., 2022). 

 

 
Fig. 8 XRD analysis of Al 7075; a) as-cast, b) 2.5 wt.% added ZrO2, c) 2.5 wt.% added TiO2, d) 

2.5 wt.% added ZrTiO4. 

Mechanical properties 

These samples are subjected to mechanical tests such as Brinell and microhardness along with tensile 

strength. The results of the test are given in Table 6. ZrO2 added samples show a hardness of 112 

BHN and which is 52% higher than the as-cast 7075 Al alloy. Microhardness value also becomes 

56% higher than as-cast 7075 Al alloy. The uniform distribution of the non-equilibrium eutectic 

phase and the development of finer α(Al) grains due to the inhibition of recrystallization given by 

Al3Zr dispersoids are the basis for the increase in hardness. The microhardness indentation depth 

also decreased from 15.58 μm to 11.74 μm due to the same phenomena. The as-cast and 2.5 wt.% 

ZrTiO4 hardness values are fairly similar. It is due to the minimal interaction between Zr & Ti atoms 

when combined and finally does not alter the microstructure of the ZrTiO4 added sample (He et al., 

2010). Numbers of researchers are working on oxide-added aluminum alloys. They found that in the 

case of 2.5 wt.% ZrO2 added sample shows better mechanical properties at cost of ductility. 

Table 5 Mechanical properties of Al 7075; a) as-cast, b) 2.5 wt.% added ZrO2, c) 2.5 wt.% 

added TiO2, d) 2.5 wt.% added ZrTiO4. 

Mech. Properties a B c D 

Hardness (BHN) 59 112 103 60 

Micro-hardness (HV) 78 137 133 86 

Micro-hardness 

indentation depth (μm) 
15.58 11.74 11.91 14.82 

Tensile Strength (MPa) 183 196 170 168 

Elongation (%) 10% 3% 3% 8% 

Compare to hardness values, the tensile strength trend is different. The tensile strength of the 2.5 

wt.% ZrO2 added Al7075 is 196 MPa, which is not significantly higher than 183MPa of the as-cast 
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sample. Furthermore, as-cast Al 7075 produced significant deformation, which was lost after the 

addition of oxides like ZrO2, and TiO2 in both cases. Due to the non-reactive nature of ZrTiO4, the 

grain size distribution pattern becomes almost similar to the as-cast structure and offers better % 

elongation.  

 

Conclusion 

1. Oxide-added samples modified the microstructure by changing the distribution pattern of non-

equilibrium eutectic solid solution and finer the α(Al) grains.  

2. The presence of α(Al) matrix coupled with dense and discontinuous eutectic with a cluster of 

micro-porosities at discrete location results in loss of mechanical properties in the case of 2.5 

wt.% TiO2 added Al 7075.  

3. SEM-EDS examination of ZrO2 added Al 7075 revealed the presence of 0.22 wt.% Zr, which 

hinders the recrystallization of the α(Al) grains; additionally, dark spots confirm the presence of 

non-equilibrium eutectic phases, η(MgZn2), T(Al2Mg3Zn3), S(Al2CuMg), and θ(Al2Cu). 

4. The mechanical properties are influenced by the distribution of the intermetallic phase. ZrO2 

addition offers a 52% higher hardness value compared to as-cast 7075 Al alloy. Tensile strength 

values remain all most same in all cases. 
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