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An important alloy family utilized in the extrusion sector is the 6xxx series of 

aluminum alloys, which can also be aged through heat treatment. Because of its 

excellent extrudability, it is easily formable. Before extrusion, formable aluminum 

alloys are typically heated through homogenization. With the homogenization 

process applied to the material, it is ensured that the product surface is clean and the 

microstructure that determines the extrusion speed is obtained with the controlled 

cooling applied after homogenization. In this study, homogenization heat treatment 

was carried out in continuous type homogenization furnaces of AA-6060 series Al 

billet produced with direct chill (DC) casting. In the cooling section, different cooling 

rates were obtained by changing the speeds of the fans and the effect of the cooling 

rate on the material properties were examined. According to X-ray diffraction (XRD) 

results, β-AlFeSi, α-AlFeSi and Mg2Si phases were observed in the alloys. The 

needle-shaped β-AlFeSi phase seen at the grain boundaries of the casting sample was 

observed by scanning electron microscope (SEM) and optic microscope (OM), 

where homogeneously heat-treated samples transformed into spherical form α-

AlFeSi at the grain boundaries. Although the cooling rates did not have a significant 

and significant effect on the microstructure in homogenization, the saving obtained 

from the total electricity consumption of the turbo fans was 29.6% 

 
1. Introduction 

 

Since the Al-Mg-Si system offers alloys with 

appealing features, such as low density, medium 

strength, good ductility, high weldability, strong 

corrosion resistance and also a relatively low 

price, the majority of Al extrudates produced 

today are of the 6xxx series [1]. The 6060 alloy, 

which is also the most popular one on the 

European market, is one of the most popular 

6xxx alloys [2]. The common usage of 6xxx (Al-

Mg-Si) aluminum alloys is primarily due to their 

excellent mix of medium strength, for industrial 

applications, and good workability, resulting in 

great productivity in forming processes[3]. The 

most extensively used extruded aluminum alloy 

is AA 6063, which is primarily employed in the 

building and transportation sectors [4].  

 

The 6xxx line of extrudable aluminum alloys go 

through a direct-chill casting, homogenization 

cycle, and hot extrusion process chain [5]. For 

following mechanical working procedures, such 

as rolling, drawing, or extrusion, as cast billets of 

6xxx aluminum alloys are often unsatisfactory. 

The as-cast material has microstructural 

inhomogeneities that result from the 

solidification process, including elemental 

microsegregation at the level of the secondary 

dendrite arms, grain boundary segregation, and 

the formation of a number of intermetallic and 

low-melting eutectics [6]. The presence of 

intermetallic phases, particularly those with 

sharp edges, can decrease the deformability of 

6xxx extrudable alloys, particularly when they 

are located in grain boundary areas [7]. 
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Consequently, these imperfections reduce the as-

cast billet's extrudability [8]. 

 

During solidification, particles of β-Al5FeSi, α-

Al12(FexMn(1-x))3Si, and Mg2Si are formed in 

6xxx Al alloys with Fe, Si, Mg, and Mn alloying 

elements [9]. The β-Al5FeSi particles are an 

undesirable phase for further processes, such as 

billet extrusion. Due to the melting of the β-

Al5FeSi phase during extrusion, hot cracking and 

surface flaws like pickup are brought on, which 

results in poor surface quality [10]. Before 

extrusion, as-cast billets undergo heat treatment 

to produce extruded billets with excellent surface 

quality [11] . 

 

The main objective of 6xxx homogenization is 

dissolving coarse primary Mg2Si precipitates at 

the grain boundaries in the as-cast state and 

lowers microsegregation of alloying elements. 

Another purpose of homogenization is 

transformation β‒AlFeSi → α‒AlFeSi. 

Spheroidization of α-particles also takes place 

during cooling [12]. 

 

In this paper, the effects of changes in the cooling 

rate of heat-treated billets were examined 

following the fabrication of AA6060 alloy by the 

DC casting method. The operation of the fans in 

the cooling furnace at different speeds during 

cooling significantly affects the electricity 

consumption. The aim of the present 

investigation is to examine whether there is a 

significant change in the microstructure by 

saving electricity in the operation of these fans 

 

2. Experimental Details 

 

Billets with a diameter of 152 mm from AA6060 

aluminum alloy were produced by DC vertical 

continuous casting method in industrial 

conditions. Thermo Fisher Scientific's ARL 

'Spark 8820 Optical Emission Spectrometer 

(OES) was used to establish the alloy's chemical 

composition, which is shown in Table 1. 

 
Table 1. Chemical composition of AA6060 

(%weight) 
Alaşım Si Mg Fe Ti Mn Cu Zn Al 

AA6060 0.52 0.54 0.19 0.01 0.04 0.01 0.02 Balance 

 

After casting process, the billets were subjected 

to homogenization process in a continuous type 

furnace. The billets, which were taken into the 

furnace at room temperature, were kept in the 

heating chamber for 2 hours until the temperature 

of the furnace increased to 585 °C, and then in 

the holding room at 585 °C for 2 hours. As the 

last step, they were taken to the cooling section 

with four fans and cooling process was carried 

out. Different cooling rates were obtained for the 

billets according to the operating rate of these 

fans. Table 2 gives the cooling rates of AA6060 

billets after homogenization, depending on the 

operating rates of the fans. 

 
Table 2. Cooling rates of AA6060 billets 

Operating 

Rate of Fans 

and 

Sample Codes 

Temp. 

(°C) 

Time 

(min) 

Cooling Rate 

(°C/min) 

95% 

576 0 

11.0 
549 1 

136 22 

69 46 

75% 

576 0 

10.8 
549 1 

158 22 

78 46 

55% 

576 0 

10.5 
549 1 

186 22 

91 46 

25% 

578 0 

10.2 
555 1 

137 22 

110 46 

 

The electricity consumption of the furnace 

depending on the operating rates of the fans is 

presented in Table 3. When the speed of the fans 

is reduced, approximately 36 times lower 

electricity consumption is remarkable. 

 

The microstructures of the samples were studied 

with optic microscopy (OM, Nikon Eclıpse 

LV150N), scanning electron microscopy and 

energy dispersive spectroscopy (SEM-EDS, 

JEOL 6060). Porosity ratios and grain sizes were 

quantified using the CLEMEX image analyzing 

system. OM and SEM samples were prepared by 

electropolishing with Barker’s reagent (7 ml 

HBF4 ve 93 ml H2O) at 150-200 mA for 70 s.  

Phase structure of samples were characterized by 

X-Ray diffraction (XRD) analysis technique with 
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CuKα radiation using a RIGAKU D/ MAX 2000 

X-ray diffractometer 

 
Table 3. Electricity consumption of the furnace 

Fan 

Ratios 

Big Fan 

Instant 

Consumption 

(kW) 

Small Fan 

Instant 

Consumption 

(kW) 

Total Instant 

Consumption 

(kW) 

%95 38.29 16.62 109.82 

%75 17.67 8.31 51.96 

%55 7.37 3.46 21.66 

%25 0.98 0.53 3.02 

 

3. Results and Discussion 

 

XRD spectrometry was used for the analysis of 

the phases of the change in the cooling rate after 

homogenization of the billet produced from 

AA6060 alloy. The XRD patterns of the samples 

taken from the billets that were not heat treated 

after casting and cooled at four different rates are 

presented in Figure 1. It has been determined that 

the peaks obtained as a result of this analysis are 

the peaks of the planes of the β-AlFeSi, α-AlFeSi 

and Mg2Si phases. Peaks at 2ϴ= 38°, 44°, 64°, 

77° and 82° in all samples were determined by 

JCDPS card numbers 01-089-2769 belong to the 

Al peak [13].  

 

Since the amounts of AlFeSi and Mg2Si phases 

are very small in the sample, no clear peak 

outputs were observed in the XRD peaks [8]. 

According to the XRD pattern, the β-AlFeSi 

phase (PDF#41-089 denoted “o”) was observed 

at 2ϴ= 22° in the untreated specimen after 

casting. In other samples, α-AlFeSi (PDF#01-

071-4015 denoted “x”) phase at 2ϴ= 22°, 43° 

and 46° and Mg2Si (PDF#35-0773 denoted by “ 

* ”) at 2ϴ= 41° phase is clearly seen [11]. The β-

AlFeSi phase present in the sample that was not 

heat treated after casting transformed into α-

AlFeSi phase after heat treatment. 

 

In the homogenization heat treatment after 

casting, the processes of dissolution of the Mg2Si 

phase, conversion of β‒AlFeSi→α‒AlFeSi and 

re-precipitation of the Mg2Si phase occur during 

Figure 1. XRD patterns of the samples 

 

cooling [14]. Due to the small amount of these 

phases in the total mass, the XRD results do not 

allow a very clear and clear comparison. The 

presence of existing phases can be clearly 

demonstrated using an optical microscope and 

SEM. The α-AlFeSi intermetallic has a cubic 

crystal structure and a spherical morphology, 

while the β-AlFeSi intermetallic exhibits a 

monoclinic structure and a plate (neutral) 

morphology. This morphology limits the 

extrudability of the casting billet by causing local 

cracking and surface defects in the extruded 

material [15].  

 

The spherical and acicular morphologies of these 

phases are clearly evident in their microstructure. 

In the post casting structure, Mg2Si phase also 

precipitated at the grain boundaries. This affects 

the extrusion ability by having a similar effect of 

the β-AlFeSi phase. During homogenization, the 

grain boundary Mg2Si phase dissolves and re-

precipitates with a more homogeneous 

intragranular distribution during homogenization 

cooling. This is evident in the microstructure 
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[16]. The Figure 2 shows 500x optical 

microscope images of the samples. 

 

 
Figure 2. Central Region Microstructure Images at 

500x Magnification. (a) as-cast, (b) 95%, (c) 75%, 

(d) 55, (e) 25% 

 

Looking at the microstructure images in Figure 

2, the matrix α-Al phase in the post-cast 

structure, coarse Mg2Si particles scattered along 

grain boundaries and interdendritic spaces, β-

AlFeSi phase in plate/needle form at grain 

boundaries are seen. The light gray areas at the 

grain boundaries represent the β-AlFeSi phase 

[17]. It is possible to observe that it is caused by 

non-equilibrium solidification in the structure in 

both phases. In the microstructure of the samples 

that underwent homogenization heat treatment, 

the β-AlFeSi phase in the form of casting and 

located at the grain boundaries was replaced by 

the α-AlFeSi phase in the discrete spherical form. 

Again, the coarse Mg2Si phase at the grain 

boundaries after casting precipitated as small 

spheres from the grain boundaries into the grain 

after homogenization heat treatment. The small 

black dots in the grain represent the Mg2Si phase 

[18].  

 

When the microstructures of the cast sample and 

the homogenized sample are compared, it is 

observed that the coarse and continuous phases 

at the grain boundaries of the cast sample 

precipitate at the grain boundaries in a very fine 

and fragmented form in the homogenized 

samples. Mg2Si phase in the grain boundaries of 

the casting sample is seen in the microstructures 

in which the grains precipitate after 

homogenization. Dark areas indicate AlFeSi 

phase and light gray areas indicate Mg2Si phase 

[8]. 

 

Homogenizations a ratio, porosity ratios and 

grain size analyzes of the produced billets were 

made with the Clemex software used in 

conjunction with the optical microscope. The 

results of the analyzes are shown in Table 4. 

Accordingly, the change in the homogenization 

cooling rate did not cause a change in the amount 

of porosity, homogenization rate and grain size 

[19] . 

 
Table 4. Homogenization ratios, porosity ratios and 

particle size analyzes results 

Samples 
Porosity 

(%) 

Homogenization 

rate (%) 

Grain 

Size (μm) 

95% 0.07 85.64 106 

75% 0.06 83.33 105 

55% 0.07 84.46 109 

25% 0.06 84.17 105 

As-cast 0.06 --- 107 

 

The Figure 3 shows the SEM photographs of the 

samples. As seen from the SEM images, the 

phases in the casting sample (Figure 3.a) are 

densely located at the grain boundaries. After the 

homogenization heat treatment (Figure 3.b-e), it 

is seen that these phases are dispersed into the 

grain. While the morphology of the phases at the 

grain boundaries reached a fragmented and 

spherical structure, the Mg2Si phase precipitated 

into the grains as small dots[20]. 

 

The EDS results from four different regions of 

the casting sample of the AA6060 alloy are given 

in Figure 4. Mg, Al, Si elements were found in 

line with the qualitative elemental result obtained 

from the 1st region. The possible phase is Mg2Si. 

Mg, Al, Si, Fe elements were found in line with 

the qualitative elemental results obtained from 

the 2nd region. The possible phase is AlFeSi. In 

line with the qualitative elemental results 

obtained from the 3rd region, Al, Si, Fe elements 

were found. The possible phase is AlFeSi. In line 

with the qualitative elemental result obtained 

from the 4th region, Al element was found. The 

possible phase is α-Al [21]. 

 

Al 

β-AlFeSi 

Mg2Si 

α-AlFeSi 
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Figure 3. SEM photographs of the samples (a) as-

cast, (b) 95%, (c) 75%, (d) 55, (e) 25% 

 

 
Figure 4. SEM image and EDS spectrums of as-cast 

sample 

 

The EDS results from two different regions of the 

95% sample of the AA6060 alloy are given in 

Figure 5. Mg, Al, Si elements were found in line 

with the qualitative elemental result obtained 

from the 1st region. The possible phase is Mg2Si. 

In line with the qualitative elemental result from 

the 2nd region, Al, Si, Fe elements were found 

and this possible phase is AlFeSi [12]. 

 
Figure 5. SEM image and EDS spectrums of 95% 

sample 

 

The elemental analysis results taken from two 

different regions of the 75% sample of the 

AA6060 alloy are given in Figure 6 in wt%. Mg, 

Al, Si elements were found in accordance with 

the EDS results from the 1st region. The possible 

phase is Mg2Si. Mg, Al, Si, Fe elements were 

found in line with the qualitative elemental result 

from the 2nd region and this possible phase is 

AlFeSi. 

 

 
Figure 6. SEM image and EDS spectrums of 75% 

sample 

 

EDS results from two different regions of 55% 

sample of AA6060 alloy are given in Figure 7. In 

line with the qualitative elemental result from the 

1st region, Mg, Al, Si elements were found and 

the possible phase is Mg2Si. In line with the 

qualitative elemental result from the 2nd region, 
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Al, Si, Fe elements were found and the possible 

phase is AlFeSi [22]. 

 

 
Figure 7. SEM image and EDS spectrums of 55% 

sample 

 

EDS results taken from two different regions of 

25% sample of AA6060 alloy are given in Figure 

8. Mg, Al, Si elements were found in line with 

the qualitative elemental result obtained from the 

1st region. In line with the qualitative elemental 

results obtained from the 2nd region, Al, Si, Fe 

elements were found. Possible phases are Mg2Si 

and AlFeSi, respectively [23]. 

 

 
Figure 8. SEM image and EDS spectrums of 25% 

sample 

 

4. Conclusion 

 

- As the working power of the turbo fans 

decreases, the cooling rate decreases. By 

reducing the operating power from 95% to 25%, 

the cooling rate decreased by 0.08 °C/min. 

- Although the cooling rates did not have a 

significant and significant effect on the 

microstructure in homogenization, the saving 

obtained from the total electricity consumption 

of the turbo fans was 29.6%. 

 

- According to XRD results, β-AlFeSi, α-AlFeSi 

and Mg2Si phases were observed in the alloys. 

The β-AlFeSi phase present in the sample that 

was not heat treated after casting transformed 

into α-AlFeSi phase after heat treatment. 

 

- As a result of optical microscope examinations, 

it has been observed that the needle-shaped β-

AlFeSi phase seen at the grain boundaries of the 

casting sample transforms into spherical form α-

AlFeSi at the grain boundaries of the 

homogeneously heat-treated samples (95%, 

75%, 55%, 25%). Likewise, it was determined 

that the Mg2Si phase at the grain boundary in the 

casting sample precipitated into the grains of the 

homogenization heat-treated structure. 

 

- The average homogenization conversion rate 

measured with the Clemex software in the optical 

microscope for the samples cast in AA6060 alloy 

with a diameter of 152 and a length of 7 m was 

84%, the average grain size was 107µm, and the 

average porosity was 0.06%. 

 

- In the SEM – EDS analysis, matrix α-Al, grain 

boundaries β-AlFeSi, α-AlFeSi and Mg2Si 

phases were determined in the casting sample 

and the homogenization heat treated samples. It 

was seen that Mg2Si phase in dark colors and 

AlFeSi phase in light colors.  
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