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1. Introduction 

The purpose of the aluminum alloy rods used by a producer of 

chemical fibers is to tighten and direct the fiber spun on the reel 

(Fig. 1). During the operation, the rods are constantly vibrating, i.e. 

cyclically loaded. In the event of a break, the part should be 

replaced by a new one, therefore the downtime occurs in production 

of chemical fiber. 

 
a 

  
b c 

Fig. 1 Spinning machines for production of chemical fibers: a) general 

view; b) workplace of spinning on reel; c) fiber tensioner made of aluminum 

alloy. White arrows show tensioners investigated 

The producer decided to decrease the risk of the downtimes by 

choosing material with better performance for the parts.  

The aim of the work was to analyze the reasons of fracture of 

the parts and to choose other aluminum alloy which could maintain 

more cycles of vibrations during the production of chemical fibers. 

2. Methodology 

Determination of chemical composition and analysis of 

mechanical properties showed that the current tensioners have been 

manufactured from the rod of aluminum alloy 6061 (according to 

EN) (1 and 2 Tables). 

Chemical composition was determined according LST CR 

10320-2006 standard by optical emission spectrometer ARC-MET 

8000. Tension strength and yield point were examined according 

EN ISO 6892-1:2009 standard in Tinius Olsen H50KT universal 

testing machine. 

Table 1: Chemical composition of aluminum alloy used for current 

tensioners (% wt) 

Sample Elements, % 
Equivalent of 

alloy grade 

Rod 

Ø3 mm 

Al Si Mg Cu Mn Zn Ni Fe 

6061 

(AlMg1SiCu) 

Bal. 0.695 1.07 0.293 0.089 0.015 0.005 0.207 
 

Pb Bi Cr Ti Sn V Ca Be 

0.005 -- 0.165 0.011 0.022 -- 0.007 0.014 

 
Table 2: Mechanical properties of current tensioners material 

Dimensions of sample Rm, MPa 
Rp0.2, 

MPa 
A, % Z, % 

Ø3 mm × 50 mm 408 321 21.5 50 

The fracture surface and microstructure of aluminum alloy used 

for the current tensioners was examined by optical microscope 

optical microscope Nikon equipped with video camera Nikon DS-2 

16 MP and objectives Nikon TU Plan Fluor 10×/0.30 and Nikon TU 

Plan Fluor 100x/0.90. 

Trying to order different grades of aluminum alloy it was found 

out that in the producer’s area just two grades were available – 6060 

and 6063. Therefore, these two grades were compared with the 

current one seeking to choose the material with better performance. 

3. Results and Discussion 

3.1. Analysis of chemical composition of system Al-Mg-Si  

According to EN standards, the 6XXX numbering indicates that 

these are heat treatable wrought alloys of Al-Mg-Si system, which 

are also found in the literature under the name of "avials" (aviation 

alloys) [1]. Avials are low-alloyed with magnesium and silicon (sum 

of alloying elements 1-2%); these alloys also contain small 

additives of chrome and manganese. By forming the dispersed 

phases of Mg2Si, Al6Mn, Al7Cr, alloying components decrease the 

grain size microstructure and raise the temperature of the 

recrystallization. Copper addition increases the strength of avials, 

but reduces the corrosion resistance of the alloys [2]. Al-Mg-Si 

alloys are deformable – their properties can be improved by heat 

treatment and deformation. 

In order to find as much information as possible about the alloys 

of interest, German and Russian aluminum alloy analogues were 

also reviewed (Table 3). The equivalent of the aluminum alloy 6063 

was not found in DIN or GOST standards. 

The chemical composition of the aluminum alloys is regulated 

by the European Union standard EN 573. The chemical composition 

of alloys is given in Table 4, which is comparable to the currently 

used grade.  

Table 3: Aluminum alloys equivalents 

EN 573 DIN 1712, 1725 GOST 11069, 4784 

No.  Grade No.  Grade No.  Grade 

6060 AlMgSi 3.3206 AlMgSi0.5 1310 AД31 

6061 AlMgSiCu 3.3214 AlMg1SiCu  AД33 

6063 AlMg0.7Si - - - - 
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Table 4: Comparison of aluminum alloys chemical composition (according 
DIN EN 573-3:2009-08) [3] 

Alloy Si 
Fe 

max 

Cu 

max 

Mn 

max 
Mg 

Cr 

max 

Zn 

max 

Ti 

max 
Al Other 

Impurity 

Max of 

each 
Total 

6060 
0.3-

0.6 

0.1-

0.3 
0.1 0.1 

0.35-

0.6 
0.05 0.15 0.1 Bal. - 0.05 0.15 

6061 
0.4-

0.8 
0.7 

0.15-

0.4 
0.15 

0.8-

1.2 

0.04-

0.35 
0.25 0.15 Bal. - 0.05 0.15 

6063 
0.2-

0.6 
0.35 0.1 0.1 

0.45-

0.9 
0.1 0.1 0.1 Bal. - 005 0.15 

Currently used alloy 

6061 0.695 0.207 0.293 0.089 1.07 0.165 0.015 0.011 97.50 

0.005Ni 

0.005Pb 

0.022Sn 

- - 

 

3.2 Alloying of system Al-Mg-Si 

Magnesium increases the strength of aluminum alloy. One 

percent magnesium increases tensile strength Rm by about 30 MPa. 

Magnesium increases the vibrational durability of the alloy, as well. 

The grade 6061 has the maximum magnesium content and the grade 

6060 has the lowest content. 

Silicon forms reinforcing phases inside the microstructure of the 

avials, i.e. compounds of Mg2Si. These particles are several 

micrometers in size or smaller; hard, strong, in avials acting as a 

reinforcing material. 0.5-0.6% of silicon improves welding 

performance. According to the EN standard, the maximum content 

of silicon is in the 6061 alloy, in comparison of three grades 

investigated. 

Manganese and chromium increase the strength of avials. 

Alloys of Al-Si-Mg system that contain these elements become 

hardened by highly dispersed phases [Al6Mn, α-(Al-Si-Mn), Al7Cr], 

which increase the temperature of the recrystallization of plastically 

deformed products and inhibit grain growth. In the 6061 alloy, the 

amount of manganese and chromium is allowed maximum, in the 

second place is 6063, and in the third – 6060. 

Zinc, titanium and chromium reduce the possibility of corrosion 

under stress. In addition, just 0.4-0.8% zinc increases the yield 

strength of the aluminum alloy. 

The small amount of copper that occurs in the alloys 

investigated, and is almost all dissolved in the solid solution, 

slightly increases the strength of it, but its higher content (0.05-

0.1%) decreases resistance to corrosion, especially intercrystalline. 

The iron impurity has the most degraded effect to aluminum 

alloys – it practically does not dissolve in aluminum, but forms 

fragile intermetallic phases, therefore, the amount of iron has to be 

as small as possible. According to standard EN 573, the maximum 

iron content in alloy 6061 may be up to 0.7%, but only 0.207% was 

found in the currently used alloy according to the chemical 

composition analysis. In alloys 6060 and 6063, the iron content is 

more restricted to 0.3-0.35%. 

3.3 Mechanical properties and heat treatment of Al-Mg-Si 

alloys 

The mechanical properties of aluminum alloys depend 

particularly on the chemical composition, but even more on the heat 

treatment of the alloy. During heat or thermomechanical treatment, 

the strength, hardness and plasticity of aluminum alloys can vary a 

few times. The most common thermal treatment methods, labeled in 

accordance with EN 755: 

 T4 –solid solution treated and naturally aged; 

 T5 – cooled from an elevated temperature shaping process 

and artificially aged; 

 T6 – solid solution treated and artificially aged. 

After quenching, the aluminum alloy is in a state of a solid 

solution, which is saturated with dissolved alloying elements. 

Mostly plastic and soft. During the further aging, the excess of 

alloying elements precipitates from the solid solution in the form of 

small particles (chemical compounds). These strengthening 

particles improves mechanical properties of the alloy. Aluminum 

alloys are most often treated for artificial aging (T6). The strength 

of the aluminum alloy is higher than after natural aging (T4). 

The mechanical properties of aluminum alloys after different 

thermal treatment are regulated by standard EN 755. The 

characteristics of the mechanical properties presented in the 

standard are indicated by "the possible minimum". Maximum 

values of mechanical characteristics are not regulated. Table 5 

shows the mechanical characteristics of the aluminum alloys 

investigated: tensile strength Rm, yield strength Rp0.2, relative 

elongation A and relative contraction Z. 

Table 5: Comparison of mechanical properties of aluminum alloys 
(according EN 755-2:2016) [4] 

Grade 
Heat 

treat. 

Diameter, 

mm 

Rm 

MPa 

Rp0.2 

MPa 

A 

% 

A50 
mm 

% 
HBW 

min max min max min min 

6060 

T4 ≤ 150 120 - 60 - 16 14 50 

T5 ≤ 150 160 - 120 - 8 6 60 

T6 ≤ 150 190 - 150 - 8 6 70 

6061 
T4 ≤ 200 180 - 110 - 15 13 65 

T6 ≤ 200 260 - 240 - 8 6 95 

6063 

T4 ≤ 150 130 - 65 - 14 12 50 

T5 ≤ 200 175 - 130 - 8 6 65 

T6 ≤ 150 215 - 170 - 10 8 75 

Currently used alloy 

6061  3 408 321 21.5 - - 

 

Comparing the properties of the investigated aluminum alloys, 

it is obvious that the highest strength corresponds to 6061 alloy, and 

the lowest – to 6060 alloy. Also, one can see how the strength of the 

alloys varies depending on the heat treatment method: the 

maximum strength is achieved after solid solution treatment and 

artificial aging (T6). However, the maximum plasticity after the 

same heat treatment corresponds to alloy 6063. 

Mechanical properties of the material are usually characterized 

by the standard values Rm and Rp0.2. However, the high strength and 

yield limits sometimes show how the material will behave under the 

real conditions, especially when cyclical loads act. However, 

aluminum alloys showing high Rm and Rp0.2 values, do not exhibit 

significant strength. The reason of this can be the defects of the real 

product when operating under real conditions. The defects may 

include mechanical surface defects: cracks, scratches, surface 

roughness; metallurgical: oxides, rough intermetallic phases, 

chemical elemental heterogeneity. All defects in the material act as 

stress concentrators around which stresses may exceed the 

material's yield point or strength limit [5]. 

There are always cracks (or surface irregularities) on the surface 

of metallic components in real construction. Each material has its 

own period of slow crack propagation, during which the component 

can be operated. And only when the crack reaches a critical size, its 

further expansion occurs very quickly until a complete break. The 

fracture period during which the cracks develop slowly indicates the 

performance, functionality and durability of the product. This 

period may vary between different materials. Very often, materials 

with high mechanical characteristics Rm and Rp0.2, weakly resist the 

propagation of a crack, and materials with lower characteristics 

counteract much better. 

The lifetime of the material can be assessed by the impact 

strength test. The higher the impact strength, the better the 

durability of the material. Unfortunately, the standard 5 × 5 × 100 

mm specimens are required to evaluate impact strength and 

therefore not suitable for wire. 

The impact strength of an aluminum alloy can be increased in 

the following ways: 
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1. Reducing the amount of iron in the aluminum alloys. Best of 

all, when its content does not exceed 0.1-0.3%, and even better, 

when it is a hundred percentage points. Reducing the amount of 

iron, the amount of insoluble and very fragile intermetallic phases 

[Al3Fe, α-(Al-Fe-Si), α-(Al-Fe-Si-Mn), etc.] reduces as well, 

resulting an increase of the impact strength of the alloy. Iron 

dissolves in aluminum up to 0.062%, all the excess is precipitated in 

fragile intermetallic phases. 

2. By super-aging of aluminum alloys to ensure that coherent 

bonding that occurs between the matrix and the intermetallic phases 

become destroyed. According to EN standard, this would be a heat 

treatment method labeled by T7, i.e. the products are treated to a 

solid solution and super-aged (stabilized). The strength of these 

products is slightly lower than after the solution treated and 

artificially aged with the purpose to obtain the maximum strength 

(T6), but the impact strength of such treated alloys is higher. 

3.4 Analysis of fracture and microstructure of aluminum alloy 

rods 

A fracture analysis of the broken rod surface showed that the 

type of fracture is fatigue (Fig. 2). Fatigue fracture occurs in several 

stages. Metal decomposition starts with a defect on the surface – it 

can be corrosion-damage, crack, scratch, non-metallic insert, solid, 

fragile, intermetallic phase, etc. As the components investigated are 

loaded cyclically, the material's fatigue resistance and surface 

quality are very important. The origin of the fracture (surface 

defects), the propagation of the crack and the area of the final 

fracture are indicated by arrows. As the component is vibrating 

during exploitation, i.e. deformed in different directions, surface 

tensile stresses have induced the defects to propagate until the final 

break. 

 
Fig. 2 Determination of fatigue fracture of the aluminum rod 

After microstructural analysis, it became obviously that the 

surface is rich in defects: possible corrosion damages, non-metallic 

inserts (Fig. 3). The amount of non-metallic inclusions was found to 

be a little; these inclusions would be the most damaging when 

accidentally appears at the surface. 

A cross-section of the specimen was examined for the surface 

defects. 

Deformable Al-Mg-Si alloys contain low amounts of alloying 

elements, usually the sum of all alloying elements does not exceed 

1-2%. Aluminum alloys 6060, 6061 have a phase composition of α 

(solid solution) + Mg2Si (hardening phase) [6], which is obtained 

after solution treatment and aging (artificially aging results higher 

mechanical properties than natural). Such a structure is visible 

observing the metallographic sample, made from the wire provided 

by the company (Fig. 4). 

 
a 

 
b 

 
c 

Fig. 3 Analysis of the microstructure of the broken aluminum rod: the 

defects found at or near the surface (a), (b), and (c) 

 

Fig. 4 Microstructure of currently used aluminum alloy: composition of 
solid solution and hardening disperse particles Mg2Si 
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4. Conclusions 

Following the investigation of the fracture and microstructure of 

the currently used aluminum rods and the literature analysis on Al-

Mg-Si aluminum alloys, the following conclusions were 

formulated: 

1. The cause of the breakage of the currently used aluminum 

rods is fatigue. If the suppliers of aluminum alloys provide 

information about the fatigue resistance, this characteristic should 

be taken into account. 

2. Comparing the chemical composition of alloys 6060, 6061 

and 6063, it is obvious that 6061 has a higher Mg and Si content, 

and these elements form hardening particles. Also, this alloy has a 

high content of manganese and chromium, which strengthens 

alloys. The second place according to the amount of alloying 

elements takes alloy 6063. 6060 alloy is the least alloyed aluminum 

alloy. Alloys 6060 and 6063 have more limited iron content than an 

alloy 6061, which can form fragile intermetallic phases. Also, alloys 

6060 and 6063 have less copper, and therefore they are more 

resistant to corrosion. This is important because the parts are in an 

environment of increased corrosion. 

3. Comparing the mechanical properties of alloys, the maximum 

strength and yield point presents the alloy 6061. The alloy 6063 

stands at the second place. However, the alloy 6063 has a plasticity 

greater than 6061, therefore, considering the theory outlined in 

section 3.3, it is likely that the tensile strength of alloy 6063 will be 

sufficient. 

4. Comparing the mechanical properties of alloys after thermal 

treatment, it is obvious that the maximum strength is achieved after 

solution treatment and artificial aging (treatment T6) During the 

heat treatment process, the alloying elements precipitate from the 

solid solution that strengthen the alloy. 

Recommendation: From the two possible aluminum alloy 

grades 6060 and 6063, it was suggested alloy 6063 more alloyed by 

silicon and magnesium and presenting higher strength and plasticity 

(compared to 6060) after thermal treatment of T6. 
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