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Abstract: This work is focused on investigation of different thermomechanical treatment (TMT) regimes influencing mechanical and 
electrical properties of Al-Mg-Si alloy. Three TMT regimes were chosen, which differ in the number of treatment steps. Grain size, 
microhardness, electrical conductivity were measured. It was revealed that dividing TMT into 2 stages favorably affects formation of 
mechanical and electrical properties in Al6101. 
 
KEYWORDS: ALUMINUM ALLOYS, SEVERE PLASTIC DEFORMATION METHODS, ULTRAFINEGRAINED STRUCTURE, 
THERMOMECHANICAL TREATMENT, ELECTRICAL CONDUCTIVITY  
 

1. Introduction 
 

At the present moment ageing Al alloys are used as structural 
materials in construction, aircraft and car industry. Heat-hardenable 
alloys of the Al-Mg-Si system (alloys of 6XXX series) are the most 
important aluminum alloys, they contain Fe, Mn, Cu as additional 
alloying elements. The alloys are characterized by enhanced 
ductility, good weldability and high quality of semi-product 
surface. The alloys of these group applied in electrical engineering 
have been recently studied. As result of the studies, it becomes 
possible increasing their consumer and service properties [1-3]. 
Thus, when using special thermomechanical treatment, the alloy 
acquires high electrical properties at relatively high strength. In this 
connection the aim of the present work is to search for the most 
rational thermomechanical treatment (TMT) regimes, analyze 
structural states and their relation with mechanical and 
electrotechnical properties of Al 6101. 

 
2. Material and experiment   

  
The material of studies is aluminum alloy Al6101 (Al-Mg-Si 
system).  
Table 1. Chemical composition of Al 6101 
 
 
Al 

 
 
Si 

 
 
Mg 

 
 
Fe 

 
Impurities, not exceeding  
 
 
Zn 

 
Сu 

 
B 

Other 
impurities – 
each 
element 
separately 
does not 
exceed 0.03 

base 0.30-
0.70 

0.35-
0.80 

Not 
over 
0.50 

0.10 0.10 0.06 Ti, V, Ni, 
Ga, Cr, Mn 
─ totally not 
exceeding 
0.10 

 
Drawing in round dies was applied at room temperature for shape 
forming. The drawing was performed on a special drawing bench 
using technological lubricant “Rosoil 555” [4].  
The initial length of samples with a diameter of 12 mm was 160 
mm before drawing. After drawing the diameter was 3 mm and the 
length was 1500 mm.  
A muffle furnace Nabertherm L15/11 was used for thermal 
treatment. 
Electron microscopy studies were carried out on a transmission 
electron microscope JEМ-2100 EX Jeol at an accelerating voltage 
of 200 kV. 

The objects for fine structure studies were prepared by jet polishing 
of thin foils on a “Tenupol-5” set in the solution of 20 % nitric acid 
(HNO3) and 80 % methanol (CH3OH) at a temperature of  – 
25…35°С and a voltage 15…20 V. 
The average size of structural elements (subgrain size) was taken 
through at least 200 measurements done with the help “Grain-Size” 
software for structure analysis.   
Mechanical characteristics of Al 6101 wire were determined during 
static tensile tests of samples with a gage length (l0) of 40 mm in 
accordance with GOST 10446-80 [4] on an electromechanical 
measuring system Instron 5982.  
Electrical conductivity of experimental samples of Al 6101 wire 
was determined according to GOST 7229-76 [5] with the help of an 
aspirated hydrometer MV-4M (error ± 2 %), an aneroid barometer 
BAMM-1 (a division value 0.1×103 Pa) and a microohmmeter BSZ 
(precision 0.1). 
The Vickers hardness (HV) was measured on a Micromet-5101 set 
at 50 g of test load and dwell time of 10 sec.  
 

3.  Experimental procedure 
 
Table 2 presents 3 experimental schemes that allow evaluating 

the influence of TMT on the end-use properties of samples. The 
main focus of studies is connected with influence of a step TMT 
cycle on the end-use properties of items (wire). The total strain 
degree for each regime was е = 0.94. 

Table 2. Treatment regimes  
Regime 1 Regime 2 Regime 3 

Water 
quenching at 

540°С, 2h 

Water 
quenching at 

540°С, 2h 

Water 
quenching at 

540°С, 2h 
Ageing at 

140°С, 6h 
Drawing to  
Ø9mm 

Drawing to 
Ø3mm 

Drawing to  
Ø9mm 

Ageing at 
140°С, 6h 

 

Ageing at 
140°С, 6h 

Drawing to 
Ø3mm 

 

Drawing to 
Ø3mm 

  

 
4. Discussion of results 
 
As a result of studies it was stated that a grain-subgrain type 

structure formed in the produced wire samples after the processing. 
Fig. 1(a-c) displays the results of structure studies. It is established 
that the subgrain sizes of the sample produced via regime 1 were 
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441.3 ± 5.2 nm, via regime 2 — 431.9 ± 5.4 nm, via regime 3  — 
414.3 ± 4.8 nm. Fig. 1(d) displays a diagram of produced subgrain 
sizes. It is seen that deformation of Al alloy without step TMT 
results in a finer structure.  

 
   

     a)                                     b)                                   c) 

  
   d) 

Fig. 1 – Structure of samples obtained with TEM.  а – via 
regime 1, b – via regime 2, с – via regime 3, d – diagram of 

subgrain distribution for all three regimes 
 
Study of strength and microhardness of samples showed (Fig. 

2) that TMT resulted in microhardness and strength increase. After 
TMT the microhardness of the sample produced via regime 1 is 
134.7 MPa, that of the sample produced via regime 2 — 144.8 
MPa, that of the sample produced via regime 3 — 119.3 MPa. One 
can state the correlation between the obtained microhardness and 
strength values for all the three processing regimes. Microhardness 
increase in the samples produced via regimes 1 and 2 is connected 
with mechanisms of fine-dispersed phase precipitation (ageing) [7]. 
Thus, step TMT favorably affects the strength enhancement of Al 
wire. 

 
                    а)                                                  б) 

Fig. 2. Distribution of strength for 3 TMT regimes (a) and 
average microhardness value for 3 TMT regimes (b) 

 
Investigation of electrical conductivity of deformed samples 

showed that use of step TMT resulted in enhancement of electrical 
conductivity to the values 49.436 % IACS (regime 1), 49.27 % 
IACS (regime 2), 44.74 % IACS (regime 3). The increase of the 
number of TMT steps does not improve the electrical conductivity 
(Fig.3). 

 
 
 
 
 
 

 
Fig. 3. Diagram of electrical conductivity distribution for 3 

processing regimes 
 

5. Conclusions  
 
1. It is stated that a grain-subgrain type structure forms in wire 

of Ø 3 mm irregardless of the used TMT regimes. The smallest 
subgrain size was achieved through processing via regime 3, in 
which thermal treatment was not used after processing. This state 
demonstrates lower microhardness and strength values due to 
absence of ageing effect from post-deformation temperature impact.  

2. The investigation of electrical conductivity of deformed 
samples showed that the step TMT resulted in electrical 
conductivity enhancement to 28,7 MSm/m in the samples processed 
via regime 1 and to 28,5 MSm/m in the samples processed via 
regime 2, which is 1,1 times higher as compared to regime 3. One 
can see that increase of TMT steps does not lead to electrical 
conductivity enhancement. 

3. Regime 2 should be considered as the most rational regime, 
since strength and electrical conductivity increase in the samples 
with an ultrafinegrained subgrain structure. 
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