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Abstract. The increase in population, as well as the growing need to supply it, results in a constant increase in the
demand for electricity, requiring the improvement of cables for its transmission and distribution. This work aims to
analyze the influence of heat treatment on the base alloy Al-0.05% Cu-0.27% Fe-0.6% Mg-0.15% Ti. The alloy was
obtained by casting in “U” mold, the molten material was machined and rolled to a diameter of 3.0 mm. After cold
work, some specimens were preserved without heat treatment (WHT), others underwent aging heat treatment (HT) for
6 hours at 200°C and the last portion was subjected to the term resistivity test according to the Standard. ASTM B941.
The structural, electrical and mechanical characterization of the alloy was performed through metallographic
analysis, electrical conductivity test and tensile test, respectively. All these procedures were performed in order to
analyze and compare the structural characteristics, electrical and mechanical behavior of the alloy before and after
HT and to validate the material as a resistant term. It was found that artificial aging applied for 6 hours to the samples
refined the grain of the structure and caused a slight increase in the electrical conductivity of the material, but with a
decrease in TSL.
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1. INTRODUCTION

The consumption of electric energy can be considered an indicator of socioeconomic development for any nation,
according to the Ministry of Mines and Energy (2008). Since energy demand is of the utmost importance both in
industrial, commercial and service growth, as well as in population capacity to acquire goods and services this is
evidenced, Sorrell (2015). During the last decades, there has been an increase in demand for electric energy, demanded
by industry and households. The satisfaction of this demand generates numerous problems, such as, manufacturing and
constructing new cables for high voltage with new materials. And this fact does not only happen in highly populated
urban areas, but in all national territory. The challenge generated attracts investments to build new lines to supply the
demand centers, on the other, it is possible to increase the transmission capacity (Tx) and distribution (Dx) of electricity
of the existing lines, using cables manufactured with new metal alloys.

Pure aluminum does not have satisfactory mechanical strength, however its alloys have good mechanical properties
coupled with the high electrical conductivity and light weight of these cables. The properties of these alloys can be
further improved with studies on the addition of various alloying elements and their effects on material structure, as
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well as the application of heat treatments. According to Quaresma (1999), the structure of the material is of paramount
importance, since it is correlated with the mechanical, physical and chemical properties of the material of the piece.

It is through aluminum wires and cables that utilities carry electricity throughout the country. Only aluminum
combines good electrical conductivity and excellent mechanical strength with extreme lightness. Differentials that
revert to higher power transmission capacity, resistance to high temperatures without loss of physical properties and
much assembly economy, with specific weight significantly lower than other metals, the use of aluminum cables to
carry electric current reduces the weight on the supporting structures, minimizing the cost of networks with lower
investments and less maintenance (ABAL, 2019).

The objective of this work is to analyze the Al-0.05% Cu-0.27% Fe-0.6% Mg-0.15%Ti base alloy on the influence
of the artificial aging thermal treatment at 200°C for 6 hours, and as well as the electrical and mechanical
characterization before and after the treatment of thermoresistance of the solidified alloy in a metallic cast "U".

2. MATERIALS AND METHODS

The alloys were obtained by direct casting where an electrical aluminum conductor (AI-EC) was fused. The
magnesium element was used in its pure form. A stoichiometric calculation was used to add 0.15%Ti. Subsequently all
the elements were casted in the muffle furnace. Pouring was initiated with the removal of the test sample for chemical
analysis. The solidification step of the alloys was through a U-shaped metal shell mold, seen in Figure 1. This mold was
duly cured with alumina and sealed. Thus, obtaining the alloy pouring 0.05% Cu-0.27% Fe-0.6% Mg-0.15%Ti.

Figure 1. (a) Metallic chill in “U” format, (b) in moment pouring and (c) piece cast obtained. Available from: Archive
GPEMat.

After removal from the mold the material was sectioned and machined from 22 mm to 18.5 mm in diameter. Two
samples were taken, one was preserved without heat treatment and the other was heat treated by means of artificial
aging for 6 hours at a temperature of 200°C. The samples were sectioned in two parts, one for macrostructure analysis
and the other undergoing cold work up to 3 mm in diameter. For the treatment the stove was used, in order to
demonstrate the effect of the same in the alloy Al-0.05% Cu-0.27% Fe-0.6% Mg-0.15%Ti.

After the lamination, a portion of the samples obtained was used to perform the heat-resistivity test using the tensile
machine. The thermoresistance test was performed according to ASTM B941, which describes that electrical
conductors characterized as heat-resistant, should not show loss of more than 10% of their tensile strength limit when
subjected to a temperature of 280 °C for one hour.

The alloy macrostructures were developed according to standard techniques in metallography following the sanding
and buffing. The chemical attack was performed by immersion with Keller chemical reagent (2mL HF, 3mL HCI, 5mL
HNO;, 190mL H-O) for macrostructure. The chemical composition of the alloys was obtained through an optical
emission spectrometer model Q4 TASMAN.

The electrical and mechanical tests were performed on the 3 mm diameter wires, the samples were divided into 4
groups: without heat treatment, without heat treatment plus thermoresistance test, with heat treatment and with heat
treatment plus thermoresistance test, this study culminated in four results for analysis. In the electrical characterization,
the test bodies were submitted to the test with the objective of evaluating the electrical resistivity with the help of a
multi-ohmmeter from the manufacturer MEGABRAS. The electrical resistivity tests were carried out according to the
norms NBR 6810 and NBR 6815. After the electrical characterization, the specimens were submitted to the mechanical
test in a KRATOS tensile test machine, model IKCL1 - USB. The tensile tests were performed according to the norms
for electric cables, NBR 6810, and metallic materials, NBR 6892, running them in three samples with 20 cm in length
and 3 mm in diameter for each branch of the research.



25" ABCM International Congress of Mechanical Engineering
October 20-25, 2019, Uberlandia, MG, Brazil

3. RESULTS E DISCUSSIONS
3.1 Chemical analysis

Table 1 shows the chemical composition of Al-Cu-Fe-Mg-Ti alloy. This composition was previously obtained
through stoichiometric calculations and validated from the optical emission spectrometer analysis and confirmed that

the alloy is within the desired values for the purpose of the work.

Table 1. Chemical composition of fabricated aluminum alloy.

Alloy Elements (% in mass)
Cu Fe Mg Ti

0.05 0.2 0.5 0.15

Proposed composition of the
alloy Al-Cu-Fe-Mg-Ti
Proposed composition of the
alloy Al-Cu-Fe-Mg-Ti

0.054 0.274 0.583 0.148

The determination of the alloying elements and their respective concentrations have an influence on the properties
obtained by the molten alloys. According to Sena (2015) iron contents in the range of [0.24- 0.28]% and 0.05% Cu are
the most indicated to raise the tensile strength limit of the electrically conductive aluminum (Al — EC). The presence of
magnesium significantly reduces the density of the alloy and reduces the stacking failure energy in aluminum, which
causes a dynamic recovery temperature increase, allowing the alloy to retain cold working properties at higher
temperatures prior to recovery. recrystallization occur (KAUFMAN; ROQY, 2004). According to Jorge (2013) titanium
contributes to the elevation of the mechanical properties of aluminum alloys through grain refining.

3.2 Alloy macroestructure without deformation

Figure 2 shows the grain structure morphology of Al-0.05% Cu-0.27% Fe-0.6% Mg-0.15% Ti alloy without
deformation, without heat treatment, in Figure 2.a, and after artificial aging for 6 hours in Figure 2.b, and the Al-Ti
phase diagram is shown in Figure 2.c.
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Figure 2. Alloy macrostructure (a) without heat treatment, (b) after heat treatment for 6 hours and (c) Al-Ti phase
diagrams. Available from: Personal collection, 2019 and Infomet,2019.

The presence of predominant equiaxic grains is observed in both samples, however, for the sample to which
artificial aging was applied for 6 hours, a reduction in grain size is visible, it is possible that the submission to treatment
caused better dissolution of the grains. Aluminum matrix alloy elements.

Figure 2.c shows the Al-Ti phase diagram with the percent titanium (Ti) by weight used for the manufacture of the
red-marked alloy, characterizing the alloy as diluted; as incapable of undergoing a perithetic transformation.

3.3 Electrical and mechanical characterization of the alloy



Melo, B.S., Reis, V.S. and Prazeres E. R.
Influence of Hardening on the Mechanical, Electrical and Structural Properties of Alloy Al-0.05%Cu-0.27%Fe-0.6%Mg-0.15%Ti

Table 2 presents the results of the electrical conductivity and tensile strength limit (TSL) tests on 3 mm diameter
wires for Al-0.05%Cu-0.27%Fe-0.6%Mg-0.15%Ti alloy in samples without heat treatment and heat treatment of 6
hours.

Table 2. Electrical conductivity tests and tensile strength limit values.

Al-0.05%Cu-0.27%Fe-0.6%Mg-0.15%Ti

Heat Treatment ELECTRICAL TENSILE STRENGHT LIMIT
CONDUCTIVITY (%I1ACS) (MPa)
WHT ® 40.95 279.56
HT6h @ 41.59 272.48

(1)  Without Heat Treatment
(2)  Heat Treatment for 6 hours

Based on Table 2, electrical conductivity and TSL plots were prepared for the untreated (WHT) and 6-hour artificial
heat treatment (HT + 6h) samples shown in Figure 3.a and 3.c, respectively. Figure 3.b shows the actual stress x strain
curve obtained from tensile test data.

7 3001 30
< v HT6h NE HT 6h g v HT6h
S s T 240 = 290
v ] P

2 = 200 £
£ " g 2 S ong .
R £ 10 £
B & 1201 I3 v
5 o 1009 g 279
o > 80 3
= 389 = 60] -
8 409 = 260
5 20 2
2 0 . . . . . &
o 36 : : : 000 001 002 003 004 005 006 25
Heat Treatment True Strain (mm/mm) Heat Treatment

a c

Figure 3. (a) Electric conductivity and (b) stress x strain true and (c) tensile strenght limit (TSL) in relation to the
treatment performed in the WHT and HT6h samples. Available from: Own authorship.

The difference in electrical conductivity and TSL values between WHT and HT6h samples is only 0.64% IACS and
7.08 MPa, respectively. This proximity between values is related to the application of cold plastic deformation to the
material after heat treatment, before cold rolling the samples without heat treatment and heat treated had slightly
different grains, however, the lamination causes crushing the grains. leaving the samples looking very similar.

Table 3 presents the results of the electrical conductivity and tensile strength limit (TSL) tests on 3 mm diameter
wires for Al-0.05%Cu-0.27%Fe-0.6%Mg-0.15%Ti alloy in samples without heat treatment and without heat treatment
after the heat resistance test.

Table 3. Electrical conductivity tests and tensile strength limit values.

Al-0.05%Cu-0.27%Fe-0.6%Mg-0.15%Ti

Heat Treatment ELECTRICAL TENSILE STRENGHT LIMIT
CONDUCTIVITY (%IACS) (MPa)
WHT @ 40.95 279.56
WHT + TR @ 52.49 177.72

(1)  Without Heat Treatment
(2)  Without Heat Treatment + Thermoresistance

According to Table 3, electrical conductivity and TSL graphs were prepared for the untreated (WHT) and untreated
after heat resistance (WHT + TR) samples shown in Fi. 4.a and 4.c, respectively, Fig. 4.b shows the true stress X true
strain curve obtained from tensile test data.
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Figure 4. (a) Electric conductivity and (b) stress x strain true and (c) tensile strenght limit (TSL) in relation to the
treatment performed in the WHT and WHT+TR samples. Available from: Own authorship.
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Based on Figure 4 the sample with the best electrical performance is WHT + TR and the highest TSL is seen in the
WHT sample. Both samples were subjected to the same degree of cold deformation, ie, hardened due to disagreement
concentration, however the WHT + TR sample underwent heat treatment necessary for the heat resistance test, such
treatment may have caused disagreement rearrangement resulting in decreased material hardening degree and
consequently TSL, in addition the lower concentration of disagreements is favorable to free electron movement, thus
explaining the increase in conductivity seen in the graph of Figure 4.a.

With the decrease in the hardening level the material deformation was expected to increase, however this did not
happen, the true stress x true strain curve shown in Figure 4.c shows that although the stress relief applied caused a
sharp drop in the TSL, a expected behavior did not cause the expected deformation effect. Thus it can be inferred that
heat treatment based on ASTM B941 caused some vulnerability in the mechanical properties of the material.

Table 4 presents the results of the electrical conductivity and tensile strength limit (TSL) tests on 3 mm diameter
wires for Al-0.05%Cu-0.27%Fe-0.6%Mg-0.15%Ti alloy in samples with heat treatment for 6 hours and heat treatment
for 6 hours after heat resistance test.

Table 4. Electrical conductivity tests and tensile strength limit values.

Al-0.05%Cu-0.27%Fe-0.6%Mg-0.15%Ti

Heat Treatment ELECTRICAL TENSILE STRENGHT LIMIT
CONDUCTIVITY (%IACS) (MPa)
HT 6h @ 41.59 272.48
HT6h + TR @ 52.96 200.41

(1)  Heat Treatment for 6 hours
(2)  Heat Treatment for 6 hours + Thermoresistance

Also based on Table 4 were graphs of electrical conductivity, in Fig. 5.a, and TSL, in Fig. 5.c, to compare samples
with heat treatment (HT6h) and with heat treatment after the test of heat resistance (HT6h + TR). Figure 5.b shows the
true stress X true strain curve obtained from tensile test data.
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Figure 5. (a) Electric conductivity and (b) stress x strain true and (c) tensile strenght limit (TSL) in relation to the
treatment performed in the HT6h and HT6h+TR samples. Available from: Own authorship.

Figure 5 shows that the sample with heat treatment for 6 hours (HT6h), with higher degree of hardening, has the
highest TSL value and the lowest electrical conductivity when compared to the sample with heat treatment 6 hours after
application of the test. heat resistance test (HT6h + TR). The heat treatment required to apply the ASTM B941 heat
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resistance test may have decreased the degree of hardening and relieved internal stresses by rearranging the mismatches.
In addition, Figure 5.b shows the actual stress x strain curves of the HT6h and HT6h + TR samples with marked change
in TSL value and similar in deformation, thus verifying that the application of the heat resistance test caused the
fragility of the material.

Correlating Figures 3, 4 and 5 shows that the electrical conductivity and TSL properties are inversely proportional to
the studied alloy. This behavior may be related to cold deformation imposed on the alloy, according to Smith and
Hashemi (2012), due to cold deformation, new disagreements arise and will interact with existing ones, as the density of
disagreements increases with deformation, movement. They become increasingly difficult through the “forest of
disagreements,” and then the hardening metal, that is, hardens by deformation due to increased disagreements.
However, the concentration of disagreements causes greater resistance to the passage of free electrons, thus reducing
the electrical conductivity.

The application of the treatment for the heat resistance test caused the great decay of mechanical properties, increase
of electrical properties and kept the deformation of the material practically the same.

4. CONCLUSION

The study of structural characterization shows that the WTT sample, as well as the sample aged for 6 hours have
very similar macrostructure with the presence of equiaxic grains thanks to the refining action of Titanium.

The sample with the best performance in electrical conductivity, besides the highest deformation, was artificially
aged for 6 hours with the application of thermoresistance test (HT6h + TR) and the highest result obtained for
mechanical property was the sample without heat treatment (WTT).

Based on the tests carried out in order to characterize the alloy, it can be concluded that the mechanical and
electrical analysis after the thermoresistance test showed a subtle increase in the electrical conductivity and a decrease
of more than 10% in the TSL for both the non-heat treated and artificially aged samples. Therefore, the Al-0.05%Cu-
0.27%Fe-0.6%Mg-0.15%Ti alloy cannot be classified as heat-resistant. However, although Al-0.05%Cu-0.27%Fe-
0.6%Mg-0.15%Ti alloy does not present such satisfactory electrical properties, the mechanical performance obtained
with respect to tensile strength presents good values.
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