The 56™ International October Conference on Mining and Metallurgy
22-25 October 2025, Bor Lake, Bor, Serbia
www.ioc.tfbor.bg.ac.rs

DOI: 10.5937/10C25347V Original scientific paper

INFLUENCE OF HEAT TREATMENT ON MECHANICAL
PROPERTIES OF ALUMINIUM ALLOY EN AW-2011

Maja Von¢ina'?, Jozef Medved'?, Tinkara Smolar??, Matej Steinacher?®

! Department of Materials and Metallurgy, Faculty of Natural Sciences and Engineering, University of
Ljubljana, Askerceva 12, 1000 Ljubljana, Slovenia
2IMPOL 2000 d.d., Partizanska 38, 2310 Slovenska Bistrica, Slovenia
1amaja.voncina@ntf.uni-lj.si; 0000-0002-2563-1103
16 jozef.medved @ntf.uni-lj.si; 0009-0007-6931-5595
Ztinkara.smolar@impol.si; 0000-0002-2563-1103
2 matej.steinacher@impol.si; 0009-0004-2870-4082

Abstract

The EN AW-2011 alloy is semi-continuously cast into billets, which are extruded into semi-finished
products such as bars, tubes, and wires, and are further processed into final products for the following
applications: screw machine products, application parts and equipment, weaponry, the automotive
industry, electronics, hardware, and machine parts. For precipitation hardening alloys, heat treatment is
just as important as forming. Homogenization, which is carried out before extrusion, and aging, which
takes place after extrusion, represent the important parts of the research questions in the field of industrial
energy and economy. The optimization of time- and temperature-efficient heat treatments represents a
challenge for research and scientific institutions that contributes to the further development of the
metallurgical profession and industrial plants. Despite possible changes, the end products must have an
appropriate microstructure and mechanical properties.

The heat treatment (homogenization) was carried out on samples from vertically semi-continuously cast
billets made from EN AW-2011 alloy at a temperature of 520 °C and over 8 different time periods.
Differential scanning calorimetry was carried out to define and confirm the success and suitability of the
experimental heat treatment. Based on these results, optimal homogenization parameters were selected for
further investigations. This was followed by artificial aging that included two different aging temperatures
and correspondingly adapted time intervals.

The most optimal homogenization was selected at 520 °C for 4 hours and artificial aging at 170 °C for 14
hours.
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1. INTRODUCTION

The aluminium alloys of the 2xxx series, based on the Al-Cu system, have high strength and low
specific weight, which ensures the wide use of extruded products made of such alloys for structural
components, especially for military applications. It is important to emphasize that these alloys
have a low degree of deformation during extrusion, which requires high pressures during
processing, resulting in a low extrusion factor [1, 2]. Alloy EN AW-2011 is cast semi-continuously
into billets, which are extruded into semi-finished products such as bars, tubes and wires and
further processed into finished products [3]. An important step in the manufacture of products from
the alloy EN AW-2011 is homogenization, which achieves a rounded and more compact form of
the eutectic phases [4-6], and aging, which causes the precipitation of copper-based precipitates
[5, 7]. Copper contributes significantly to the strength properties of the alloy during aging [8-10].

2. EXPERIMENTAL

The experimental section was designed based on initial calculations with the Thermo-Calc
software (TC) and the TCALG6 database using the actual chemical composition of the EN AW-
2011 alloy samples and the results of the differential scanning calorimetry analysis (STA 449C
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Jupiter, Netzsch). Based on these results, the homogenization of as-cast samples taken at D/4 of
the billet at a constant temperature of 520 °C in a laboratory furnace (Bosio) for eight different
times was performed. The results of the billets homogenized for different times were compared
with the results of the analyzes using light microscopy (Zeiss Axio Observer 7), scanning electron
microscopy (SEM, JEOL JSM 6610) and measured Brinell hardness (WICK ZHU 250CL). The
samples for the investigation of the influence of homogenization and aging on the mechanical
properties were taken from rods extruded on an indirect extruder and previously homogenized at
520 °C for 4, 5 and 6 hours. Aging was carried out at two different temperatures (170 °C and 190
°C) and ten different times (8, 9, 10, 11, 12, 13, 14, 15, 16 and 17 h). After determining the
optimum temperature and time based on the hardness of the samples, the tensile tests (Zwick Roell,
the samples were prepared according to the DIN 50125 — B 14 x 70 standard, and the tensile test
was carried out according to the 1SO 6892-1 standard) were performed only on selected samples.

3. RESULTS AND DISCUSION

Table 1 shows the chemical composition of the experimental alloy. Figure 1a illustrates the non-
equilibrium solidification of the EN AW-2011 alloy according to the Scheil diagram.
Solidification of the primary a-Al solid solution begins at 642.7 °C, followed by eutectics: a-Al +
AlsFes at 627.3 °C, a-Al + AlisFes + Biat 618.3 °C, a-Al + Al7CuzFe + Bi at 594.5 °C, and finally
a-Al + Al>Cu + Bi at 542.5 °C, which continues until the end of solidification at 519.0 °C. At this
temperature, a-Al + B-Si + Al,Cu + Bi also appears. DSC heating (Fig.1b) showed precipitation
at 267.8 °C (due to non-equilibrium solidification). Eutectic melting started at 542 °C (6-Al.Cu,
solidus), followed by eutectic melting at 566 °C (Al;CuzFe), 619.8 °C (AlisFes) and finally at
633.5 °C (a-Al). Upon cooling, the liquidus appeared at 635 °C (according to TC at 642 °C), then
the eutectic with Al;CuzFe at 580 °C and the eutectic with 0-Al>Cu at 528 °C (according to TC).

Table 1. Average chemical composition of alloy EN AW-2011

Element Si Fe Cu Mn Mg Ni Ti Pb Sn Bi Al
wt/% 015 | 045 | 544 | 0.01 | 0.007 | 0.006 | 0.006 | 0.31 | 0.002 | 0.52 | Ost.
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Figure 1. Scheil diagram of non-equilibrium solidification of EN AW-2011 alloy according to TC
calculations (a) and DSC heating and cooling curve for EN AW-2011 alloy (b)

The hardness criterion 58 HB after homogenization at 520 °C was used to select the optimum
homogenization method. All samples achieved a hardness of 60 HB, with a range between 60 HB
and 90 HB (Fig.2a). The hardness increases with the homogenization time, reaches a maximum
after four hours and starts to decrease with increasing time. Based on these results, homogenization
at 520 °C for 4 hours, cooled in water, can be considered for the most optimal homogenization
method. The decrease in hardness after a certain time is a consequence of the formation of the
equilibrium phase 0 [11, 12] whereby the hardness in the microstructure with a combination of the
phases 0 and 0' is the highest.
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Figure 2. Graphical representation of measured hardnesses for samples homogenized at 520 °C at
different times, cooled in water (a) and results of mechanical properties for homogenized billets at 520
°C for 4, 5 or 6 h, extruded and artificial aged at 190 °C for 8 h or 170 °C for 14 h (b).

The microstructure analysis (Fig.3) was intended to confirm the optimum homogenization regime
that had already been predicted based on the measured hardness criteria. At a homogenization time
of 4 h, the microstructure differs significantly from the as-cast microstructure, as the eutectic
networks change from continuous to discontinuous during homogenization. Already after 4 h a
more uniform distribution of eutectics between the grains was observed, but at the same time no
larger, coarser Cu eutectics was detected. No major changes were observed for longer periods of
time. In addition to the hardness of the material, the optimum homogenization regime at 520 °C
for 4 h was also determined by analysing the microstructures.
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Figure 3. Microstructural images of as-cast state (a) and after homogenization at 520 °C for 4 h (b) and
8 h (c), cooled in water

The results of the EDS analysis of the average value of several measurements are shown in Fig.4.
In the cast sample, the copper content in the matrix is significantly lower than in the homogenized
samples. Only one type of intermetallic eutectic phase was observed in the as-cast sample. A
similar type of eutectic phase was observed in all other homogenized samples. In the homogenized
samples, an additional acicular phase occurs in addition to the honeycomb eutectic phase. During
the homogenization process, Cu increases in a-Al up to the maximum solubility of Cu. The process
of dissolution of AICuFe into AlCu takes place. Particles based on Bi and Pb remain unchanged
during the homogenization process.

The billets were homogenized (4-6 hours at 520 °C), extruded and aged at 170 °C and 190 °C for
different times. Tensile tests were only carried out on the samples that showed the most favorable
properties, i.e. after 4, 5 and 6 hours of homogenization at 520 °C and 14 hours of aging at 170 °C
and 8 hours of aging at 190 °C (Fig. 2b). A 4-hour homogenization followed by ageing at 170
°C/14 h resulted in the highest tensile properties achieving suitable hardness of 113.9 HB. The R
values analyzed were between 353 MPa and 374 MPa. Based on the measured Rpo.2 values of 268
MPa, the more favorable ageing behavior at a lower temperature (170 °C) and a longer time (14
h) can be determined.
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a)

Spectrum Al Fe [ Cu Pb
Spectrum1 | 53,88 | 7,2 | 38,92
Spectrum 2 | 37,59 | 6,46 | 21,72 | 34,23
Spectrum 3 | 85,02 14,98
Spectrum4 | 54,62 45,38
spectrum 5 | 51,35 | 3,13 | 45,38
Spectrum6 | 97,38 2,61

C)

Spectrum Al re] cu i
Spectrum 1 54,84 110,21 26,28 18,67
spectrum 2| 62,44 [10,49] 27,07
spectrum 3| 61,18 [10,70] 28,12
spectrum4 | 53,56 [12,92] 33,51
Spectrum 5| 54,70 [13,29 32,01

Spectrum Al Fe Cu
Spectrum 1 68,66 | 500 26,34
spectrum 2| 62,53 | 10,29 | 27,18
Spectrum 3 5192 | 10,93 37,15
Spectrum 4 61,43 | 6,62 31,95
Spectrum 5 | 67,13 | 8,47 | 24,40
Spectrum6 | 74,97 | 6,17 | 1887
spectrum 7| 4510 | 2,15 | 52,74

Spectrum 6 | 22,20 3,00 [94,78)
spectrum 7| 70,37 |7,56] 22,07
spectrum 8 | 71,31 [7,51]21,18
Spectrum 9 94,37 5,17

Spectrum 8 56,57 1,09 42,34
Spectrum 9| 69,67 | 7,18 | 23,15
Spectrum 10 | 70,09 | 7,56 | 22,34

Spectrum 11 | 73,39 | 6,89 | 19,72
Spectrum 12 | 94,84 4,99

Figure 4. SEM SEI images with marked points and areas of EDS analysis of as-cast sample (a) and
samples homogenized at 520 °C 4 h (b) and 8 h (c), cooled in water

4. CONCLUSIONS

Thermodynamic calculations and DSC analysis confirmed the appropriateness of the choice of
homogenization temperature of 520 °C. According to the results of the measured hardness, LM
and SEM-EDS microstructural properties, the homogenization process at 520 °C is completed after
4 hours for the investigated alloy. The existing homogenization regime, 6 hours at 520 °C, can be
optimized to only 4 hours at the same temperature.

The optimization of the reduction of the homogenization time consequently led to a change in the
aging heat treatment regime. The best results in terms of mechanical properties were obtained
when aging at 170 °C for 14 hours.
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