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1. Introduction

Aluminum alloys are widely recognized for their excellent combination of lightweight properties
and high strength, making them ideal for a variety of industrial applications, particularly in the
aerospace sector. In aircraft construction, aluminum is extensively used in fuselage components due
to its low density, which contributes to reducing the overall weight of the aircraft, enhancing fuel
efficiency, and improving performance. However, the aluminum alloys used in aerospace
applications differ significantly from those encountered in everyday materials. To meet the stringent
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requirements of aerospace engineering, aluminum is often alloyed with other elements, such as
copper, magnesium, zinc, and manganese. These alloying elements are incorporated to improve
key mechanical properties, including strength, stiffness, and durability, while maintaining the inherent
lightweight nature of the material [1] [2].

Recent advancements in the development of high-performance aluminum alloys have focused
on optimizing the balance between mechanical strength, corrosion resistance, and weight
reduction—properties that are essential for modern aircraft. Research has explored the use of
various alloying elements, with particular emphasis on copper and magnesium. The addition of
copper, for instance, significantly increases the tensile strength and hardness of aluminum alloys,
making them more suitable for structural components that require high strength. On the other hand,
magnesium enhances the material's resistance to corrosion and improves overall mechanical
performance, particularly in challenging environments such as high humidity and exposure to
saltwater [3] [4].

The development of these advanced aluminum alloys is driven by the need for materials that
not only offer high strength but also exhibit long-term durability and resistance to fatigue and
corrosion [4] [5]. Copper-based aluminum alloys have been extensively used in aircraft components,
while magnesium alloys have shown great potential in improving environmental resistance.
However, a challenge remains in optimizing the combination of these alloying elements, particularly
in Aluminum 1100, to achieve the desired mechanical properties without compromising other
important characteristics. Previous studies have demonstrated the benefits of incorporating copper
and magnesium into aluminum alloys, but there is still a need for further research to explore the
specific effects of varying concentrations of copper and magnesium on the properties of Aluminum
1100 [6] [7]-

This study is essential for addressing the gaps in current understanding regarding the alloying
of Aluminum 1100, particularly in terms of its corrosion resistance, tensile strength, and hardness.
While Aluminum 1100 is widely recognized for its excellent corrosion resistance, its relatively low
strength limits its application in more demanding environments [8] [9] . By investigating the effects
of varying copper (Cu) and magnesium (Mg) concentrations, this research seeks to develop a more
robust alloy with enhanced mechanical properties that are suitable for aerospace applications.
Additionally, the study aims to optimize the heat treatment process to further enhance the overall
performance of the alloy. The results of this research have the potential to contribute significantly to
the development of advanced aluminum alloys with superior performance, leading to safer, more
efficient, and longer-lasting aircraft structures [10] [11]. Furthermore, the findings could offer valuable
insights for other industries that require high-strength, corrosion-resistant materials. Sanders (2001)
states that in its pure form, aluminum is relatively soft, ductile, and lacks sufficient strength. Pure
aluminum has a tensile strength of approximately 49 MPa. Initially, aluminum has a shiny silver color,
but it gradually turns light gray when exposed to air due to the formation of oxides. This oxide layer
is highly ductile and fire-resistant. The melting temperature of pure aluminum is 660°C, whereas the
melting temperature of its alloys typically ranges between 520°C and 660°C. Pure aluminum is rarely
used in its original form because of its low mechanical properties. To improve the mechanical
properties of aluminum, elements such as copper, manganese, magnesium, silicon, and zinc are
often added, leading to increased strength and hardness [12] [13] [14] [15] [16].

The main objective of this study is to examine the effects of adding 1.2% magnesium and varying
copper content (3.9%, 4.1%, and 4.3%) to Aluminum 1100, focusing on its mechanical properties,
such as tensile strength, hardness, and density. Through heat treatment at various temperatures,
this research aims to enhance the physical and mechanical properties of Aluminum 1100, thereby
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improving its suitability for demanding applications in aerospace and other industries requiring high-
performance materials. The findings from this study will contribute to optimizing aluminum alloys,
facilitating the development of more efficient and durable materials for use in structural components.

2. Materials and Method

The research design involves the preparation of Aluminum 1100 alloy samples with varying
compositions of magnesium (1.2%, 4.1%, and 4.3%) and copper (3.9%, 4.1%, and 4.3%) to
investigate the effects of different heat treatment temperatures (100°C, 200°C, 300°C, and 400°C)
and quenching times (2 hours) on their mechanical properties. The samples are subjected to heat
treatment, followed by quenching in water, and their hardness is measured using the Vickers
Hardness Test (HVN), tensile strength is determined through tensile testing (MPa), and density is
calculated (g/cm3). The aim is to evaluate how the alloy's composition and heat treatment conditions
affect its hardness, tensile strength, and density, providing insights into the optimal conditions for
improving the material's performance in various applications.

Input Heat Treatment Output
Magnesium | Copper Alumininm, | Temperature | Quenching | Hardness | Tensile Density
Bz ) (Cu) 1100 [*C) [Time) Vickers Strength | (grfcm3)
[HVIN) (MPa)
1,2% 3,9% 94,9% 400°C 2 Jam
300°C 2 jam
200°C 2 jam
100°C 2Jam
4,1% 94, 7% 400°C 2 jam
300°C 2 jam
200°C 2 jam
100°C 2 jam
4,3% 94,5% 400°C 2 jam
300°C 2 jam
200°C 2 jam
100°C 2 jam

Figure 1. Research Design

2.1 Heat Treatment

The first step in the sample preparation process is solution annealing at various temperatures
(100°C, 200°C, 300°C, 400°C) for a holding time of 2 hours. Following solution treatment, the
samples undergo rapid cooling (quenching) in oil for 3 minutes. Next, the workpieces are placed in
the heating furnace at temperatures of 100°C, 200°C, 300°C, and 400°C, also for a holding time of
2 hours. After the holding time, the workpieces are removed from the furnace using clamping pliers
and quenched in water for 3 minutes at 26-27°C. The samples are left at room temperature in oil.
After the solution heat treatment and quenching steps, the samples are ready for further tests, such
as mechanical property analysis, microstructure examination, or other advanced treatments [17] [18].

2.2 Tensile Test Specimen

The material used for testing in this research is Aluminum 1100, alloyed with magnesium and
copper. The material is initially in slab form and is then cut into test specimens using sheet metal
cutting tools at the Sheet Metal Shop, Hangar AMTO 147D/010, Aviation Polytechnic Surabaya. The
size of the test specimen adheres to the ASTM E8/E8M standard for tensile testing. The dimensions
of the tensile test specimen are Gauge Length: 57 mm, Thickness: 10 mm, Width: 12.5 mm, Grip
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Section Length: 50 mm, Grip Section Width: 20 mm, Fillet Radius: 21.5 mm and Overall Length: 200
mm. The tensile strength test is conducted to evaluate the material's suitability for production
purposes by determining the maximum weight and strain the material can withstand before failure.
The test specimens are made according to ASTM ES8 standards. The specimens are mounted on
the testing equipment, and the lower cylinder is raised and lowered at a controlled speed. The
specimen is stretched incrementally by 10 mm/deci increment until it breaks. The break is expected
to occur at the gauge length of the specimen. Data recorded during the dynamic testing process
include weight gain (P) and length gain (¢) at specified intervals. The maximum tensile load and
tensile strength at failure are also recorded [19] [20].

| —

| | ’ | "

T
k

j‘ {7l

Figure 1. ASTM EB8 standard

2.3 Hardness Vickers Test

The test material used for the Vickers hardness test is Aluminum 1100 alloyed with magnesium
as a reinforcing agent through a melting and heating process. The material is cut into three
specimens using a sheet metal cutting tool at the Sheet Metal Shop, Hangar AMTO 147D/010,
Aviation Polytechnic Surabaya. The hardness test specimen follows the guidelines outlined in ASTM
International E384, which specifies the Standard Vickers Hardness Test Method for Metallic
Materials. The dimensions for the Vickers hardness test specimen are as Length: 30 mm, Width: 30
mm and Thickness: 8 mm. The Vickers hardness test aims to determine the hardness value and
mechanical properties of each specimen to identify which alloy has the best hardness characteristics.
The process involves preparing the specimen by grinding and polishing to achieve the best possible
surface finish. A diamond pyramid indenter with a 136-degree angle is used, applying a load of 50
kgf for 10-20 seconds [21] [22].

2.4 Density Test

The density test aims to measure the density variation among the samples and estimate the
purity of the aluminum metal used. The procedure is as follows: First, prepare a measuring cup, the
sample, and a digital scale with an accuracy of 0.01 grams. Add water to the measuring cup until it
reaches the desired volume, then immerse the weighed sample in the cup. Record the new total
volume after the sample is added [23] [24] [25].

3. Results And Discussion

Based on the previously described research methodology, the author presents the results of
the specimen tests, including density testing, tensile testing, and Vickers hardness testing. These
tests aim to assess the mechanical properties of Al-Mg alloys with varying copper (Cu) additions and
applied treatments. Additionally, the test results provide data on the distribution of physical
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properties, tensile strength, and Vickers hardness values in each specimen, which underwent
Solution Heat Treatment at temperatures of 100°C, 200°C, 300°C, and 400°C for an aging time of 2
hours, followed by quenching.

3.1 Density

This test aims to identify differences in density between each specimen and to compare the
density values of pure 1100 aluminum and 1100 aluminum alloy, which has been alloyed with 1.2%
magnesium. Copper variations of 3.9%, 4.1%, and 4.3% were applied, and heat treatment was
carried out at temperatures of 100°C, 200°C, 300°C, and 400°C. The results of these tests are shown
in the following figure 2.

iz ] 1.925
< 2,500 1T
= —3.408 -
= 3,000 L 1.21p 1.24p 3.18p
= F 3.03
L [4.92 [l

2.500 367 1 62

2.000

3,9% Cu 4,1% Cu 4,3% Cu
TEMPERATURE 0C
O400C O300C 200C O100C

Magnesium | Copper | Aluminium | Temperature | Quenching | Weight Volume Density
(Mg) (Cu) 1100 (°C) (Time) of Addition | (gr/em?)
Castings (Cm?3)
(gn)
1,2% 3,9% 94,9% 400°C 2 Jam 15,51 3 3,102
300°C 2 Jam 15,64 3 3,128
200°C 2 Jam 16,05 6 2,675
100°C 2 Jam 15,19 5 3,038
4,1 % 94,7% 400°C 2 Jam 16,08 5 3,216
300°C 2 Jam 17,04 5 3,408
200°C 2 Jam 15,80 6 2,633
100°C 2 Jam 15,19 4 3,797
4,3% 94,5% 400°C 2 Jam 16,23 5 3,246
300°C 2 Jam 15,71 4 3,925
200°C 2 Jam 17,53 6 2,921
100°%C 2 Jam 15,91 5 3,182

Figure 2. Density Test Results for Heat Treatment
16

DOI: https://doi.org/10.71225/jstn.v2i1.62



https://doi.org/10.71225/jstn.v2i1.85

Figure 2. illustrates an increase in the density of specimens with copper variations of 3.9%,
4.1%, and 4.3% when heat-treated at 300°C. The best result was observed with the 4.3% copper
variation, yielding a density of 3.925 g/cms3. This demonstrates that as the percentage of copper
increases and heat treatment is applied, the specimen density also increases. The varying
percentages of magnesium, copper, and heat treatment conditions result in different specimen
densities. Among the mixed specimens of aluminum 1100, magnesium (Mg), and copper (Cu) with
heat treatment, the highest density value of 3.925 g/cm3 was observed in the mixture with 1.2%
magnesium and 4.3% copper. According to the article by Yizeng Manufacturing (2021), the density
of 2024 aluminum is 2.77 g/cm3. Therefore, it can be concluded that the density of aluminum 1100
with magnesium, copper, and heat treatment is comparable to or even exceeds that of aluminum
2024. This suggests that additional alloying elements and heat treatment may further enhance the
material properties

3.2 Tensile Strength

The tensile strength and strain test was performed on specimens containing 1.2% magnesium
with varying copper content of 3.9%, 4.1%, and 4.3%, which were subjected to heat treatment for 2
hours at different temperatures: 100°C, 200°C, 300°C, and 400°C. The results of this test indicate
that copper content and heat treatment temperature significantly influence the tensile properties of
the material. From the graphs in Figure 3, it is clear that the three copper variations lead to distinct
tensile properties. For instance, the 3.9% Cu alloy shows slightly lower strain compared to the 4.1%
Cu alloy at 300°C, but the 4.3% Cu alloy exhibits a notably higher stress and strain after the 2-hour
aging process. The highest tensile strength was recorded in the 4.3% Cu alloy at 400°C, reaching a
peak stress of 130.79 MPa. At 200°C, the 4.1% Cu alloy demonstrated relatively low strain of
0.02195%, while the 4.3% Cu alloy exhibited the highest strain of 0.03995% at 300°C. This increase
in strain can be attributed to the higher copper and magnesium content, which enhances the alloy's
ductility and strain capacity. The significant increase in tensile strength of the 4.3% Cu alloy at 400°C
demonstrates that both the addition of copper and the heat treatment process contribute to improving
the material's strength. Furthermore, these findings suggest that the alloy exhibits an excellent
balance of strength-to-weight ratio, heat resistance, and chemical corrosion resistance, particularly
when heat-treated under optimal conditions. In terms of elasticity, the results also indicate that the
addition of copper and heat treatment can enhance the material's flexibility and extend its strain
capacity [26] [27] [28]. For example, the 4.3% Cu alloy at 300°C exhibited the highest strain value,
indicating an improved capacity for deformation without failure. The tensile strength values were
highest in the 4.3% Cu mixture at 400°C (130.79 MPa), while the 4.1% Cu alloy at 200°C displayed
the highest elastic modulus of 4162.76 MPa, suggesting better resistance to deformation. The lowest
elastic modulus was found in the 4.3% Cu alloy at 100°C (2635.29 MPa), indicating a trade-off
between strength and stiffness at lower temperatures. These results highlight the importance of
carefully selecting the composition of magnesium and copper, along with the proper heat treatment
temperature, to achieve the desired mechanical properties such as optimal tensile strength, strain
capacity, and elasticity. In conclusion, the combination of higher copper content and heat treatment
plays a crucial role in enhancing the tensile strength, strain capacity, and elasticity of the alloy. These
findings suggest that the 4.3% Cu mixture, when heat-treated at 400°C, is the most optimal for
achieving high strength and good ductility, making it a promising candidate for applications requiring
high-performance materials with excellent strength-to-weight ratios [29] [30].

17

DOI: https://doi.org/10.71225/jstn.v2i1.62



https://doi.org/10.71225/jstn.v2i1.85

3,9% Cu

o O O o o O o o
o O O O
— N o < m m % m % m m %
| || 11711
q\ 19%0°0
90v0°0
S¥£20°0 €L€0°0
§2520°0 79€00
) ‘ 15€0°0
6/080'0 mNmNo\o S
HMNOhO STvec00 ,
2200 S6TZ0°0 81€0°0
60200 ‘ S 96200
. S §8020°0
60200 ~ O " o~ (& vL200
0 X 598100 %o
(8100 &% ° s o S€920°0
S910°0 = o s98T00 = O~ \
mw%“m © - ss/T00 B 00 Stre0o
s b= ~ S6T20°0
‘ n < GESTIO0 W
2€10'0 €100 = SL6T0°0
1¢100 S0CTO00 .
1510'0 ) §9810°0
) S60T0°0 .
88000 , S¥910°0
8800'0 S60T0°0 STET0'0
99000 99000 S60T0°0
§5000 §S000 §9/00°0
77000 . ,
mmoomo S500°0 SEF000
11000 72000 SEY00°0
11000 0 GZE000
O O O O O O O O
$8888%8R 23588898 ° $88889R°
(edIN) Ssans (edIN) SSaA1S (edIN) SsaaS

18

Strain (%)
Figure 3. Tensile Strength

DOI: https://doi.org/10.71225/jstn.v2i1.62


https://doi.org/10.71225/jstn.v2i1.85

0,05 0,0472

0,045 0,03625
0,03955
0,0384 ) g
' 0,0362 0,03625
0,03405

0,04

0,0351
0,035 503079
0,03

0,025 D,02195
0,02

0,0329  g.03184

(%)

0,015
0,01
0,005

ELONGATION

100 200 300 400
TEMPERATURE 0C

03,9% Cu 04,1%Cu 4,3% Cu

Figure 4. Elongation

Figure 4 illustrates the strain values for the specimens, which differ from the tensile stress
results. While the maximum tensile strength was observed in the 4.3% Cu mixture at 400°C, the
highest strain occurred in the 4.3% Cu specimen at 100°C. This specimen exhibited a strain value
of 0.0472%, demonstrating that copper enhances both the elastic and tensile properties of the
material. However, the 4.1% Cu specimen at 400°C, despite its high tensile strength, could not
support the strain value as effectively as the 4.3% Cu specimens [31].
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Figure 5. Modulus Elasticity

Figure 5. presents the elastic modulus for each copper variation and heat treatment condition.
Notable differences were observed across the variations. For instance, the 3.9% Cu specimen at
200°C exhibited a minimum value of 3210.32 MPa, while the 4.1% Cu specimen at 300°C showed
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a minimum of 2982.44 MPa, and the 4.3% Cu specimen at 100°C had a minimum of 2635.29 MPa.
These findings suggest that the 4.3% Cu specimen at 100°C is the most elastic, whereas the 4.1%
Cu specimen at 200°C is the most plastic. Therefore, adding magnesium, copper, and varying heat
treatment temperatures increases the material's elasticity [28] [29].

3.2 Hardness

This test evaluates the hardness of specimens with a predetermined shape and size, in
accordance with the applicable standards. In this study, specimens were fabricated by melting 1100
aluminum with magnesium and copper alloys, followed by heat treatment at temperatures of 100°C,
200°C, 300°C, and 400°C. The specimens contained 1.2% magnesium, with copper variations of
3.9%, 4.1%, and 4.3%. The Vickers hardness test results are presented in Figure 6, which serves
as a visual representation of the observed hardness values. These results were systematically
analyzed to assess the influence of magnesium and copper additions on the hardness properties of
aluminum alloys. The Vickers hardness test data were collected at various stages, and the findings
were analyzed to investigate the impact of magnesium and copper additions on aluminum alloys in
terms of their mechanical properties. The results, presented in histograms and graphs, reveal
significant changes in hardness values due to the incorporation of magnesium and copper elements,
particularly when combined with heat treatment [18] [20] [31].
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Figure 6. Vickers Hardness

Figure 6 shows that specimens with 1.2% magnesium and copper variations of 3.9%, 4.1%, and
4.3%, subjected to heat treatment at temperatures ranging from 100°C to 400°C, demonstrated a
noticeable increase in hardness compared to the base 1100 aluminum specimen. The specimen
with 1.2% magnesium and 4.3% copper at 400°C exhibited the highest hardness value of 90.27
HVN, which signifies an enhancement in material strength. In contrast, the lowest hardness value of
74.90 HVN was observed in the specimen with 1.2% magnesium and 3.9% copper, suggesting that
the copper content directly influences the hardness characteristics.
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The increased hardness in these specimens can be attributed to several factors. The addition
of copper contributes to the formation of solid solution alloys, which typically exhibit improved
strength due to the atomic size mismatch and subsequent dislocation pinning effect. Copper also
promotes the precipitation of strengthening phases when the material undergoes heat treatment,
particularly at elevated temperatures. In this study, the highest hardness was obtained in the
specimen with 4.3% copper, which is consistent with previous research on the effects of copper on
aluminum alloys [17] [20] [25] [29].

Moreover, the heat treatment process plays a crucial role in enhancing the material's hardness.
Heat treatment at higher temperatures facilitates the formation of intermetallic compounds and
precipitates, which significantly increase the alloy's strength. Specifically, the combination of
magnesium and copper with heat treatment at 400°C likely leads to the formation of finely dispersed
precipitates that obstruct dislocation motion, thereby improving hardness. This effect is similar to the
process of age hardening observed in many aluminum alloys [7] [13] [25].

The findings from this study align with those reported by Hatta Chess (2018), who observed that
increasing the temperature in the heat treatment process significantly enhances the hardness of
S45C steel. This improvement is attributed to the transformation of austenite into martensite at higher
temperatures, which strengthens the material. Although this study focuses on aluminum alloys, a
similar mechanism may occur, where heat treatment at higher temperatures leads to the formation
of strengthening phases and increases hardness. In conclusion, the results from this Vickers
hardness test underscore the importance of alloying elements like copper and magnesium, as well
as the heat treatment process, in improving the mechanical properties of aluminum alloys. By
carefully controlling the composition and heat treatment parameters, it is possible to tailor the
hardness and strength of aluminum alloys for specific applications, providing enhanced performance
in various engineering and manufacturing contexts.

4. Conclusion

The heat treatment process on aluminum alloys significantly improves their mechanical
properties by altering the microstructure and phase distribution, leading to the formation of
martensite structures with larger particles compared to pure aluminum or non-heat-treated alloys.
The study revealed that as the percentage of magnesium and copper increased, along with heat
treatment at temperatures of 100°C, 200°C, 300°C, and 400°C (with aging time of 2 hours and
quenching), the density values of the specimens increased, with the highest density of 3.925 g/cm?
found in the 1.2% magnesium and 4.3% copper mixture at 300°C. Furthermore, heat-treated
aluminum alloys demonstrated higher tensile strength compared to pure aluminum, with the
maximum tensile strength of 130.79 MPa observed in the 4.3% copper mixture at 400°C, and the
highest strain value of 0.03995% at 300°C. The lowest elastic modulus was recorded at 2,635.29
MPa for the 4.3% copper mixture at 100°C, while the highest value was 4,162.76 MPa at 200°C for
the 4.1% copper mixture. Additionally, hardness testing showed an increase in mechanical
properties, with the hardness of pure aluminum at 39.79 HVN, and the highest hardness of 90.27
HVN observed in the specimen with 1.2% magnesium and 4.3% copper at 400°C. This demonstrates
that the combination of alloying elements and heat treatment significantly enhances the density,
tensile strength, and hardness of aluminum alloys.
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