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ABSTRACT

Cast ternary alloys are significantly considered to be
studied. For example, aluminum (Al), copper (Cu), and tin (Sn)
construct the ternary alloy of AI-Cu-Sn. Another example is the
aluminum (Al), copper (Cu), and zinc (Zn), which construct the
ternary alloy of Al-Cu-Zn. Each one of them is established under
the condition of very high temperatures. Their elements are
collected, adjusted, and chopped. So, the ternary cast alloys are
manufactured. Then, important mechanical tests of compression
and corrosion are carried out and compared. The compression
test is conducted on each alloy of Al-Cu-Sn and Al-Cu-Zn. It can
be yielded that the highest compression value is recorded as
Zn=0% and Sn=0%, but the lowest compression value is reported
as Zn=10% and Sn=10%. On the other hand, the influence of
corrosion tests on both alloys is found to be insignificant. Key
findings of compression results, which are tied to Zn/Sn
concentrations, are that when Zn=0% and Sn=0%, brittle status
has been confirmed, while when Zn=10% and Sn=10%, ductile
status has been approved.
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INTRODUCTION

Combining Al, Cu, Sn, Al, Cu, and Zn can provide such intriguing cast alloys (Kotadia et al.,
2009; Michalik and Chmiela, 2015; Klopotov et al., 2016; Villalta-Cerdas and McCleary, 2019). To
illustrate, their ternary cast alloys may provide such mechanical properties of hardness, compression,
sheer stress, fatigue resistance and corrosion (Ezenwelu ef al., 2024; Ali et al., 2024; Michalik and
Tomaszewska, 2016; Ferdian et al., 2017; Wang et al., 2019). They are used in some important
manufactures, such as industrial, automotive parts, bodies of buses, beverage cans and biological
activity (Abdljabar and Saeed, 2024; Kim et al., 2008; Khan et al., 2023; Osten et al., 2020; Shekha
and Mohammedamin, 2024).

Different studies were presented in the literature for utilizing the Al-Cu-Sn and Al-Cu-Zn
alloys, such as

In 2012, Yan et al. observed the AI-Cu—Sn immiscible alloy. Ultrasonic levitation conditions
were used. Alloy structure evolution and phase separation were both discovered. Theoretical
assessment provided that the morphology transition was essentially based on the surface tension and
density variances. Specifically, between the liquid phases of Sn-rich and Al-rich (Yan et al., 2012).
In 2015, Lee and Ahn worked on the influence of sintering temperature and compaction pressure.
The Al-Cu-Zn alloy behavior was comprehensively discussed for sintering of the liquid phase. The
sintering operation was implemented at different temperature conditions. The nitrogen (N2) gas
atmosphere was also applied with the various temperatures (Lee and Ahn, 2015). In 2016, Zhang et
al. explained the influences of normal load and sliding velocity. Tribological behavior was
concentrated for the aged alloy of Al-Sn-Cu. Peak-aged (PA), under-aged (UA), and over-aged (OA)
alloys were explored and compared. The results yielded that the PA obtained a better tribological
behavior than the others. This might be because of a better hardness and the matching of optimized
strength-ductility (Zhang et al., 2016). In 2018, Rafla et al. described galvanic corrosion operando
evaluation. Stainless steel fasteners and Al-Zn-Mg-Cu alloys were explored. X-ray tomography was
utilized. The damage morphology was measured with X-ray tomography. It compared accelerated
exposures of laboratory-produced data in addition to field data. It was discovered to possess similar
morphologies (Rafla et al., 2018). In 2021, Cori¢ and Zmak concentrated on the effect of ausforming
treatment. Super elasticity for the shape memory alloy of Cu-Zn-Al was assessed. Seismic energy
dissipaters were taken into account. It was revealed that attaining an optimal fusion was possible for
improved transformation behavior and adequate strength of the Cu-Zn-Al alloy. This was by
employing the ausforming treatment (Cori¢ and Zmak, 2021). In the same year, Akopyan et al.
illustrated the hardening response of precipitation and structure. Manufactured and cast AI-Cu-Sn
alloy was utilized. In this study, the addition of trace amounts of Sn was found to catalyze
precipitation hardening. Furthermore, the peak hardness is around 20% more than what could be
achieved for the Sn-free alloy. In addition, the Sn-free alloy was accomplished much faster. The
limitation of Sn trace addition was related to the growth of the Cu-rich phase (Akopyan et al., 2021).
In 2023, Edoziuno et al. explained grain size organization and morphological development.
Addressing treated and as-cast Cu-Zn-Al alloy were utilized. Enhanced shape memory alloys of
ternary Cu-20Zn-6Al were considered for exploitation in a crucible furnace of oil-fired casting. The
generated alloys might be utilized in applications of structural vibration damping due to the
anticipated development in shape memory and mechanical qualities as an outcome of the
homogeneity of grains and dramatic purification investigated after addressing treatment (Edoziuno
etal., 2023).

It can be investigated from this literature that many studies were provided for the Al-Cu-Sn and
for the Al-Cu-Zn alloys. Nevertheless, there are still more explorations required. In this study,
manufacturing ternary alloys of Al-Cu-Zn and Al-Cu-Sn is considered with the application of
significant evaluations and comparisons of mechanical properties. Hence, the novelty of comparing
Al-Cu-Sn and Al-Cu-Zn is considered, where each one of these ternary alloys has such significant
characteristics. For example, it is estimated that Al-Cu-Zn will be more ductile than Al-Cu-Sn;
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however, this can be approved in this study. More comparisons of characteristics can also be
investigated.
The aim of this paper is to establish and evaluate Al-Cu-Sn and Al-Cu-Zn cast alloys. The
contributions here are revealed as follows:
e Manufacturing Al-Cu-Sn cast alloys.
e Manufacturing Al-Cu-Zn cast alloys.
e Applying different tests of mechanical properties, such as compression and corrosion, to the cast
alloys.
¢ Providing extensive comparisons of results between all manufactured cast alloys.

The sections of this paper are distributed as follows: The introduction is provided in section 1,
prior studies are reviewed in section 2, the methodology or theoretical part is explained in section 3,
practical results are discussed in section 4, and the conclusion is revealed in section 5.

THEORETICAL PART
As mentioned, here the ternary alloys of Al-Cu-Sn and Al-Cu-Zn have been focused on. To
justify the selection of AI-Cu-Sn and Al-Cu-Zn is that their concentrations are significant. That is,
the pure Al, Cu, Sn, and Zn have been purchased as Al saturation of 98%, Cu saturation of 99%, Zn
saturation of 99%, and Sn saturation of 99%. Moreover, changing percentages of these concentrations
(weights) are applied for each cast alloy as AlgoCuioxSnx and AlooCuio-xZnx, where x=0,2,4,6,8,10.
Fig. (1) demonstrates the diagrams of triple phases for Al-Cu-Sn and Al-Cu-Zn, respectively.

20

0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100
Cu Weight Percent for Sn Sn Cu Weight Percent for Zn in

Triple Phase Diagram Triple Phase Diagram
At Temprature and Pressure Constant At Temprature and Pressure Constant
For Al- Cu- Sn For Al- Cu- Zn
(@) (b)

Fig. 1: Diagrams of triple phases (a) the triple phase diagram for Al-Cu-Sn and (b) the triple phase
diagram for Al-Cu-Zn.

In this paper, extensive processes are employed, each of which has a reasonable theory. They
consist of multiple stages. First stage: Acquiring material elements of Al, Cu, Sn, and Zn. Second
stage: Preparing the pure Al, Cu, and Sn for Al-Cu-Sn cast alloys; similarly, preparing the Al, Cu,
and Zn for Al-Cu-Zn cast alloys. Third stage: Changing percentages of weights are applied during
the cast alloy manufacture. Fourth stage: Manufacturing multiple cast alloys for each of the two
groups, Al-Cu-Sn and Al-Cu-Zn. Fifth stage, chopping the cast alloys into regular pieces. Sixth stage,
rubbing each cast alloy while taking into account multiple measurements of cutting ratio (R). Seventh
stage: Mechanical tests of corrosion and compression are considered for evaluation. In the final stage,
recording outcomes are analyzed and benchmarked. Fig. (2) shows the block diagram of the
considered procedure.
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With more illustration, acquiring material elements includes looking for and purchasing pure
Al, Cu, Sn, and Zn. Then, the collected elements are grouped into Al, Cu, and Sn as a group 1, and
Al, Cu, and Zn as a group 2. Each group is used to prepare its cast alloys of Al-Cu-Sn and Al-Cu-Zn.
Fundamentally, the saturations of pure elements Al, Cu, Sn, and Zn were first acquired as 98%, 99%,
99%, and 99%, respectively. Henceforth, changing percentages of weights (with considering Al is
constant) are applied for the Cu and Sn and applied for the Cu and Zn (Al-Nima and Al-jiboori, 2024).
(Table 1) shows the considered ratios and weights for the AI-Cu-Sn. Whereas, (Table 2) provides the
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Fig. 2: Block diagram of the considered procedure.

utilized ratios and weights for the Al-Cu-Zn.

Table 1: The utilized ratios and weights for the pure Al, Cu and Sn.

Index Al (%) Cu (%) Sn (%) Al (gm) Cu (gm) Sn (gm)
B1 90 10 0 18 2 0
B2 90 8 2 18 1.6 0.4
B3 90 6 4 18 1.2 0.8
B4 90 4 6 18 0.8 1.2
BS 90 2 8 18 0.4 1.6
B6 90 0 10 18 0 2

Table 2: The utilized ratios and weights for the pure Al, Cu and Zn.

Index Al (%) Cu (%) Zn (%) Al (gm) Cu (gm) Zn (gm)
Al 90 10 0 18 2 0
A2 90 8 2 18 1.6 0.4
A3 90 6 4 18 1.2 0.8
A4 90 4 6 18 0.8 1.2
A5 90 2 8 18 0.4 1.6
A6 90 0 10 18 0 2
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Furthermore, the cast alloys are manufactured by providing a high temperature in order to melt
and mix the Al-Cu-Sn and Al-Cu-Zn. That is, the Cu was melted in a gas furnace under the high
temperature. Subsequently, the Al was included and merged with the Cu inside the gas furnace.
Consequently, the Sn was also added and mixed with the Al-Cu in the gas furnace too. Similarly,
more Cu was melted also in the same gas furnace and under a high temperature. After that, the Al
was provided and combined with the Cu inside the same gas furnace. Then, the Zn was included and
merged with the Al-Cu in the gas furnace too. Fig. (3a) shows the gas furnace that has been used for
manufacturing the cast alloys. So, both groups of cast alloys are melted and carefully mixed together
until homogenous, at which point the Al-Cu-Sn and Al-Cu-Zn are finally established. Such
manufacturing has been repeated many times, where multiple ternary alloys of Al-Cu-Sn and
Al-Cu-Zn are obtained.

Consequently, chopping the cast alloys is carried out after their high temperatures have
vanished. A total of 12 pieces are equally chopped by considering regular measurements. Then, the
cutting ratio (R) is rubbing each one of the cast alloys, where R is denoted as the ratio of length to
diameter; it is also considered as the standard mechanical testing protocol. In this paper, R is taken as
R~2 and R=4. Principally, R=~2 measurements of testing compressions and R~4 measurements of
testing corrosions. This is because R=2 can be considered as a standard cutting ratio for the testing
compression, while the reason for R=4 is appropriate for discovering the amount of corrosion in its
testing, and all components are inside the alloys.

With more illustration, testing compression is utilized based on the following equations:

0=% (1)

Where: o is the compression measurement with the unit newton divided by square meters (N/m?),
F Is the force with the unit newton (N) and A is the area with the unit square meters (m?), which is
also considered as:

Where: m represents the known pi constant and r represents the radius of a circle sample (Callister
and Rethwisch, 2007; Fragassa et al., 2016; Scari et al., 2014; Strauss et al., 2005).
Additionally, the strain and Young’s modulus are calculated. Strain is expressed as follows:

Where: € represents the strain (without unit), [; represents the far end length of the considered sample,
lo represents the prior end length of the considered sample, Al represents the difference in length, and
the negative sign represents the compression (Callister and Rethwisch, 2007; G et al., 2012; Fragassa
et al.,2016; Scari et al., 2014).

Young’s measurement by (N/m?) unit can be computed according to the following equation:
=2_Fh

Y=-=—........ (4)
€ AAl
Where: Y is the Young’s modulus (Callister and Rethwisch, 2007; Fragassa et al., 2016).

Testing corrosion is employed for R~4. A total of 12 pieces of cast alloys are manufactured for
Al-Cu-Sn and Al-Cu-Zn, divided as 6 samples for Al-Cu-Sn and the remaining 6 samples for
Al-Cu-Zn. Each sample is weighed before putting it inside the electric furnace; such weight is called
the standard weight. All samples are being inside the electric furnace for a long time with high
temperature (nearly 5 hours at 400°C) (Yang et al., 2019). After taking the samples outside the electric
furnace, each sample is weighed again after its high temperature vanishes. Such processes of putting
the samples inside the electric furnace, taking them out, waiting for their high temperatures to vanish,
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and measuring the weights are repeated again for 35 times with 175 hours (actually around three
months). Fig. (3b) shows the employed electric furnace for corrosion testing.

(a) (b)
Fig. 3: The used furnaces (a) the gas furnace for manufacturing the cast alloys (Al-Nima, 2021) and (b)
the employed electric furnace for corrosions testing (Al-Nima, 2021; Ikhdhayyir and
Hammoud, 2022).

Hence, the differences in weights are calculated as the measured weight after the furnace minus
the standard weight divided by the surface area of a sample.

Finally, the outcomes of mechanical measurements are recorded, analyzed, and compared for
the manufactured cast alloys.

PRACTICAL PART WITH DISCUSSIONS

First of all, multiple cast alloys of pure Al-Cu-Sn and pure Al-Cu-Zn have been manufactured.
For any alloy, a pure element, Cu, was first put in a pot, and a very high temperature was applied
(greater than 1080°C) by using a gas furnace, so the pure Cu element was melted. Secondly, the Al
element has been added to the same pot of melted Cu. They all put in the same gas furnace again,
where Al has been mixed with Cu by using a rod of carbon (C), and they gradually melted to get a
homogenous liquid. Thirdly, the Sn element has been included in the melted Al-Cu inside the same
pot and quickly mixed by using the rod of C too. The reason for quickly mixing here is that Sn melts
faster than other elements; it has a low melting point (231.9°C). Fourthly, the mixed liquid of
Al-Cu-Sn has been spilled into a mold of steel and concrete, which is specifically designed for
forming the alloys. Similar processes have been repeated again, but this time for the Al-Cu-Zn, taking
into account that Zn also melts faster than other elements; it has a low melting point (231.9°C). The
preparation temperatures for manufacturing the considered alloys are between 1080°C and 231.9°C.
Sample dimensions for each cast alloy in the case of compression testing are diameter~1.1lcm and
height=2.2cm. Sample dimensions for each cast alloy in the case of corrosion testing are
diameter=1.1cm and height~4.4cm. Moreover, all processes have been repeated many times for the
24 samples of the Al-Cu-Sn and Al-Cu-Zn. They basically divided into two sets: 12 samples with
compression testing and 12 samples with corrosion testing.

The considered ratios and weights () for the pure Al-Cu-Sn are provided in Table (1). Whereas,
the considered ratios and weights for the pure Al-Cu-Zn are provided in Table (2).

The established cast alloys for the two groups of pure Al-Cu-Sn and pure Al-Cu-Zn have been
chopped with R=2 for compression testing and R=~4 for corrosion testing

Compression testing

The compression has been taken into account for all the manufactured cast alloys. More

exclusively, the strain, fraction stress and Young’s modulus have been assessed with respectively the

€, o and Y parameters. For evaluating the compression, a press device of type (STENH@J A/S,
DK 7150 BARRIT DENMARK) with o =40 tons have been used. In addition, equations (1), (2), (3),
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and (4) have been calculated. Tables (3) and (4) provide the measurements and details of the pure
Al-Cu-Sn and pure Al-Cu-Zn cast alloys, respectively.

Table 3: The considered ratios and weights for the pure Al-Cu-Sn.

Index Sn (Wt%) €(-) o in Mpa Y in Gpa ()
B1 0 0.2067308 455.98935 2.2057159
B2 2 0.2631579 273.59361 1.0396557
B3 4 0.28 182.39574 0.6514134
B4 6 0.2941176 136.79681 0.4651091
B5 8 0.3368421 91.19787 0.2707437
B6 10 0.3608247 68.398403 0.1895613

Table 4: The considered ratios and weights for the pure Al-Cu-Zn.

Index Zn (Wt%) €(-) o in Mpa Y in Gpa (-)
Al 0 0.1791045 455.98935 2.5459405
A2 2 0.1904762 182.39574 0.9575776
A3 4 0.21 136.79681 0.6514134
A4 6 0.2242152 91.19787 0.4067425
A5 8 0.2682927 68.398403 0.2549395
A6 10 0.2985075 45.598935 0.1527564

It can be noticed from (Table 3) that the evaluated ratios of Al, Cu, and Sn have been grouped
for obtained performances. Six points have been determined in this study. These are for the Al ratio
of 90% and Cu+Sn ratios between 10% and 0%, decreasingly. The highest strain value is recorded
when the Al, Cu, and Sn ratios are 90%, 0%, and 10%, respectively. The lowest strain value is
benchmarked when the Al, Cu, and Sn ratios are 90%, 10%, and 0%, respectively.

Similarly, it can be observed from (Table 4) that the evaluated ratios of Al, Cu, and Zn have
been grouped for obtained performances. Six points have also been determined here. These are for
the Al ratio of 90% and Cu+Zn ratios between 10% and 0%, decreasingly. The highest strain value is
recorded when the Al, Cu, and Zn ratios are 90%, 0%, and 10%, respectively. The lowest strain value
is benchmarked when the Al, Cu, and Zn ratios are 90%, 10%, and 0%, respectively.

These performances depict curves here because of adding an effective element of Sn or Zn.
Such an influential element can substantially affect the compressing calculations even with a little
ratio. Fig. (4a) demonstrates the relationships between the fraction stress measurements and strain
ratios for the cast alloys of pure Al-Cu-Sn. Fig. (4b) demonstrates the fraction stress measurements
and strain ratios for the cast alloys of pure Al-Cu-Zn.

Sn %

Fraction Stress (o in Mpa)
[\
S

[e] (e

0.2 0.25 0.3 0.35 0.4
Strain € (-)

(@
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(b)
Fig. 4: Relationships between the fraction stress measurements and strain ratios (a) for the pure Al-
Cu-Sn cast alloys and (b) for the pure Al-Cu-Zn cast alloys.

The main difference between the performances of the pure Al-Cu-Sn group and the pure
Al-Cu-Zn group is that the €, 0 and Y evaluations have different values. This is reasonable, as the
performances of the pure Al-Cu-Sn group and pure Al-Cu-Zn group are affected by the different
properties of their additional elements (Sn or Zn).

For explaining the mechanistic roles of Sn and Zn in compression outcomes, it is approved
that Al-Cu-Sn is less ductile than Al-Cu-Zn. Such outcomes are consistent with what has been
expected. On the other hand, the cast alloys without adding Sn or Zn have obtained higher
compression outcomes than the cast alloys with any of these elements added. This yields the existence
effectiveness of Sn or Zn to the cast alloys.

Corrosion testing

Due to the fact that the beginning of corrosion is oxidation, where material is corroded and
oxidized to get stability through interacting with the environment. Essentially, active materials
interact with the environment to form compounds.

The process of reacting between an element material and oxygen forms an oxidation layer on
the element. This is a self-defense process carried out by the material to protect itself from corrosion.
Therefore, there are some significant points that can be highlighted here:

e Highly adhesive oxidation layer causes increasing weight gain.
e Non-adherent oxidation layer can be peeled off, which means losing weight.
e Losing weight also occurs in the absence of oxidative stress due to the formation of volatile oxides.

However, it is noted in this study that the color, dimensions, and weights of the alloys have
not been changed (or have been very slightly changed) for all samples of pure Al-Cu-Sn and pure
Al-Cu-Zn groups. Fig. (5) demonstrates the relationships between the differences in weights and time
for the pure Al-Cu-Sn cast alloys and for the pure Al-Cu-Zn cast alloys.
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Fig. 5: Relationships between the differences in weights and time (a) for the pure Al-Cu-Sn cast alloys
and (b) for the pure Al-Cu-Zn cast alloys.

The outcomes in Fig. (5a: B1, B2) and Fig. (5b: A1, A2, A4, AS) illustrate the mechanism of
oxidation. No significant changes in weights have been observed throughout the period of cyclic
oxidation. So, conservative oxide crusts of (Al2O3) and (Al,Cu) are formed. Such outcomes are
consistent with the formation of resistant phases of (Al and Cu) where good mechanical specifications
are provided. Moreover, the performances for the mechanism of oxidation in Fig. (5a: B4, B5) and
Fig. (5b: A3) show that the weights of samples have very slight changes at the start of the thermal
cycles. Noticeably, the shells of oxide do not fall off from all samples. This indicates that the forming
of (Al,O3) oxide shells after the third cycle and a long thermal cycle is for protection. The samples
have stability and decreasing weights, which signifies the formation of volatile oxides. In addition,
the results in Fig. (5a: B3, B6) and Fig. (5b: A6) demonstrate for the mechanism of oxidation that
their samples have very high stability over a long thermal cycle. This refers to the formed (Al,O3)
that adds protected oxide shells with high adhesion. The formed shells are to protect the samples from
the external environment through periods of thermal cycles. Finally, all samples' shapes are observed
to have no change in color or dimensions.

Essentially, Al cast alloys already have the characteristic of corrosion resistance. So, adding the
element of Sn or Zn, corrosion resistance has been further increased. This is reasonable, as that is
why the differences in corrosion results are found to be insignificant. Furthermore, corrosion rates
have also shown insignificant values due to the same reason. Generally, corrosion results may lead to
similar outcomes.
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In literature studies, there is work on the Al-Cu-Sn and on Al-Cu-Zn alloys. Nonetheless, more
discovering is still required. So, this study has considered manufacturing the ternary alloys of
Al-Cu-Sn and Al-Cu-Zn. Then, significant evaluations and comparisons are applied for mechanical
properties. The considered cast alloys can be applied in critical industries such as building ships and
airplanes.

CONCLUSIONS

This paper presented the manufacturing of ternary alloys of Al-Cu-Sn and Al-Cu-Zn. In
addition to applying compression and corrosion tests. The work here was designed as follows:
Collecting the Al, Cu, Sn, and Zn materials; grouping them into pure Al-Cu-Sn and pure Al-Cu-Zn;
changing percentages of mixed Cu, Sn, or Zn weights; establishing multiple ternary cast alloys of
pure Al-Cu-Sn and pure Al-Cu-Zn; chopping the cast alloys; applying effective measurements (the
Young’s modulus, fraction stress, and strain); and extensively discussing and comparing the main
outcomes.

Multiple results have been obtained in this study. The measured €, o and Y values for the cast
alloys of pure Al-Cu-Sn and pure Al-Cu-Zn appeared to be gradually decreasing. Furthermore, the
pure Al-Cu-Sn cast alloys were more ductile than pure Al-Cu-Zn cast alloys. This is due to the effect
of adding the embedded elements of Sn or Zn. Also, it was observed that the pure Al-Cu cast alloys
for the two groups had higher fraction stress than pure Al-Sn and Al-Zn cast alloys. This is due to the
effect of with or without the existing Sn or Zn elements.

For the corrosion tests, it could be yielded that there were no changes in dimensions, weights,
and color for the cast alloys of pure Al-Cu-Sn and pure Al-Cu-Zn. For all outcomes, it could be
concluded that there were noteworthy influences of involving an additional element (Sn or Zn) in the
cast alloys according to their properties.

Practical implications of Al-Cu-Sn and AI-Cu-Zn cast alloys are that they may significantly
improve various fields of industry, agriculture, and commerce. For industrial relevance, a further goal
or aim can be represented by exploiting the considered cast alloys in critical industries such as
building airplanes and ships.

For future work, characterization can be considered with energy dispersive X-Ray (EDX),
X-Ray diffraction (XRD), therapeutic goods administration (TGA), differential scanning calorimetry
(DSC), scanning electron microscopy (SEM), and transmission electron microscopy (TEM) to
validate the results.
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