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Abstract

Aluminium is widely used in various industries such as food, electrical and
electronics, automotive, aerospace and construction due to its favorable
properties such as malleability, corrosion resistance, environmental
resistance and high strength-to-weight ratio. In aluminum-based casting
alloys, the main alloying elements commonly used in industry are silicon,
copper and magnesium. In this study, the microstructure properties of the
Al-26.5Cu-6Si (wt.%) ternary eutectic alloy were examined in relation
to directional solidification. The alloy was processed in a vacuum melting
furnace and solidified directionally at various growth rates using a Bridgman
type device. The experimental results revealed eutectic transformation of the
Al-26.5Cu6Si alloy, leading to the formation of matrix Al, lamella AL,Cu, and
plate Si phases. Eutectic spacing was measured from the produced samples,
and it was found that the values were significantly affected by the growth
rate. The results of this study were compared to the experimental results of
binary Al-Cu and ternary Al-Cu-Si-Fe eutectic alloys.

1. INTRODUCTION

The microstructures formed during solidification play a crucial role
in determining the physical properties and performance of materials.
Therefore, understanding the formation and control of these microstructures
is a fundamental challenge in the field of materials science [1-2]. While
the formation of microstructure in binary alloys has been thoroughly
investigated, both from a theoretical [ 3] and experimental [4-19] perspective,
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the comprehension of this same phenomenon in multicomponent alloys,
containing three or more components, is still restricted.

Aluminum has many uses in different industries thanks to its excellent
formability, resistance to corrosion and environmental effects, and high
strength-to-weight ratio. It is used in various fields such as the food industry,
electrical and electronics industry, automotive and aerospace industries, and
construction applications. The physical properties of multi-component
aluminum alloys depend on the specific chemical composition, particularly
the alloying elements and their ratios. Silicon, copper, and magnesium are
the predominant alloying elements used in aluminum casting alloys, with
residual amounts of iron and zinc. AlSi alloys are prevalent in structural uses,
while Al-Si—Cu alloys are mainly utilized in powertrain and transmission
applications. In recent years, there has been an increase in the use of Al-
Cu-Si alloys in various industries due to their favorable characteristics,
which include easy formability, low weight, excellent electrical and thermal
conductivity, and high resistance to corrosion.

This study examines the measurement of eutectic spacing (A) of
Al-26.5Cu-6Si (wt.%) eutectic alloy solidified at various rates. The
relationships between eutectic spacing and solidification rate were
investigated using linear regression analysis and the Hall-Petch equation.
Furthermore, the results obtained from this study were compared with
experimental findings of binary Al-Cu and ternary Al-Cu-Si-Fe eutectic
alloys.

2. EXPERIMENTAL PROCEDURES

This research focuses on the Al-26.5wt.%Cu-6wt.%Si alloy, which was
prepared by melting 99.99% pure aluminum, 99.98% pure copper, and
99.97% pure silicon in a vacaum. The alloy was then cast into 10 graphite
molds and solidified in a Bridgman furnace, with each sample solidifying at
different growth rates (V=8.25-164.80 um/s) while maintaining a constant
temperature gradient (G=8.50 K/mm). After smoothing with SiC abrasive
paper, each sample was polished on a Struers TegraPol-15 polishing machine
and then etched in a solution containing 95 ml of distilled water and 5 ml of
hydrofluoric acid (HF) for 10-15 seconds.

To analyze the microstructures of the alloy samples, images of both
longitudinal and transverse sections were taken using a Nikon Eclipse model
optical microscope (OM) and a LEO model scanning electron microscope
(SEM). Energy dispersive X-ray microanalysis (EDAX) was used to
determine the composition of the samples. The eutectic spacing of the
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samples was measured using the linear intercept method [19], specifically
from the transverse sections. Details of the method are shown in Figure 1
[19].

Figure 1. () Measuvement of eutectic spacing for divectionally solidified Al-Cu-Si eutectic
alloy, (b) Schematic view in wide aven, (c) Schematic view in navvow aven, (linear intercept
method: A = X [(N,— 1). Where X, total length of lamella, N, the total number of lamella in
the area.

3. RESULTS AND DISCUSSION

3.1 Effect of growth rate on the eutectic spacing

Figure 2 displays the microstructure of an Al-26.5wt.%Cu-6wt.%Si
eutectic alloy, which solidified using a linear growth rate. Several solidification
parameters were used to examine the potential phases that could form
in Al-Cu-Si alloys. As shown in Figure 2b, when the alloy solidified at
a low growth rate and temperature gradient, a wholly developed eutectic
microstructure consisting of lamellar and irregular layers within a matrix
was observed.

Detailed investigations were conducted on the phase diagram of an
Al-based Al-Cu-Si ternary alloy [20] (Figure 3) and the solubilities of
the phases that are likely to form within the alloy. It was found that the
intermetallic phase ALCu has relatively small solubilities of silicon and
copper. Specifically, at the temperature of eutectic transformation (525 °C),
the maximum solubility of copper and silicon in solid aluminum was found
to be 4.5Cu and 1.18i, respectively [21-22]. Moreover, the composition of
the samples, consisting of the solid matrix Al, lamellar AL Cu, and plate Si
phases was quantitatively analyzed using Energy Dispersive X-ray Analysis
(EDAX). The obtained results are presented in Table 1. The identification
of the different phases presents in the Al-Cu-Si alloy with slow growth
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rate, including the o-Al matrix phase, ALCu intermetallic phase, and Si
plate phase, was determined using the phase diagram, solubility values, and
Energy Dispersive X-ray (EDX) results.

Table 1. The chemical composition analysis of Al-Cu—Si eutectic alloy by using SEM and

EDX.
Phase Al Cu Si
at.% wt.% at.% wt.% at.% wt.%
ALCu 80.83 64.17 19.17 35.83
Al-matrix 97.73 94.81 2.27 5.19
Si 100 100
Composition 79.19 66.47 13.92 27.52 6.89 6.02

The microstructures of the samples were observed to undergo changes
based on the growth rates, with the measurements indicating a decrease
in eutectic spacing as the growth rate increases. At a constant temperature
gradient, the maximum eutectic spacing was exhibited by the lowest growth
rate (V=164.80 um/s, G=8.50 K/mm), while the minimum eutectic
spacing was found for the highest growth rate (V=8.25 um/s, G=8.50 K/
mm). As the growth rate increased from 8.25 to 164.80 um/s, the average
spacing between phases of Al,Cu decreased from 5.66 um to 1.35 um, and
the average spacing between phases of Si decreased from 6.42 um to 1.28
wm.
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Figure 2. Tipical SEM images of the growth morphologies of divectionally solidified Al-Cu-Si
eutectic alloy with diffevent growth vate (V=38.25-164.80 um/s) at a constant temperature
gradient (G=8.25 K/mm). (n) — (b) for V=825 umys, (c) — (d) for V=41.64 um/s, (e) - (f)
Jor V=164.80 um/s.
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Figure 3. The liquidus projection of the ternary Al-Si-Cu phase diagram at the Al-vich corner
[20].

Figure 4 presents SEM and optical microscope images of Al-Cu-Si
alloys solidified directionally, including Al-Cu-Si [This study], Al-Cu [17],
and Al-Cu-Si—Fe [18]. In Figure 4(a), the Al-Cu binary eutectic exhibits
regularly arranged Al Cu phases in the form of lamellae, while the regularity
is somewhat disrupted in the presence of silicon, as shown in Figures 4(b-c).
In this study, the Si phases present in the directionally solidified Al-Cu-Si
ternary eutectic are observed as irregular plates. Figure 2(e) illustrates that,
with an increasing growth rate, Si phases form colonies. According to Hunt
and Jackson [3], the high AS/R ratio is the primary reason. Here, AS denotes
the fusion entropy and R represents the gas constant. In Al-Si eutectic alloy,
the AS/R ratio is high for silicon (3.59), thereby inhibiting the simultaneous
growth and formation of regular aligned structures [23].
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Figure. 4 Tipical SEM (up) and optical (down) images of the growth morphologies of
directionally solidified Al-Cu, Al-Cu-Si and Al-Cu-Si-Fe eutectic alloy at a constant growth
rate (V=28.25 um/s) and temperature gradient (G=8.50 K/mm). (a) for Al-Cu eutectic alloy
[17], (b) Al-Cu-Si eutectic alloy [This work] and (c) Al-Cu-Si-Fe eutectic Alloy [18].

During the solidification process of the Al-Cu-Si alloy, the interface
between the ALCu and Si phases has lost its planarity, resulting in the
formation of phases that rise towards the liquid phase, as illustrated in Figure
5(a). At high solidification rates, as depicted in Figure 5(b), regular local
lamella structures have been observed in certain regions. Table 2 displays the
changes in average eutectic intervals based on growth rate. Accordingly, since
the microstructure changes in a logarithmic pattern with the growth rate,
we utilized linear regression analysis to establish theoretical and statistical
relationships between the variable parameters.
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Figuve 5 n) The solid-liquid non-planar interface, duving unidirectional solidification process,
b) The local regular eutectic zone at high growth rates. (V=_81.25 um/s) for Al-Cu-Si
eutectic alloy.

Tible 2. The values of microstructuve, micvohardness, ultimate tensile—strength and electrical
vesistivity for divectionally solidified ternary Al-Cu—Si eutectic alloy.

xi:z.s) Solidification Parameters Eutectic Spacing

(K/im) ( MZ/S) 7\’(A12Cu) A (Si)
(nm) (um)

8.25 5.66 6.42

16.60 4.25 4.70

Al-26.5Cu-6Si 8.50 41.65 2.83 2.69

90.05 2.01 1.91

164.80 1.35 1.28

The relationship between eutectic spacing and growth rate is given
in Figure. 6. The correlation between variables was determined as
AaLcy) = 15.39 V7052 and Aspy = 20.49 v~25%_ The results were compared
with Al-Cu eutectic alloy and presented in Table 3. Experimentally obtained
exponential value are the most important parameters that give the relationship
between the growth rate and microstructure of alloys. In this study, 0.53 and
0.54 exponential value were calculated for Al,Cu eutectic lamellae and Si
eutectic plates, respectively, in AlI-Cu-Si ternary eutectic alloy.
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When compared to similar studies in the literature, the exponential values
obtained for AL Cu eutectic spacing in Al-Cu binary alloys were 0.54 [17]
and 0.40 [15], while the values obtained for Al,Cu eutectic spacing in Al-
Cu-Ag ternary alloys were 0.50 [14], and for Si eutectic plates in Al-Si-Mg
ternary alloy, the value was 0.45. The exponential values of Si eutectic plates
in Al-Si-Ni ternary alloy, Si eutectic plates in Al-Si binary alloy, and ALCu
eutectic lamellae and Si eutectic plates in Al-CuSi-Fe quaternary eutectic
alloy were 0.50 [24], 0.46 [12], and 0.50 and 0.55 [18], respectively.
Notably, the values derived from this study closely resemble the exponential
value of 0.50 projected by Jackson—Hunt eutectic theory [3].

Table 3. The relationship between the eutectic spacing, microhardness, ultimate tensile
strength, electvical vesistivity and growth vate for some divectionally solidified alloys.

Alloys .
(wtdh.) Microstructure Ref.
Al-33Cu A= 13.52(V)0% [15]

Ma,cny =15 3900~

Al-26.5Cu-6Si
Agiy, = 20.49 (V)05

[This work]

A omy = 1474077050
Al-26Cu-6.58i-0.5Fe (et @ [18]
Ay = 25.13 (V)05

50 50

® 12344V (ALSi eutectic) [6] ® 22344V (A eutectic) [16]
® 1=2049V 0% (ALCu-Si eutectic) [This work] ® 2,2049VO% (ACu-Sieutectic) [This work]

N ¥ g=25.13V0%° (ALCu-SiFe eutectic) (18]

. v 12513V (ACuSiFeeutectic) [18]

3
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Figure 6. Variation of eutectic spacing (n) A (al,cwy 4 (b) A siyas a function of growth rate

at a constant temperature gradient (G=8.50K/mm) for ternary Al-Cu-Si eutectic alloys and

compare with the binary Al-Cu eutectic, Al-Si eutectic and quaternary Al-Cu-Si-Fe eutectic
alloys.
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4. CONCLUSION

The results can be summarized as follows: The experimental results
revealed eutectic transformation of the Al-26.5Cu—6Si alloy, leading to the
formation of matrix Al, lamella Al,Cu, and plate Si phases. As the growth
rate increases from 8.25 to 164.80 um/s, the eutectic spacing decreases from
5.66 to 1.35 for ﬁ(AIZCM) and from 6.42 to 1.28 for /1(31). Microstructure
were obtained as a function of growth rate: Ay ¢y =15.39 V™% and

Asr) = 2049 VO
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