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Abstract: In this work, the effect of rapid quenching from the partially liquid and solid condition
is studied on the as-cast microstructure, tensile properties and fracture features of a secondary
hypereutectic Al-18%5i-2%Cu alloy. For comparison purposes, the same ingots of 50 mm in diameter
and 300 mm in height were also fabricated using conventional chill casting. The microstructure of
the samples was subjected to detailed characterisation using scanning electron microscope (SEM)
and energy-dispersive X-ray spectroscopy (EDX) analyses. The tensile properties and fracture
were also evaluated. A significant grain refinement of the eutectic constituents (x (Al) + Si), as
well as primary silicon and intermetallics accompanying coarse plate and Chinese script with a
well-dispersed morphology transition for the intermetallics, was observed in the alloy subjected to the
rapid quenching. The connection between primary and eutectic silicon was shown metallographically,
confirming the fact that primary silicon served as a nuclei site for eutectic silicon. The microstructure
refinement, together with a favourable morphology transition, resulted in greatly enhanced tensile
properties and the more ductile fracture behaviour of the studied alloy.

Keywords: Al-18%Si-2%Cu alloy; rapid quenching; microstructure; intermetallic; tensile
properties; fracture

1. Introduction

The cooling rate during solidification is an important factor that determines the microstructure
formation in castings and hence the mechanical properties of foundry alloys. In general, the enhanced
cooling rate is used for the microstructure refinement of different foundry alloys, including widely
spread Al-Si alloys [1,2]. However, in the case of large-sized castings, the desired high cooling rate
cannot be reached commonly. Therefore, the fine-scale refinement of the as-cast microstructure in the
Al-Si-based alloys was not observed upon common casting, even when the alloy was poured into the
metallic moulds [3-5]. This could be primarily attributed to the relatively low cooling rate provided by
such casting conditions. For example, the average cooling rate measured in the centre of five castings
with sizes of 130 mm X 20 mm x 110 mm during solidification in the metallic mould was reported to
be 26.3 °C/s [6]. According to [7], when the Al-Si alloys were cast into metallic moulds with different
preheated temperatures, which varied from room temperature to 400 °C, the cooling rate was in the
range from 3 to 10 °C/s. Nevertheless, a considerably higher cooling rate, greater than 103 °C/s, and
hence a strong refinement of the Al-alloy microstructure, can be achieved upon rapid quenching from
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the melt [8], although this method was primarily proven only for the small castings or cast products
with extremely thin cross-sections. For example, the resulting melt-spun ribbons were typically about
90 um in thickness and 1 cm in width [9], about 5-mm wide and 46-um thick [10], or 40-um thick,
without a specified width and length [11]. The irregularly shaped spun ribbons with a size in the
range from 0.1 to 150 um were also reported in [12]. Furthermore, strong microstructure refinement,
including the formation of nanocrystalline regions, was achieved in the discontinuous flakes that were
approximately 1 mm X 1 mm squared, with a thickness of 35 to 55 um [8], and in the foils, the thickness
of which ranged between 80 and 160 um [13].

There are other essential methods for microstructure refinement of the Al-Si alloys, which, after
casting, involve rapid quenching during cooling from the partially liquid and solid condition [14-18].
In this case, a high cooling rate and resultant microstructure refinement can be achieved in significantly
larger cross-sections because, after the formation of the solid outer shell of a proper thickness, the ingot
is further intensively cooled either in the special cooling medium [14-16] or in the special quenching
bath, where water at a pressure of 1.4 bar is used as a coolant [17,18]. As an example, a secondary
hypoeutectic Al-12%Si alloy cast in ingots 45 mm in diameter and 200 mm in height and subject to the
rapid quenching during cooling from the partially liquid and solid condition in the special quenching
bath had a strongly refined microstructure, including the matrix, the eutectic and the primary silicon
as well as the iron-rich intermetallic phases that resulted in the improved mechanical properties [18].
All this was attributed to the enhanced cooling rate being in the order of 200 °C/s. There is no doubt that
the abovementioned method can also be effective in the microstructure refinement of a hypereutectic
Al-Si alloy, which is known to have an impact on its mechanical properties [2,19]. However, this
prediction needs further experimental investigation. Following our previous study [18] this work
further investigates the effect of rapid quenching during cooling from the partially liquid and solid
condition on the solidification microstructure and the mechanical properties of the hypereutectic
Al-18%S5i alloy. The high wear resistance of hypereutectic Al-Si alloys, in combination with their good
castability and low density, are key features determining their application in a variety of castings for
automotive and airspace industries [20,21]. The main purpose of the present work is to prove the
advantages of the abovementioned casting technology with respect to the hypereutectic Al-18%5i-2%Cu
alloy, compared with conventional casting into a permanent metallic mould.

2. Materials and Methods

The hypereutectic Al-18%Si-2%Cu alloys were prepared by melting the used components at
850 °C in chamotte—graphite crucibles placed in a high-accuracy electric muffle furnace, SNOL 1300
(SnolTherm, Utena, Lithuania). The alloy was prepared using a secondary charge material in the
form of aluminium alloy ingots, whose chemical composition was as follows, in wt%: Si 11.64-12.10;
Cu 1.90-1.98; Zn 0.55-0.76; Mg 0.07-0.17; Mn 0.19-0.23; Fe 0.68-0.81; Ni 0.09-0.11; Pb 0.03-0.09; Ti
0.04-0.05; Al balanced. In order to provide the required Si concentration, the Al-18%5i-2%Cu alloy
preparation involved the melting of the abovementioned secondary material followed by the addition
of a precast Al-40%Si alloy into the melt. This precast alloy was separately prepared by melting the
Al-12%5i secondary material together with crystalline silica, the purity of which was in the following
range, in wt%: S5i 96.9; Fe 1.1; Al 1.2; Ca 0.8. Besides this, a small amount (0.5 wt%) of pure cupper
was added to the melt. The final chemical composition of the studied alloy was as follows, in wt%:
Si 17.6; Cu 2.2; Mg 0.01; Zn 0.04; Mn 0.03; Fe 0.30; Cr 0.004; Ni 0.006; Ti 0.06; F 0.002; Sb 0.003; Be
0.0001; Sn 0.012; Pb 0.01; V 0.009; B 0.0013; Sr 0.0001; Ca 0.006; Cd 0.0003; Zr 0.015, Al balanced. After
complete homogenisation at 850 °C, the studied alloy was cast at 820 °C into cylindrical ingots 50 mm
in diameter and 300 mm in length using two different conditions of solidification. One set of ingots
was conventionally solidified in a permanent metallic mould (chill casting). Before casting, the liquid
was treated with the addition of 0.05% sodium.

The other set was subject to enhanced cooling rate solidification, using the rapid quenching
technology, which was described in detail elsewhere [18]. Briefly, the melt, after casting into the fixed
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and movable water-cooled copper moulds, was held for several seconds to form a solid outer shell
with a thickness in the range of 3-7 mm. Then, the ingot was removed with the aid of a movable
mould from the fixed water-cooled copper one and placed into a quenching bath where it was rapidly
quenched in its whole volume, including its liquid core. To provide an enhanced cooling rate up to
200 °C/s, a water jet cooling system operating with water at a pressure of 1.4 bar and higher was used
in the quenching bath. Each experiment was repeated to ensure good reproducibility.

After solidification, the cast ingots were cut longitudinally in the middle, and the specimens for
the present investigation were fabricated from the longitudinal sections at 50 mm from the bottom of
the ingots. A macrograph of the corresponding macro-etched cross-section of the ingot is presented in
Figure 1. Cylindrical tensile specimens had a shape and dimensions (15 mm in diameter with a gauge
length of 75 mm) quoted by standard ISO 6892-1. The tensile test was carried out at room temperature
and at an elongation rate of 0.5 mm/min using a testing machine, IR 5143-200-11 (OAQO Tochpribor,
Ivanovo, Russian Federation). No extensometer was used, and the test was carried out under stroke
control. Ultimate tensile strength and elongation to failure were measured using five specimens for
each casting condition. Metallographic samples as well as the fractured surfaces of the samples were
observed and analysed with a JEOL JSM-7600F scanning electron microscope (SEM) (JEOL Ltd., Tokio,
Japan), equipped with an Oxford Instruments energy dispersion spectroscopy (EDS) facility (Oxford
Instruments, High Wycombe, UK). Some samples for metallographic examination were deeply etched
with a solution of 20% HCI acid and 80% ethanol to reveal the 3-D morphology of the primary and
eutectic silicon. A macrograph was taken with a Zeiss LSM 700 laser scanning confocal microscope
(Carl Zeiss Microscopy GmbH, Jena, Germany) in optical mode. Since the secondary dendrite arm
spacing (SDAS) is one of the most important microstructural characteristics of the cast aluminium
alloys [1,18,22,23], this parameter was measured to evaluate the refinement of the matrix dendrites.
Image analyses were performed, using LECO IA32 Image analysis system (LECO, St. Joseph, MI,
USA), on 40 micrographs for each sample.

Figure 1. Cross-sectional macrostructure of the ingot.

3. Results and Discussion

3.1. Microstructure Characterisation

The solidification microstructure of the Al-18%Si-2%Cu alloy, conventionally cast into the metallic
mould, is shown in Figure 2. As can be seen from Figure 2a, this composed of a matrix formed by the
eutectic constituents, i.e., & (Al) + silicon, as well as primary silicon particles, which were embedded
in the matrix, and the intermetallic phases solidified in the interdendritic space. Figure 3 illustrates
the distribution of the principal alloying elements in the microstructure. It is well known that the
morphology of the primary silicon particles can vary significantly depending on the cooling rate [19,24]
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and the chemical composition of a given alloy [25]. With respect to primary silicon morphology,
Figure 2b shows that compact irregularly shaped plate-like primary silicon particles prevailed in
the microstructure after conventional casting. Nevertheless, twinned and elongated primary silicon
particles are also observed in the microstructure, although to a lesser extent; see Figure 2a,b. The
conventional chill casting technology resulted in a primary silicon particle size between 43 and 170 pm
in length. Figure 2c proved more evidently the presence of the intermetallic phase of Chinese script
and an elongated plate-like morphology in the alloy’s microstructure. The actual chemical composition
of the intermetallics and hence their origin will be discussed in SubSection 3.2

Figure 2. Solidification microstructure of the conventionally cast Al-18%Si-2%Cu alloy in (a,b) lower

and (c—f) higher magnification: (a,c—e) conventional etching; (b,f) deep etching; A—needle-like particles
of eutectic silicon; B—irregularly shaped coarse particles of eutectic silicon.



Metals 2020, 10, 819 50f 13

il T
100um Electron Image 1

Figure 3. (a) SEM image of solidification microstructure and EDX maps of principal allying elements
(b) AL (c) Si and (d) Cu for the conventionally cast Al-18%Si-2%Cu alloy.

During solidification, eutectic silicon developed either in the form of needle-like particles (very
long, about 70 um in length and shorter by up to 25 pm), Figure 2a and d, or as irregularly shaped
coarser particles, Figure 2e. It is worth mentioning that the width of the former in both cases did
not exceed 2-3 um, whilst the width of the latter appeared to be up to 12 pm when measured in two
dimensions. The 3D morphology of the eutectic silicon, which was revealed after the deep etching, is
presented in Figure 2f.

It is interesting that, in [2,26], it was reported that eutectic silicon nucleated on primary silicon
during the eutectic solidification, although the original works [2,26] did not confirm this effect directly.
To provide experimental confirmation of this effect in the hypereutectic Al-18%5i-2%Cu alloy, the
connection between the single primary silicon particle and the various eutectic silicon particles is
illustrated in Figure 4a. Moreover, a similar effect can also be documented for the Al-12%5i alloy
that was subjected to rapid quenching [18], as shown in Figure 4b. Therefore, it can reasonably be
concluded that the earlier precipitated primary silicon could indeed serve as a nuclei site for eutectic
silicon when the liquid decomposed to a mixture of « (Al) and silicon.

Figure 5a shows the general scale of the microstructure refinement of the hypereutectic
Al-18%S5i-2%Cu alloy subjected to the rapid quenching during solidification. In the first instance, the
strong refinement of the matrix must be pointed out, primarily due to reducing the size of both the
eutectic « (Al) grains and eutectic silicon particles inside these grains. With respect to the former,
it should be stressed that the average SDAS of the matrix dendrites decreased from 39.6 + 3.8 pm
to 12.8 £ 0.9 um.
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Figure 5. Solidification microstructure of the rapidly quenched Al-18%Si-2%Cu alloy in (a) lower and
(b,c) higher magnification, deep etching.
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A similar morphology of the primary silicon particles, which was described above for the
conventionally cast alloy, was also found in the microstructure after enhanced cooling, as shown in
Figure 5a. Nevertheless, their dispersion appeared to be much finer and, in this case, the largest
particles did not exceed 33 pm, as illustrated in Figure 5b. In general, the size of the primary silicon
particles was about two or three times smaller than in the conventionally solidified microstructure.

As long as the growth of the silicon particles is known to comprise three stages, which involve
nucleation, the growth of the facetted unit, and further size expansion [27], it could be assumed that
the refinement effect of the rapid quenching with respect to the primary silicon particles primarily
dealt with the deceleration of the latter. In this context, it is worth noting that primary silicon particle
size in hypereutectic Al-Si alloys is of particular importance with respect to some of the most important
mechanical properties (primarily tensile properties and fracture toughness). From this point of view,
it is important to compare the obtained results with other investigations. For example, Vijeesh and
K. Narayan Prabhu [2] reported that the size of primary silicon particles, depending on the cooling
rate, which was varied by pouring the molten Al-23%5i alloy to the metallic (made of copper, brass,
and stainless steel) and sand moulds, were in the range from about 80 to 415 pm (in the ingot with
a diameter of 15 mm and a length of 210 mm). Further investigations reported that the size of the
primary silicon particles varied in the range from 17.1 to 88.9 um in the cast samples, with thicknesses
of 20, 40, 60 and 80 mm [19], and from 44.8 to about 270 pm in the ingot 80 mm in diameter, depending
on the used stirring current [28]. Considering the size of the abovementioned cast ingots, it may be
easily concluded that the best result was achieved in the case of the rapid quenching technology.

A strong refinement effect in relation to the eutectic silicon was also achieved due to the rapid
quenching. After this treatment, the particles of the eutectic silicon became evidently slenderer and
several times shorter, as can be seen from Figure 5c. Moreover, in contrast to the conventionally cast
alloy, extremely long particles were not observed in the microstructure of the rapidly quenched alloy, as
illustrated in Figure 5a. As for intermetallics, these phases were not revealed in the microstructure by
the metallographic analysis, which was attributed to their much stronger dispersion and morphology
transition compared with the chill casting, and to their probable removal during deep etching. However,
this will be discussed further in the subsection below.

3.2. Intermetallic Phases Characterisation

According to [29,30], the presence of copper in Al-Si alloys leads to the formation of Al,Cu
intermetallics. In turn, iron-rich intermetallics can be found in the microstructure of Al-Si alloy when
the latter contains a moderate or high amount of Fe [31]. It is well known that the size, morphology,
amount and the pattern of distribution of intermetallic phases are another important factor drastically
impacting the mechanical properties of Al-Si alloys, as stated elsewhere [32]. From this point of view,
it is interesting that the origin of the iron-rich intermetallic formed in the given alloy could vary
depending on the cooling rate during solidification [33]. Nevertheless, a more evident correlation
between the cooling rate and the size of the intermetallic particles was also reported, for example,
in [31] and [34]. Thus, it is very important to evaluate the formation of intermetallic phases in the
Al-18%S5i-2%Cu alloy under the effect of a significantly different cooling rate.

It is seen from Figure 6a that the intermetallic phases formed during conventional solidification
in the metallic mould were relatively coarse, with the largest size about 70 um in length and up
to 7 um in width. In general, the observed morphology was Chinese script- and plate-like. The
characteristic distribution of elements in the observed phases is illustrated in Figure 6b—e. Considering
the results of the chemical composition of the particles obtained by EDS, which are presented in Table 1,
the intermetallic with Chinese script morphology was assumed to be AlgFeSiCu.
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Figure 6. (a) SEM image of solidification microstructure and EDX maps of (b) Al, (c) Si, (d) Cu and (e)
Fe in intermetallic phases for the conventionally cast Al-18%S5i-2%Cu alloy.

Table 1. The chemical composition of intermetallics in the studied Al-18%S5i-2%Cu samples, at.%.

Calculated Formula Suggested Formula Al Si Fe Cu
Conventionally cast sample
Alg(Fe,Cu)Sij ¢, Chinese script AlgFeSiCu 75.27 15.34 8.22 1.55
AlyCu, Irregular plate-like Al,Cu-based [30] 78.93 1.44 0.71 18.93
Alg g(Fe,Cu)Siy 5, Irregular plate-like AlgFe,Si, [34] 81.67 9.98 3.93 442
Rapid quenched sample
Aly 1Cu, Fine dispersed AlyCu-based [30] 75.91 5.62 0.14 18.32
Alg 9(Fe Cu), 3Si, Fine dispersed AlgFe,Si, [34] 74.82 7.56 8.62 9.00

In contrast, two types of intermetallics with irregular plate-like morphology were revealed
according to the detected chemical composition; these phases were assumed to be Al,Cu-based and
complexly alloyed AlgFe,Si-based. Smaller content of Fe in the AlgFe;Si-based intermetallic, compared
to that of AlgFeSiCu, could be attributed to the higher content of Cu in the expense of Fe in the former.
It should be stressed that the Al,Cu-based intermetallic, besides the principal elements Al and Cu,
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contained a small amount of Si and Fe (see Table 1). The presence of Al,Cu and AlgFe;Si, in the
Al-Si based alloy was consistent with the observations in [30] and [34], respectively. In the former, the
formation of the Al,Cu-based phase in the microstructure of the Al-125i-3Cu based alloy was proved
metallographically and using XRD analysis. In the latter, it was reported that an AlyFe;Si; phase
was revealed in the as-cast microstructure of the hypoeutectic Al-Si alloy containing Fe in the range
between 0.005 and 0.5 wt%. Moreover, in the original work [34], the presence of two kinds of iron-rich
intermetallics was also reported.

Figure 7a illustrates the strong refinement of the intermetallic phases in the as-cast microstructure
of the Al-18%Si-2%Cu alloy under the effect of the enhanced cooling rate, which were observed, in this
case, as small “islands”. The largest size of these “islands” was less than 10 um, i.e., about seven times
smaller compared to the size of the particles revealed in the conventionally cast alloy; see Figure 5a.
Moreover, it is important to note that the intermetallic “islands”, in contrast to the intermetallic particles
in the conventionally cast Al-18%5i-2%Cu, only had a regularly dispersed microstructure. Despite
this, the chemical composition of the given particles, determined for certain “islands”, was different,
proving the formation of different intermetallics in the microstructure, as confirmed by the data in
Table 1. In this context, some obvious features could be pointed out.

Fopm Electron Image 1

Figure 7. (a) SEM image of solidification microstructure and EDX maps of (b) Al, (¢) Si, (d) Cu and
(e) Fe in intermetallic phases for the rapidly quenched Al-18%Si-2%Cu alloy.
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Firstly, as predicted and according to EDS analysis, Al,Cu-based and AlgFe,Si;-based intermetallics
were present in both samples; however, their morphology was different, coarse plate-like in the case of
the conventionally cast alloy (Figure 6a) and finely dispersed after the rapid quenching (Figure 7a).
Secondly, the AlgFeSiCu with a coarse Chinese script morphology was not revealed in the rapidly
quenched sample. As an example, the EDS maps of different elements in the observed intermetallic
phases presented in Figure 7a are shown in Figure 7b—e.

3.3. Tensile Properties and Fracture Characteristics

The results of the tensile test are present in Table 2, which includes, for comparison purposes,
data from the alloy subject to the conventional chill casting and the rapid quenching. It is seen that
the measured values of the ultimate tensile strength and elongation were significantly higher in the
case of the alloy that was rapidly quenched. This could be attributed to the much better scale of the
microstructure refinement, in relation, primarily, to the most critical constituents, i.e., the primary
silicon and particularly intermetallic particles. Furthermore, the abovementioned transition of the
morphology of the intermetallic particles, as well as the strongly refined matrix grains, including
eutectic silicon, could also contribute to enhanced tensile properties, as shown in Table 2. However, it
should be mentioned that the strength and ductility were affected in somewhat different ways. Since
the ductility of the samples was less affected than their strength, as can be seen from Table 2, this
feature can be attributed to the fact that the fracture occurred next to the heads of the tensile samples.

Table 2. Tensile properties of the studied Al-18%Si-2%Cu samples.

Sample Ultimate Tensile Strength, MPa Elongation, %
Conventionally cast 110 + 10 1.3 +£0.26
Rapid quenched 178 + 12 1.9 +£0.32

The study of the fractured surfaces confirmed this assumption. Primarily, low-magnification
micrographs, presented in Figure 8a,b, illustrate a big difference in the size of cleavage facets which
were formed when prevailing brittle transgranular fracture occurred through the matrix grains
(o (Al)-Si eutectic constituents) and the primary silicon particles. The same may be said with respect
to the intergranular fracture facets of the matrix grains; however, this type of fracture was not typical
for both samples, as can be seen from Figure 8a,b.

In contrast to the low-magnification micrographs, Figure 8c illustrates the coarse dendritic
character of cleavage facets of the « (Al) solid solution (for example, in the fracture area indicated by
white circle), as well as the development of a typical river pattern relief (shown by white arrow in the
left side of the image) at a cleavage plane in the case of the primary silicon particle fracture, both of
which occur in the conventionally cast sample. Moreover, the presence of almost continuous thick
intermetallic phases along the dendrite boundaries (shown by white arrow in the down right side of the
image) is also well observed in this figure. In comparison, Figure 8d reflects the fine scale of the cleavage
facets for the rapidly quenched alloy at a higher magnification. Furthermore, Figure 8e and f shows, for
example, the presence of relatively coarse-branched and fine-branched Al,Cu-based intermetallics at
the fracture surface for the samples that were conventionally cast and rapidly quenched, respectively.
Thus, all these abovementioned fracture features, following the difference in the microstructure of both
samples, were consistent with the data obtained in the tensile test (see Table 2). Due to the strong
overall microstructure refinement and hence the improved properties, the suggested technology can
offer benefits to wear resistance, primarily with respect to cast pistons of internal combustion engines or
other parts that are exposed to the heavy dry sliding friction such as, for example, worm wheels used in
gearboxes. However, our work requires a more detailed industrial investigation and characterisation.
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Figure 8. Fracture surfaces of Al-18%Si-2%Cu alloy (a,c,e) conventionally cast and (b,d,f) rapidly quenched.

4. Conclusions

In the studied hypereutectic alloy Al-18%Si-2%Cu, the rapid quenching technology resulted in
substantial refinement and better dispersion of all the microstructural constituents. The main results
are as follows:

1. Primarily, the eutectic matrix was very sensitive to cooling rate, which SDAS decreased from
39.6 £ 3.8 pm to 12.8 + 0.9 pm under the effect of enhanced cooling. As a consequence, the eutectic
silicon was also refined, and its particles exhibited evidently slenderer and several times shorter shapes.

2. After the rapid quenching, the size of the primary silicon particles was found to be about two or
three times smaller than that in the conventionally solidified microstructure. When metallographically
observed, the coherence between the single primary silicon particle and the several eutectic silicon
particles proved that the earlier precipitated primary silicon served as a nuclei site for eutectic silicon
when the liquid decomposed to a mixture of o« (Al) and silicon.
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3. The intermetallic phases were also well dispersed and refined under the effect of the rapid
quenching. Al,Cu-based and AlgFe;Si;-based intermetallics of a different morphology were observed
in both samples, coarse plate-like in the case of the conventionally cast alloy and finely dispersed and
refined after the rapid quenching. The AlgFeSiCu with a coarse Chinese script morphology present
in the microstructure after the chill casting was not revealed in the microstructure of the rapidly
quenched sample.

4. The rapid quenching technology with a strong microstructure refinement gave rise to
significantly better tensile and fracture properties compared to that of the conventionally cast
Al-18%Si-2%Cu alloy.
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