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Abstract

Ultrasonic melt processing (USP) technique was used to study the effect of Zr addition on
the structure refinement and mechanical properties of hypereutectic binary alloy in three different
alloys (Al-Si, Al-Fe and Al-Ni) as potential alternatives to the Al-Si eutectic system especially for
high-temperature applications. Mechanical properties of these alloys were controlled through both
structure refinement by USP and also AlzZr nano-precipitation hardening. Significant refinement
of primary intermetallics was achieved under USP during the AlsZr formation in solidification
process. The residual Zr in the aluminium solid solution enabled precipitation hardening at 450
°C. As a result, the tensile properties, especially ductility, were considerably improved at room
and elevated temepratures. The mechanical properties were analyzed with respect to the volume
fraction of intermetallic phases. Electrical conductivity was measured to better explore their
potential applications. The effects of alloying elements and structure changes on the mechanical
behaviour and electrical conductivity were discussed.
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Introduction

Hypereutectic aluminum alloys are extensively used in automotive industry due to their
excellent casting characteristic, high strength to weight ratio, and low prices [1, 2]. However, it
was reported that high Si content in Al-Si alloys affected the mechanical properties and might lead
to loss in electrical conductivity [3]. Most recently, new types of hypereutectic Al-Ni and Al-Fe
alloys attract considerable interest as candidate materials for automotive and electrical applications

[4].

Normally, aluminum alloys used for electrical conductivity applications are not grain
refined because the addition of commercial grain refiners such as Al-Ti-B can adversely affect the
electrical conductivity by adding unstable impurities of AlB2 and AlB1> that cannot be dissolved
into the melt [5]. It is well known that transition metals such as Ti and Zr, that are used for grain
control, may also lead to the decrease in electrical conductivity [6]. However, the non-grain
refined microstructure may result in fracture and other defects in a wire drawing process [7].

In previous works, the mechanical properties of hypereutectic alloys were studied and
reported depending on the formation of hard primary intermetallics, including the volume fraction
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and size of intermetallics. It is clear that there is a necessity to refine the brittle intermetallics in
hypereutectic alloy to achieve the required properties.

One of the effective methods to refine primary intermetallics is ultrasonic melt processing
(USP) through the main mechanism of nucleation and fragmentation, which results in the
refinement of both grains and intermetallics thus improving the strength and ductility of the
materials [8]. Thus, the necessity of adding grain refiner can be reduced. Moreover, the combined
effect of USP and addition of Zr to aluminum alloys was reported to be effective in structure
refinement [9], which included enhanced nucleation of the primary Al:Zr phase on activated
oxides [10] followed by fragmentation of these primary intermetallics caused by cavitation [11].
These refined particles act as solidification sites for the Al solid solution and intermetallics. It is
very interesting to define the optimum balance between the USP-refined microstructure for
deformation process with the minimum decrease of electrical conductivity, and also high
mechanical properties for high-temperature applications.

Therefore, this work aims to investigate the effects of USP on microstructure of
hypereutectic alloys and mechanical properties at elevated temperature, and also on the electrical
conductivity to assess the feasibility of broader applications.

Experimental procedure

The three experimental hypereutectic allloys, i.e. Al-16Si-0.3Zr, Al-4Fe-0.3Ze and Al-
8Ni-0.3Zr (all alloys are named in wt% unless otherwise stated), were prepared using high-pure
Al (99.99 %), pure cystalline Si, Al-17.5%Ni, Al-10% Ni and Al-5% Zr master alloys. The alloys
were melted in a silicon carbide crucible using an induction furnace and then poured at
temperatures of 690 °C, 710 °C and 730 °C for Al-16Si-0.3Zr, Al-8Ni-0.3Zr and Al-4Fe-0.3Zr,
respectively. Ultrasonic melt processing was performed by dipping a pre-heated (500 °C) niobium
sonotrode 20 mm in diameter into the melt in the crucible by approximately 5 mm below the melt
surface prior to casting. A 20-kHz air-cooled piezoelectric transducer was used. The USP was
applied in the molten metals of experimental alloys in the temperature range of 750 to 690 °C for
Al-16Si-0.3Zr alloy, 740 to 710 °C for Al-8Ni-0.3Zr alloy and 780 to 730 °C for Al-4Fe-0.3Zr
alloy. The selected temperatures were based on solidification ranges of primary phase in each
experiemental alloy. The cast specimens were prepared according to standard grinding and
polishing procedure to observe the microstructure. Image analysis technique (Image J) was used
to analyse the area fraction and average size of intermetallics for each alloy system. The presence
of AlsZr intermetallic was characterized with a ZEISS Supra 35 SEM. The castings were machined
to round tensile specimens following the ASTM-B557M standard (6 mm diameter, 30 mm gauge
length) and treated at 450 °C for 30 h to obtain the saturated hardness values of the alloys through
the precipitation of AlsZr (L12) [12, 13] before performing tensile tests. High-temperature tensile
tests were performed in a universal testing machine (Instron model 5969) at a strain rate of 0.05/s.
The values of ultimate tensile strength (UTS), yield strength (YS) and elongation (%EI) were
obtained from 3 specimens with standard deviation calculation. The fracture surfaces were
observed in an optical microscope through the cross section along the tension direction to better
understand the failure mechanism. Electrical conductivity measurements were performed using a
Sigmatest 2.069 eddy current conductivity tester (Forester Instrument). For each sample, ten
measurements were conducted at 120 kHz.



Results and Discussion
Intermetallics refinement of hypereutectlc aIons

@ s G o R
Sadh NG = _r‘
R T ) . :
;."y"q j"':ﬁ 'Q/‘//, & : X 3 b ~-:\_;‘
b 53 ,5:‘?; 5 100 ym : . 100um o G R 100 um
[~ ST RO R R :
W@hosas e o (B
€ € AR N 3 :
e ges ‘,h e :
A, DRt o
7 e . : - -’L?' . ==t
F s S

B, s R PP 5 %2 v,
et w100 um E | 100 um 100 pm
-

Figure 1 Mlcrostructure of experimental alloys (a-c) without USP, and (d ) with USP; (a, d) Al-
16Si-0.3Zr, (b, e) Al-8Ni-0.3Zr and (c, f) Al-4Fe-0.3Zr.

The main microstructure features of the hypereutectic alloys are primary intermetallics and
eutectic grains. Figure 1 shows microstructures of experimental alloys that were treated with USP
and without USP. The results showed that hypereutectic Al-16Si, Al-4Fe and Al-8Ni with 0.3 wt%
Zr addition formed large primary intermetallics of Si, Fe and Ni as can be seen in Fig.1(a-c),
respectively. However, these intermetallics were refined after ultrasonic melt processing during
solidification ranges of each alloys as shown in Fig. 1(d-f). This can be explained through the
structure refinement mechanisms reported elsewhere, i.e. nucleation [14] and fragmentation of
intermetallics [9-11].

Figure 2 SEM images showing the interaction between primary AlzZr crystas and other phases
in hypereutectic alloys of (a) Al-4Fe-0.3Zr without USP, (b) Al-4Fe-0.3Zr with USP treatment.

Figure 2 shows the location of small primary AlsZr crystals in the overall microstructure. The
results confirm that the AlsZr particles were refined and distributed along with the refined Fe
containing intermetallics (AlsFe) in the alloy that was treated by USP. These AlsZr particles are
either located in the center of eutectic colonies or connected to AlsFe. This illustrated the
possibility of a refining mechanism by the AlsZr phase nucleating primary AlsFe and being also
substrates for the eutectic colonies, therefore, refining both intermetallics and eutectic grains. This
mechanism is quite similar to the previously suggested one for Al grains [10, 11].
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Figure 3 Image analysis of the area fraction of primary intermetallics of the different hypereutectic

alloys that were treated by USP; (a) Al-16Si-0.3Zr, (b) Al-4Fe-0.3Zr, (c) Al-8Ni-0.3Zr, and (d)
the qualitative results of area fraction (%) and average size of primary intermetallics.

Figure 3 gives the amount of the area fraction and the average size of primary intermetallics in
three alloys that were refined by USP as measured by image analysis (the average size and area
fraction). The Al-8Ni-0.3Zr alloys demonstrated more uniform distribution of small intermetallics
in the Al matrix, while the Al-16Si-0.3Zr alloy had the largest area fraction and average size of
the Si phase.
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s

Figure 4 A SEM image of AlsZr nano-precipitates in the Al-4Fe-0-3Zr alloy with USP after
exposure at 450 °C for 30 h.

The formation of metastable AlsZr precipitates in a hypereutectic Al-4Fe-0.3Zr alloy after
high-temperature exposure was examined by SEM and the results showed the presence and
uniform distribution of AlsZr nano-precipitates in Al-grains as pointed by yellow arrows in Fig. 4.
The result is consistent with previous work that investigated the precipitation of AlzZr in the Al-
matrix [15]. It is also expected to have similar precipitation in other hypereutectic Al-16Si-0.3Zr
and Al-8Ni-0.3Zr alloys that have the same amount of Zr addition (0.3%).



Strength and ductility of hypereutectic alloys upon USP
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Figure 5 The average value of mechanical properties (UTS, YS, El) at 300 °C of the aged
specimens (a), and (b) the correlation of the mechanical properties to the area fraction of hard
primary intermetallics.

In general, the tensile strength of aged hypereutectic alloys at a high temperature of 300 °C
depends on the presence of primary intermetallics that are formed in the microstructure. The
average values of tensile properties including ultimate tensile strength (UTS), yield strength (YS)
and percentage elongation (%EIl) of the experimental alloys at high temperature of 300 °C are
shown in Fig. 5 (a). The results showed that the application of USP improves strength and ductility
in all experimental alloys.

Note that among the hypereutectic alloys, Al-16Si-0.3Zr has the highest UTS and YS after
USP, while Al-8Ni-0.3Zr demonstrated the highest ductility. To better analyze the relationship of
microstructure and mechanical properties, the comparison of the amount of hard particles in each
hypereutectic alloys with the mechanical properties were correlated and given in Fig. 5 (b). The
results showed that the highest UTS in Al-16Si-0.3Zr came along with higher area fraction of hard
particles, which also led to the reduced elongation. While the optimum combination of UTS and
elongation can be found in the hypereutectic Al-8Ni-Zr alloy, which may be because of the
beneficial ratio of the lower area fraction of hard particles and the smaller size of intermetallics as
shown in Fig.3(c, d).

The presence of Zr in the solid solution after solidification and its precipitation at 450 °C
as shown in Fig. 4 may additionally contribute to the hardening of all studies alloys as
demonstrated elsewhere [8]. This hardening effect will be of course preserved at 300 °C.



Fractographic observations
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Figure 6 Fracture surface of annealed samples after tensile testing at 300 °C of different
experimental alloys that were cast without USP (a-c), and the samples that were cast with USP (d-

f); (a, d) Al-16Si-0.3Zr, (b, e) Al-4Fe-0.3Zr, (c, f) Al-8Ni-0.3Zr.

To better understand fracture behavior and fracture mode of hypereutectic Al-16Si, Al-4Fe
and Al-8Ni alloys with 0.3% Zr addition, fractured tensile test specimens were investigated as
shown in Fig. 6. It is clear that the cracks on the fracture surface initiated at the large intermetallics
of primary Si, AlsFe and AlsNi intermetallics and propagated along the interface between the
intermetallic and eutectic phases. In USP sample, however, the propagation of the crack tended to
go through the solid solution/eutectic matrix with much less stress concentration on the refined
intermetallics, which explains the simultaneous improvement of tensile strength and ductility in
USP treated alloys.

Electrical conductivity
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Figure 7 Electrical conductivity of three hypereutectic alloys of Al-16Si, Al-4Fe and Al-8Ni with
0.3 wt% Zr addition



For potential electric applications, three types of hypereutectic alloys with Zr addition that
were cast with and without USP were investigated for the electrical conductivity.

Figure 7 illustrates the electrical conductivity of as-cast and annealed samples of
experimental alloys that were treated in different conditions. The results show that among all of
the tested hypereutectic alloys, the electrical conductivity of the Al-4Fe-0.3Zr and Al-8Ni-0.3Zr
alloys were consistently higher than the Al-16Si-0.3Zr alloy in both as-cast and aged conditions.
This is due to the fact that Fe and Ni elements have less detrimental effect on the conductivity of
aluminum due to their lower solid solubility [16, 17]. Both Al-4Fe-0.3Zr and Al-8Ni-0.3Zr alloys
have their lowest measured conductivity (37-40 % IACS) substantially higher than those of
conventional alloys (28 % IACS) [3]. The results also showed that the electrical conductivity
increased when the alloys were further treated in annealed at 450 °C. This is the result of Zr
precipitation from the aluminum solid solution so that almost pure Al remains to assure good
electrical conductivity. At the same time, USP does not provide extra benefits for the electrical
conductivity. Its benefits are in the grain and intermetallics refinement with the overall
improvement of mechanical properties without reducing the electrical conductivity.

Conclusion

e The structure refinement in hypereutectic Al-Si, Al-Fe and Al-Ni alloys with addition of Zr
can be achieved by ultrasonic melt processing in the range of primary intermetallic
solidification.

e The Al-4Fe-0.3Zr and Al-8Ni-0.3Zr alloys have higher electrical conductivity as compared
to the hypereutectic Al-16Si-0.3Zr alloy.

e The ultrasonic melt processing can be used to achieve structure refinement, improvement of
mechanical properties (both strength and ductility) while retaining high electrical
conductivity.

e The tensile properties of hypereutectic alloys are related to the area fraction and size of
refined primary intermetallics.
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