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Abstract: In this study, ultrasonic vibration (USV) was evaluated in preparation of Al–8wt.%Cu alloys
at a lab-scale. Moreover, the role of Ti–6Al–4V sonotrode erosion and its contribution in grain refining
were analyzed. Based on the experimental conditions/parameters, it was found that the amount of
impurities and the associated porosity were significantly reduced in USV treated alloys. Furthermore,
USV reduced the time needed for dissolving the alloying element Cu, nevertheless, the best dissolving
of Cu in this study was not possible without introducing further holding time. As a result of using a
titanium-based sonotrode, a noticeable content of Ti was found in the ultrasonically treated alloys
due to sonotrode erosion under USV. The dispersion of TiAl3 promoted, as a main factor, a grain
refining effect at relatively constant and high melt temperature, other possible mechanisms of grain
refining have been discussed.

Keywords: ultrasonic vibration; aluminum alloy; impurities; porosity; grain refining; sonotrode
erosion; stirring

1. Introduction

The reliability of research results highly depends on the quality of the utilized materials such as
the filler alloys in brazing or welding. In many brazing or welding studies, filler alloys have to be
designed and developed according to the research objective [1]. The quality of the filler alloy is the
first precondition for a successful brazing process. The developing of the required lab-scale alloys
could start from their pure elements [2], from master alloys and pure elements [3], or the filler alloy
could be mixed during the brazing process itself by using interlayers of the alloy elements [4]. Element
concentrations in the final alloys can be slightly different from the theoretical ones depending on the
processing conditions of the melt.

Braze filler alloys should be free of pores and oxides, and they should have a homogeneous
distribution of alloying elements. In lab-scale brazing experiments, for each type of filler alloy under
testing, the quantity of filler is usually limited. Therefore, preparing a filler alloy at a lab-scale is an
imperative step in several cases, since the required alloy cannot be found ready in the market nor be
obtained in a small quantity. Consequently, more attention should be paid in this regard.

Concerning defects in aluminum castings, porosity has been held as the defect responsible for
the majority of failures. Hydrogen and shrinkage are the main contributors to porosity formation,
while the bifilms act as crack and hydrogen porosity initiators [5,6]. Hydrogen dissolves easily in liquid
aluminum, but it is far less soluble in the solid state of aluminum—during solidification, the excess
hydrogen is rejected from the solidification front, forming an interdendritic porosity [5,7].

Ultrasonic vibration (USV) provides multiple significant effects in melt processing. High-intensity
USV generates oscillating pressure inside the melt. The formation of cavities (the tiny bubbles) occurs
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under the tensile stresses during the rarefaction half period of the oscillating pressure. During a
USV application in a melt, continuous formation, expansion, and collapsing of the formed bubbles
take place. The bubbles collapsing is a result of the next compression half period of the oscillating
pressure. On the other hand, the medium and large bubbles can coalesce and float to the surface
of the melt, thus absorbing the dissolved gas. The formation of those numerous cavities and their
subsequent actions promote—among other effects—the melt degassing, the wetting of solid inclusions,
and microstructure modifications [8]. A high level of degassing was reported by applying USV in a
molten Al–9Si–3Cu alloy for 2 min at 700 ◦C [9]. At a lower temperature range, the application of USV to
an Al–9Si–3Cu–(Fe) alloy during cooling until 618 and 580 ◦C changed the morphology of primary α-Al
from dendritic to a more globular structure [10]. In that study, a USV modified and homogeneously
dispersed the intermetallic compounds in the matrix, compared with the non-USV-treated samples.
Additionally, in many alloy systems, USV has proven to be an effective tool for grain refining and
microstructure modification. For instance, the modification of AZ91 grains to globular ones [11], the
refining of coarse dendrites, and the redistribution of solute elements homogeneously which can occur
by applying USV during the solidification of the Ti–44Al–6Nb–1Cr alloy [12].

The effect of the alloying elements on the properties of an alloy would be valid and significant only
if the homogeneous distribution of those alloying elements through the alloy is achieved. For instance,
the uneven distribution of Zr, which has a low solubility in aluminum, may produce a coarse primary
intermetallic in the structure where the concentration of that element is high [13]. By applying USV,
the homogenization of melts could be accelerated helping to achieve a true solution state without a
superheating step in shorter holding times, e.g., the USV effect reported in the Al–Pb–Na–Ca, Pb–Sn
and Al–Fe alloys [8].

When adding alloying elements to molten aluminum in normal air conditions, a fast oxidation of
the surfaces takes place. The oxides on the surfaces of an element being charged into the melt slow
its dissolution in the matrix. On the other side, in USV applications, the surfaces of those oxidized
particles in the melt act as scattering sources of the vibration and, at the same time, act as cavitation
nuclei which should accelerate the dissolving of the charged element. The strong acoustic streams
and secondary flows, as results of cavitation, promote the rapid mixing of the soluble and insoluble
inclusions [8,14].

This work aimed to study the effect of employing USV in producing lab-scale Al–Cu alloys.
The Al–8wt.%Cu alloys preparation was done without any further melt processing such as pre-settling
operation, inert atmosphere, argon degassing, filtration, or fluxing [15]. In the present study, the effects
of USV on the content of defects, microstructure modification, and Cu dissolving level were investigated.
Furthermore, the role of sonotrode erosion in grain refining was analyzed and discussed.

2. Materials and Methods

2.1. Materials

Commercial pure aluminum cuts with similar size ranges and (30 × 30 × 2 mm3) copper segments
were prepared and cleaned by detergent, hot water, and acetone before being dried thoroughly.
An aluminum oxide crucible with the internal dimensions shown in Figure 1-Section A was used for
the melting process. The chemical composition of the commercially pure elements (CP) is presented in
Table 1.

Table 1. Composition of the pure elements in wt.%.

Element Si Cu Fe Zn Al

CP Al 0.055 0.008 0.059 - Bal.
CP Cu - Bal. - 0.296 -
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Figure 1. Schematic diagram of the ultrasonic vibration (USV) process showing the mechanical parts 
of the ultrasonic system, crucible dimensions (D1 and L1), the sonotrode tip diameter D0, the 
immersing distance D0 of the sonotrode inside the melt, and the additional thermocouple 2 and its 
location for monitoring the melt temperature. All dimensions are by mm. 

Table 1. Composition of the pure elements in wt.%. 

Element Si Cu Fe Zn Al 
CP Al 0.055 0.008 0.059 - Bal. 
CP Cu - Bal. - 0.296 - 

2.2. Expermintal Set-Up of Melt Processing 

According to the total weight of the melting charge (128 ± 3 g) and the elements weight percent 
(Al–8Cu), the weight portions of the elements were calculated and prepared for each trial. An 
electrical resistance furnace equipped with a PID temperature controller was used for the melting 
process under normal air atmosphere. An additional two electric furnaces were used for heating the 
copper mold and the sonotrode. A ceramic rod was used for manual stirring. Melt temperature was 
acquired and recorded with a 10 readings/second acquisition-rate using a LabVIEW application, a K 
type thermocouple (Thermocouple 2 in Figure 1), and an NI–9211 temperature input module from 
National Instruments. The ultrasonic system consisted of a 1000 W ultrasonic power supply (MP 
Interconsulting, Le Locle, Switzerland), a high-power ultrasonic converter (piezoelectric transducer), 
an acoustic booster, a waveguide, and a sonotrode. Figure 1 shows a schematic diagram of the USV 
process including the mechanical parts of the ultrasonic system, the crucible dimensions, and the 
immersing distance. The sonotrode was tuned to work at 20 ± 0.2 kHz at the melt processing 
temperature, the delivered electrical power to the transducer was 300–330 w. The tip diameter of the 
manufactured sonotrode was D0 = 16 mm before starting alloys preparation. 

The process started at 700 ± 5 °C by adding Cu segments after Al was completely melted. After 
Cu addition with manual stirring using a ceramic rod, the melt was kept for 15 min, followed by 
additional manual stirring or USV treatments according to the selected processing method (Table 2). 
The melt temperature was maintained at 700 ± 5 °C during the holding periods after mixing and 
between processing periods (by manual stirring or USV). After ultrasonic treatment or manual 

Figure 1. Schematic diagram of the ultrasonic vibration (USV) process showing the mechanical parts of
the ultrasonic system, crucible dimensions (D1 and L1), the sonotrode tip diameter D0, the immersing
distance D0 of the sonotrode inside the melt, and the additional thermocouple 2 and its location for
monitoring the melt temperature. All dimensions are by mm.

The most recent phase diagram of Al–Cu was given by Riani et al. [16], who based theirs on
the diagram suggested by Liu et al. [17]. To carry out this study, a hypoeutectic Al–Cu alloy with
a theoretical ratio of 8% Cu was chosen. The final structure of the alloy consisted of an α phase
surrounded by the eutectic phase of α and θ(Al2Cu), which is stable up to 591 ◦C. The total weight of
the melting charge was 128 ± 3 g.

2.2. Expermintal Set-Up of Melt Processing

According to the total weight of the melting charge (128 ± 3 g) and the elements weight percent
(Al–8Cu), the weight portions of the elements were calculated and prepared for each trial. An electrical
resistance furnace equipped with a PID temperature controller was used for the melting process under
normal air atmosphere. An additional two electric furnaces were used for heating the copper mold
and the sonotrode. A ceramic rod was used for manual stirring. Melt temperature was acquired
and recorded with a 10 readings/second acquisition-rate using a LabVIEW application, a K type
thermocouple (Thermocouple 2 in Figure 1), and an NI–9211 temperature input module from National
Instruments. The ultrasonic system consisted of a 1000 W ultrasonic power supply (MP Interconsulting,
Le Locle, Switzerland), a high-power ultrasonic converter (piezoelectric transducer), an acoustic booster,
a waveguide, and a sonotrode. Figure 1 shows a schematic diagram of the USV process including
the mechanical parts of the ultrasonic system, the crucible dimensions, and the immersing distance.
The sonotrode was tuned to work at 20 ± 0.2 kHz at the melt processing temperature, the delivered
electrical power to the transducer was 300–330 w. The tip diameter of the manufactured sonotrode
was D0 = 16 mm before starting alloys preparation.

The process started at 700 ± 5 ◦C by adding Cu segments after Al was completely melted. After
Cu addition with manual stirring using a ceramic rod, the melt was kept for 15 min, followed by
additional manual stirring or USV treatments according to the selected processing method (Table 2).
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The melt temperature was maintained at 700 ± 5 ◦C during the holding periods after mixing and
between processing periods (by manual stirring or USV). After ultrasonic treatment or manual stirring
and at a temperature of 695–715 ◦C, the melt was poured directly into a tilted copper mold under
normal air atmosphere. The copper mold was pre-heated to 300 ± 5 ◦C and moved quickly to the
casting place. An amount of the melt remained in the crucible, and it was disposed after filling the
mold. Due to settling, this amount should be enriched with the inclusions/impurities of densities
higher than that of the melt [18]. The surface of the melts was skimmed several times during the
process and before pouring to remove dross and other floating impurities.

Table 2. Preparation parameters of the produced Al–Cu alloys.

Using Manual Stirring

Batch Code
Mixing Holding Manual Stirring Holding Manual Stirring Holding

min

15M 5 15 2 5 - -
45M 5 15 2 45 2 5

Using Ultrasonic Vibration (USV)

Batch Code
Mixing Holding USV Holding USV -

min

15U 5 15 2 - - -
45U 5 15 2 45 2 -
90U 5 15 2 90 2 -

In the ultrasonically processed melts, the tip of the sonotrode was heated to ~700 ◦C before being
transferred quickly to the melt. However, the temperature variation of the small-size treated samples
during the addition/stirring/USV stages was 685–715 ◦C. The heated sonotrode tip caused a limited
decrease in melt temperature once it was immersed to 15 ± 1 mm under the melt surface, but then the
temperature started to increase up during USV and reached ~715 ◦C by the end of the process.

The solidified sample in the copper mold was removed after ~10 min and kept to cool down until
room temperature.

The humidity and temperature were monitored and recorded using a thermo-hygrometer Testo
625 (Testo, Lenzkirch, Germany) within an hour time window during the casting process for each
sample, and the average measurements for the samples in their batch are presented in Figure 2.
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Figure 2. The average recorded humidity and temperature during the experiments.

2.3. Microstructure, Impurities, and the Associated Porosity Characterization

Samples for microstructure characterization, impurities and the associated surface porosity
evaluation, and for chemical composition measurements were taken by sectioning the castings in
each batch perpendicularly to their longitudinal axis, as represented in Figure 3. After cutting and
polishing the section A–A of as cast-samples, the defects in the cross-section surface were evaluated
and compared. Further specific analyses were conducted for the first and second phases at the same
section A–A. Spectrometer analyses were performed at the cross-sections A–A and B–B.
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the associated porosity characterization. 

Figure 3. Schematic diagram of the as-cast sample. The examined surfaces by spectrometer were at
the sections A–A and B–B, while SEM/EDS and light microscope images/analyses were taken at the
section A–A. Section A-A is considered at the middle of the sample after removing the upper part. All
dimensions are by mm.

The sectioned samples for microstructure, impurities and the associated surface porosity
characterizations were ground using a series of increasingly finer SiC papers up to P4000 and
then polished with polycrystalline 1 µm diamond suspension, followed by 0.02 µm of colloidal silica.
They were then ultrasonically cleaned. The images used in evaluating the grain size and defects on
the sections surfaces were obtained by a light microscope LEICA DM 2500 M (Leica Microsystems).
An image processing package Fiji (ImageJ, 1.52h, National Institutes of Health, Bethesda, MD, USA) [19]
were used for defects evaluation (Figure 4). The samples used for microstructure characterization by
light microscope were anodized using ultrasonically stirred solution of 1.25% fluoroboric acid in distilled
water. The chemical composition of the produced alloys was determined using SPECTROMAXx
optical emission spectroscopy (SPECTRO, AMETEK Materials Analysis Division). For each batch of
spectrometer measurements, the same standard sample with accurate composition was used for a
further calibration of the measurements. A FEI Nova 200 Scanning Electron Microscope (SEM) equipped
with integrated X-ray microanalysis (Energy-dispersive spectrometer EDS) was used for additional
microstructure characterization and chemical composition analyses of the phases and impurities.Metals 2019, 9, x FOR PEER REVIEW 6 of 21 
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Figure 4. The followed method for calculating impurities and the associated porosity content at section
A–A. (1) Obtaining microscope images for all the cross-section area at 50×magnification in each sample
in the batch. (2) Combining and processing each sample images. (3) Extracting a central area form
the combined image. (4) Processing each image by Fiji (ImageJ) software and reporting the average
measurements of the samples in each batch.
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At 50×magnification, a total area of 28.2 × 28.2 mm2 at section A–A in each batch was scanned
and studied without chemical etching. Figure 4 demonstrates the followed method for impurities and
the associated porosity characterization.

2.4. Expermintal Set-Up of USV in Water

Testing USV in water with some introduced Cu segments/particles with different sizes should
support the understanding of a USV application in liquid aluminum since there is some similarity with
aluminum melt properties at the 700 ◦C temperature (close Reynolds numbers and small Ohnesorge
numbers) [20]. Moreover, the acoustic spectra for liquid aluminum and water follow a similar
pattern [20], which makes water the closest candidate to resemble the liquid aluminum except what
concerning the attenuation [21]. Figure 5a,b shows the USV application in water with introduced
Cu segments/particles which simulate the state of Cu segments in the melt after the manual mixing
and partial dissolution of Cu cuts. An optimized sonotrode for work in normal temperature (slightly
different length) was used for the experiment in water with similar USV parameters of the high
temperature experiments in the melt. Once USV was activated, the mixture was strongly agitated.
The small Cu particles distributed and circulated almost all over the water volume. Medium-sized Cu
segments mostly distributed in the middle, while the largest ones were close to the cup base. Based
on the experiment in water, a schematic diagram of the process in the melt of different Cu zones was
suggested (Figure 5c). It is worth mentioning that the acoustic flows pattern represented in Figure 5a,c
was roughly similar to the typical one presented by Eskin and Eskin [8] and Fang et al. [22].Metals 2019, 9, x FOR PEER REVIEW 7 of 21 
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Figure 5. (a,b) USV in water with amount of Cu segments/particles. (c) Suggested schematic diagram
of the USV process in the melt based on (a,b). Cu segments distributed mostly according to their sizes
through Zone 1, Zone 2, and Zone 3. The relatively smaller Cu particles distribute and circulate over
all the melt. 1—Sonotrode, 2—Crucible, 3—Al–Cu melt which contains unmelted amount of copper,
4—Furnace coil.
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2.5. FE Optimization of the Sonotrode

A sonotrode with slightly a different length was used to apply USV in water in a normal
temperature using similar USV parameters of the high temperature experiments in the melt (Figure 5).
The optimization of the sonotrode dimensions, to work at 20 ± 0.2 kHz in a longitudinal vibration
mode at different temperatures, was carried out using COMSOL v5.3. For the optimization at melt
temperature, a linear temperature dependence to Young’s modulus should be used, and the thermal
expansion could be considered for further accuracy. After the preliminary design calculations and
using the FEM software, the manufactured sonotrode was tested practically and readjusted to match
the wanted frequency in the work temperature (Figure 6). By increasing temperature, the equilibrium
interatomic separation increased, which led to a linear reduction of Young’s module. The modulus E at
temperature T can be described by the approximate equation [23]:

E = E0[1 + α
( T

Tm

)
], (1)

where E0 is Young’s modulus at 0 K, α is the proportionality constant, and Tm is material’s absolute
melting temperature.
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treatment in batch 15U resulted in substantial reduction in the defects amount at the middle section 
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measurements were more consistent comparing to batch 15U (the error bars in Figure 7). 

Figure 6. Optimization of the sonotrode for high temperature. (a) Sketching the main design. (b)
Solving the model for a normal temperature and for a high temperature by changing the length after
introducing the dependent properties on temperature (explained up); (c) manufacturing the sonotrode
with some length tolerance for experimental analysis, taking into account that (d) the eigenfrequency at
the wanted eigenmode (longitudinal vibration mode in the present study) can be reduced when the
temperature increases and can be increased by reducing the length of the sonotrode. The attenuation
factor inside the melt should be considered as well.

An analytical method was used to obtain the preliminary dimensions. The stepped sonotrode is
treated as two connected cylindrical sonotrodes, and their initial design lengths—for free and unloaded
stepped sonotrode at normal temperature—are an odd number of quarter-wavelength multiples [24]:

l1 = (2n + 1)
πc
2ω

, l2 = (2k + 1)
πc
2ω

, (k, n = 0, 1, 2, . . .), c =
√

E/ρ, (2)

where ω is the angular frequency of vibration, c is sound speed in the rod material, and ρ is the
material’s density. Depending to the cross sections, correction factors could be involved in calculating
l1 and l2 at normal temperatures [25].
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The input and the output diameters can be calculated by considering the diameter of the previous
part (waveguide) and the required amplification [8]:

k = (
D1

D2
)

2
, (3)

3. Results and Discussion

3.1. The Impurities and the Associated Surface Porosity Content

Following the method presented in Figure 4, the results showed that applying the first USV
treatment in batch 15U resulted in substantial reduction in the defects amount at the middle section A–A
of the castings, as is shown in Figure 7. In batches 45U and 90U, introducing further holding times and
applying the second USV changed the observed defects content slightly, however, the measurements
were more consistent comparing to batch 15U (the error bars in Figure 7).
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After feeding Cu and applying a holding time of 15 min, the castings had many defects—mainly
impurities and pores (Figure 8a). The observed quality of the samples was relatively lower
after introducing a second holding time of 45 min followed by a second manual stirring period
(Figures 7 and 8b). This effect was probably due to the humidity in the atmosphere, since the melt was
kept for 45 min at relatively high temperature. In usual practices, many methods have been studied
and applied for improving the quality of the produced alloys [15]. However, in the present study,
any commercial or developed techniques were avoided in order to allow a clear understanding of USV
effect on the quality of the produced alloys.

After USV treatment for 2 min, the examined cross section A–A of the samples in batch 15U
showed a good section surface with reduced sizes and content of the pores (Figure 9a), compared with
the manual stirred batches (Figure 8). The entire cross-sections A-A of two samples from the batches
45M and 15U are presented in Figure 4, step 2 for the comparison. In batch 45U, adding a second
2 min of USV treatment prior to casting, combined with a holding time of 45 min, produced a slightly
better quality, on average. However, the produced samples had less quality variations compared with
batch 15U (the error bar in Figure 7). Increasing the holding time to 90 min did not help in reducing
the amount of the observed defects; inversely, the content of defects increased slightly (insignificant
statistically comparing to 45U) (Figures 7 and 9c).



Metals 2019, 9, 781 9 of 20

Metals 2019, 9, x FOR PEER REVIEW 9 of 21 

 

 

Figure 7. The content of impurities and the associated surface porosity for all batches. 

After feeding Cu and applying a holding time of 15 min, the castings had many defects—mainly 
impurities and pores (Figure 8a). The observed quality of the samples was relatively lower after 
introducing a second holding time of 45 min followed by a second manual stirring period (Figures 7 
and 8b). This effect was probably due to the humidity in the atmosphere, since the melt was kept for 
45 min at relatively high temperature. In usual practices, many methods have been studied and 
applied for improving the quality of the produced alloys [15]. However, in the present study, any 
commercial or developed techniques were avoided in order to allow a clear understanding of USV 
effect on the quality of the produced alloys. 

  
(a) (b) 

Figure 8. The produced Al–Cu alloy samples from (a) batch 15M and (b) batch 45M, both without 
chemical etching. 

After USV treatment for 2 min, the examined cross section A–A of the samples in batch 15U 
showed a good section surface with reduced sizes and content of the pores (Figure 9a), compared 
with the manual stirred batches (Figure 8). The entire cross-sections A-A of two samples from the 
batches 45M and 15U are presented in Figure 4, step 2 for the comparison. In batch 45U, adding a 
second 2 min of USV treatment prior to casting, combined with a holding time of 45 min, produced 
a slightly better quality, on average. However, the produced samples had less quality variations 
compared with batch 15U (the error bar in Figure 7). Increasing the holding time to 90 min did not 
help in reducing the amount of the observed defects; inversely, the content of defects increased 
slightly (insignificant statistically comparing to 45U) (Figures 7 and 9c). 

Figure 8. The produced Al–Cu alloy samples from (a) batch 15M and (b) batch 45M, both without
chemical etching.Metals 2019, 9, x FOR PEER REVIEW 10 of 21 

 

  
(a) (b) 

(c) 

Figure 9. The produced Al–Cu alloy using USV. (a) Batch 15U, (b) batch 45U, and (c) batch 90U, all 
without chemical etching. 

It is known that hydrogen content depends considerably on atmospheric humidity [26]. During 
alloy preparation and without any assistant refining or cleaning process, the alloy becomes massively 
contaminated with non-metallic impurities and hydrogen, such as the case of batches 15M and 45M. 
Applying USV was an efficient way to reduce defects in the batches 15U, 45U, and 90U (Figure 7).  

The cavitation provided by USV is highly active on the surface of the impurities since their 
interfaces act as cavitation nuclei and favor the development of cavities [8]. According to the 
numerical investigation of Brujan [27], when a cavitation bubble collapses, a micro-jet is formed and 
reaches a high velocity between 80–120 m/s. The high-velocity micro-jet and the cyclic pressure 
induced by the cavities on the surface of the inclusions could initiate micro-cracking followed by the 
fragmentation of oxide inclusions. The acoustic streaming enhances also this effect by bringing a new 
melt continuously to the cavitation zone. The breakage mechanism of the titanium oxide layer under 
USV effect was clarified experimentally [28]. Referring to the experiment in water in the current study 
(Figure 5), a number of tiny particles floated to the surface of the water during USV. Based on that, 
after the fragmentation of inclusions, the tiniest of those particles probably moved along the 
cavitation bubbles and floated to the surface; this assumption is in consonance with the suggestions 
of Zhang et al. [29]. In general, melt processing by USV promoted the quality of the alloys by 
noticeably reducing the content and sizes of defects, however, the direct contribution of grain refining 
should be considered as well in reducing the pores sizes [30]. The grain refining is discussed in a later 
section. 

Impurities in aluminum melts can be divided into soluble and insoluble impurities. Most of the 
insoluble ones are oxides from the raw materials, and other impurities come from the crucible and 
melting tools. The well-known fragile thin layer of oxide 10–15 μm which usually protects liquid 
aluminum is a main source of those oxides in the melt [31]. It should be noted that feeding Cu into 
the melt in normal atmosphere should be fast enough to prevent a severe oxidation of the surface if 

Figure 9. The produced Al–Cu alloy using USV. (a) Batch 15U, (b) batch 45U, and (c) batch 90U,
all without chemical etching.

It is known that hydrogen content depends considerably on atmospheric humidity [26]. During
alloy preparation and without any assistant refining or cleaning process, the alloy becomes massively
contaminated with non-metallic impurities and hydrogen, such as the case of batches 15M and 45M.
Applying USV was an efficient way to reduce defects in the batches 15U, 45U, and 90U (Figure 7).
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The cavitation provided by USV is highly active on the surface of the impurities since their
interfaces act as cavitation nuclei and favor the development of cavities [8]. According to the numerical
investigation of Brujan [27], when a cavitation bubble collapses, a micro-jet is formed and reaches a
high velocity between 80–120 m/s. The high-velocity micro-jet and the cyclic pressure induced by the
cavities on the surface of the inclusions could initiate micro-cracking followed by the fragmentation of
oxide inclusions. The acoustic streaming enhances also this effect by bringing a new melt continuously
to the cavitation zone. The breakage mechanism of the titanium oxide layer under USV effect was
clarified experimentally [28]. Referring to the experiment in water in the current study (Figure 5),
a number of tiny particles floated to the surface of the water during USV. Based on that, after the
fragmentation of inclusions, the tiniest of those particles probably moved along the cavitation bubbles
and floated to the surface; this assumption is in consonance with the suggestions of Zhang et al. [29].
In general, melt processing by USV promoted the quality of the alloys by noticeably reducing the
content and sizes of defects, however, the direct contribution of grain refining should be considered as
well in reducing the pores sizes [30]. The grain refining is discussed in a later section.

Impurities in aluminum melts can be divided into soluble and insoluble impurities. Most of the
insoluble ones are oxides from the raw materials, and other impurities come from the crucible and
melting tools. The well-known fragile thin layer of oxide 10–15 µm which usually protects liquid
aluminum is a main source of those oxides in the melt [31]. It should be noted that feeding Cu into
the melt in normal atmosphere should be fast enough to prevent a severe oxidation of the surface
if no protection method is employed. Figures 10 and 11 show examples of impurities observed in
the samples.
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3.2. The Microstructure of the Produced Alloys

The microstructure of the produced alloys consists of typical primary α-Al dendrite surrounded
by a eutectic mixture of secondary α-Al and Al2Cu (Figure 12a,b). Figure 12c shows microscale
composition variations across the eutectic and the primary phase (batch 45M).
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where the lighter phase is the intermetallic Al2Cu. (c) EDS line (60 points) showing the variation of the
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In the samples of batches 15U, 45U, and 90U, the heterogeneous eutectic mixture of secondary
α-Al and Al2Cu showed generally finer eutectic morphology (Figure 13c–e) in comparison to the
manual stirred samples in batch 45M (Figure 13b), while the sample of batch 15M showed some
irregular and finer eutectic morphology in some locations (Figure 13a) compared to batch 45M.
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The manually stirred samples exhibited normal and coarse microstructures (Figure 14a), while the
samples treated by USV showed refined microstructures (Figure 14b–d). The average grain size (at 1 mm
from the outer edge of section A–A) was decreased to (70–83) µm in the ultrasonically-treated alloys.
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3.3. The Cu and Ti Content in the Produced Alloys

Optical emission spectroscopy was used to quantify the chemical composition of the produced
alloys and as a macroscale indication of the alloying elements distribution. The measurements were
conducted at two locations (the cross sections A–A and B–B in Figure 3), and then the measurements
were calibrated by a standard sample with an accurate and known composition for greater precision.
Figures 15 and 16 display the calibrated measurements and the average of Cu and Ti content, respectively,
at the two specified locations. The distribution of the measurements around the mean values represents
the variability in Cu% content and gives an indication of alloy homogenization over macroscale
distance. Due to the USV treatment using a titanium-based sonotrode, the erosion of the sonotrode
introduced an average of 0.2–0.24 wt.% of Ti in the alloys (Figure 16).
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It is evident from Figure 15 that applying USV or/and increasing the holding time increases the
dissolved content of copper and improves alloy homogenization. The samples of batch 90U had
the maximum average Cu content at the middle section A–A (Figure 15a). Compared with 45U and
90U, the Cu measurements of the batch 15U samples showed a relatively high divergence around
the average value (Figure 15a) as well as a high difference around the average value of the measured
defects (Figure 7). The variation in Cu content around the average value in batch 15U at the middle
section A–A (Figure 15a) implies that the complete dissolution of Cu was not achieved yet.

For the batches 15M and 45M, applying a holding time without agitating the melt strongly
probably ended with settling of Cu segments/particles. Therefore, when pouring the melt, an amount
of those particles can be held within the remaining melt in the crucible and may enter the mold at
the end of the pouring process. This remaining melt, besides the positive segregation at the top of
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castings [32], could give rise to considerable variations in the average Cu content between sections
A–A and B–B and also give rise to the high divergence of Cu measurements around the average value
at section B–B (Figure 15b). The Cu particle settling also may explain the relatively small variation
in Cu content at the middle section A–A for the 15M and 45M samples. Furthermore, the humidity
changes (Figure 2), particularly for the manual stirred samples, should also be considered.Metals 2019, 9, x FOR PEER REVIEW 16 of 21 
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It is well recognized that most USV effects are associated with acoustic cavitation and acoustic
streaming. The collapse of cavitation bubbles is coupled by shock wave generation, microstreams, and
microjets, all of which can facilitate heat, mass transfer, and an increased mixing level [33]. The acoustic
streaming is a steady fluid motion resulting as a consequence of the attenuation of high-amplitude
USV [22]. The observation of Cu segments/particles in water (Figure 5) demonstrated that they were
passing rapidly—according to their relative sizes—through the effective zone of cavitation under



Metals 2019, 9, 781 16 of 20

the sonotrode. The powerful acoustic streaming, therefore, had significant effect in accelerating the
dissolution and the distribution of the alloying element throughout the melt volume and bringing
the fresh melt into the cavitation zone under the sonotrode. In spite of that, the relatively large size
segments were pushed down to the crucible base, and the rapidly circulated Cu segments were also
not subject to continuous erosion by the cavitation under the sonotrode. This may emphasize the need
for a certain holding time along with USV treatment.

Following Figure 5, the smaller size of Cu segments/particles, the better their circulation and
distribution in water. For an aluminum melt, that may also explain some result variations regarding
the samples in the same batch (in ultrasonically-treated alloys). The manual feeding and stirring at the
beginning of the process could leave behind some Cu segments of various sizes, leading to unequal
dissolution rates during USV and giving rise to some variations in quality.

The alloying elements usually have a lower solubility in the solid phase of the base metal.
Therefore, the solutes are rejected into the liquid phase during solidification, resulting in the continuous
enrichment of the liquid by solutes, leaving the primary formed solid with lower solute concentration
and creating microsegregation [34]. The movements of microsegregated regions over macroscopic
distances produce macrosegregation [35]. Macrosegregation is one of the major and irreversible
defects in castings. The chemical analyses of the batches 45U and 90U showed more consistent
Cu measurements at the same section and less variation by comparing the sections A–A and B–B
(Figure 15). The lowest difference was in batch 90U (almost identical), and the macrosegregation was
clearer in batch 45U.

3.4. The Role of Sonotrode Erosion

Titanium and its alloys usually show a good erosion resistance in molten aluminum. However,
some alloys, such as the Nb–30Ti–20W alloy, have superior resistance [36]. The cavitation erosion
of the sonotrode accelerates the formation of TiAl3 on its surface followed by the dispersion of the
fine TiAl3 particles in the Al melt [37]. By the effect of cavitation and acoustic streaming, the fine
TiAl3 at the beginning of USV is supposed to dissolve faster, and the melt should be saturated with
homogeneously distributed Ti. The dissolution time depends also on both the melt temperature and
the size of TiAl3 [38]. Under USV, the reformation of tiny TiAl3 could be possible by the action of local
undercooling followed the collapse of the cavities. Nevertheless, due to the continuity of sonotrode
erosion, the content of Ti exceeded 0.15% (the peritectic concentration in Al–Ti phase diagram at Al
side) (Figure 16). Therefore, it supposed that TiAl3 was stable and acted as a nucleation site for the
primary aluminum phase [38,39]. Based on that, the refining effect at a relatively constant temperature
higher than the liquidus temperature was possible.

The extreme pressure when a bubble collapses during USV can undercool the liquid, thus causing
nucleation. The Clapeyron equation describes the relationship between the change of the pressure and
the melting temperature [40]:

∆TM/∆P = T∆V/∆H, (4)

where ∆TM, ∆P, ∆V, and ∆H are the changes in melting temperature, pressure, volume and enthalpy,
respectively; and T is the absolute temperate. Without the existence of Ti, the survival of the nucleus is
difficult, since the melt of Al–8Cu was ultrasonically-treated in a temperature far from its liquidus
temperature. Several studies reported a poor refining effect of USV using a sonotrode with Nb tip
(no dispersion and dissolution of TiAl3) in a temperature higher than the liquidus temperature of the
treated alloy [41,42]. In the current study, only few bulky TiAl3 particles (Figure 17) were observed in
the center of some grains. Further EDS analyses were conducted, and a trace of Ti was also detected in
the primary phase α-Al (Figure 18 and Table 3).
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Table 3. EDS quantification of the points in Figure 18.

Element

Z1 Z1*

Batch 45U

wt.%

Al 96.36 96.99

Cu 2.90 2.11

Ti 0.74 0.90

Total 100 100

Other sources of heterogeneous nucleation could be considered. The wetting of non-metallic
impurities’ surfaces by the liquid metal becomes possible by USV, and this wetting can turn them
into additional solidification sites to contribute in the grain refinement effect [43]. The nucleation
behavior could be promoted by specific geometrical conditions of a microcrack on a surface of oxide
where the interface between the liquid and the solid formed in the microcrack is concave. In this case,
according to the Gibbs–Thomson equation, a solid embryo can exist and grow to solidification nucleus
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if the temperature decreases [44]. On the other side, a Ti solute being present in the liquid can hinder
the growth of Al grains [39,45,46]. According to the solute theory, the nucleants and the segregating
elements are important in grain refinement. The segregating of an element and its subsequent growth
restriction effects are identified by the growth restriction factor (GRF), where the local excess solute
concentration ahead of the growth front causes supercooling and restricts the dendrite growth.

Though the erosion of the sonotrode is undesirable, this technique could be used for introducing
fine TiAl3 particles into the melt using an expendable tip of titanium or introducing any other alloying
element, thus achieving a homogeneous distribution of that element.

4. Conclusions

In this study, ultrasonic vibration (USV) was employed to produce Al–8wt.%Cu alloys from their
pure elements at a lab-scale. The present study analyzed and explained the effect of USV on the
quality of the treated alloys, which could be regarded as a fundamental issue for further development
when taking into consideration any subsequent heat treatments or filtration techniques. In addition,
the impact of the Ti–6Al–4V sonotrode erosion on the microstructure was investigated. The studied
effects included the content of impurities and the associated porosity, the dissolving and the distribution
of the alloying element Cu, and the microstructure. The USV treatment enhanced the dissolution of
copper inside the melt and improved, along with the contribution of grain refining effect, the quality
of the produced alloy significantly. Nevertheless, increasing the holding time was necessary for the
complete dissolution of Cu, because the Cu segments were not continuously subjected to the ultrasonic
cavitation effect under the sonotrode.

The USV-treated samples showed refined grains and generally finer eutectic morphology.
This study has highlighted the erosion effect of the titanium-based sonotrode on the microstructure of
the treated alloy. The distribution and dissolution of fine TiAl3 particles separated from the sonotrode
throughout the melt were essential factors in enhancing the grain refining effect in USV treated batches
at a relatively constant temperature higher than the liquidus temperature of the alloys.
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