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Abstract

A novel MMM (Multi-frequency, Multimode, Modulated)ltrasonic (US) technology was used
to refine the as cast microstructure and improeentiechanical properties of a AlSi9Cu3 alloy.
Ultrasonic vibration was isothermally applied toethmelt for 120 seconds at different
temperatures slightly above thguidus temperature of the alloy, using different elecpawer
values, before pouring into a metallic mould. The&rostructure of the cast samples was
characterized by optical and scanning electron as@mpy and energy dispersive spectrometry.
Ultrasonic vibration promoted the formation of smalAl globular grains, changed the size and
morphology of intermetallic compounds and distrédzlithem uniformly throughout the castings.
Ultimate Tensile Strength and Strain were incredee®32 MPa and 2.9% respectively, which
are 50% and 480% higher than the values obtainedaftings produced without vibration. The
microstructure morphology and the alloy mechanmalperties were found to depend on the
electric power and the melt temperature, and bygugisuitable combination of these parameters

it is possible to achieve high refinement efficigihy treating the melts in the liquid state.
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1. Introduction

1.1 Microstructure of Al-S based alloys

Aluminum-silicon based alloys are the most widedgd Al alloys for shape casting due to their
high fluidity and castability, easy machinabilitgcaweldability, good corrosion resistance and
mechanical properties. High mechanical strengtisigally achieved by the addition of alloying
elements such as Copper and Magnesium as theytimakdloys heat treatable, although having
a tendency to decrease ductilifaceres et al. (200Bhave shown that the strengthening effect of
both alloying elements arises from the precipitatd Cu-rich and Mg-rich intermetallics during
the traditional T6 age-hardening treatment, whielehthe ability to stop mobile dislocations,
promoting strengthening. However, slowing down rinability of dislocations reduces the alloys
ductility, thus the elongation to fracture, whichstill affected by the size, shape, morphology
and volume fraction of ACu, MgSi and Si and Fe-rich intermetallics.

In the particular case of hypoeutectic AlISiI9Cudgllbesides a usually coarse and dendaitic
Al solid solution and Al-Si eutectic, where Si ubyassumes an acicular shapenuskova et
al.(2008) and Backerud et al.(1990peported the presence of intermetallic phases thie
eutectic AbCu, "Chinese script" shapeda-Al1s5(Mn,Fe)Si; and long and sharp needles ®f
AlsFeSi, which precipitate in the interdendritic andergranular regions, and are strongly
detrimental to the alloy mechanical and fatiguepprties.Li et al., 2004(ahave shown that
Ultimate Tensile Strength, UTS, strongly decreasils increasing size and volume fraction of
[FAlsFeSi platelets, due to their relatively low bondesgth with the matrix. Moreover,
combined with blocky AICu, they can reduce the alloy's ductility signifitg. Due to their
acicular morphology, they also act as crack indgratsites and combined with brittle eutectic
silicon particles dramatically reduce the alloyspant strength, as demonstrated lbyet al,
2004(b) According toCeschini et al.(2009unmodified eutectic silicon particles with acicular

morphology reduces elongation not only because fhegr crack nucleation, but also crack
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propagation, since their continuous distributionthe alloy is an easy path for crack growth.
Lados and Apelian (2004eported that grain size has no significant infleee on the fatigue

crack growth response, since crack advance isatadrby microstructural features smaller than
grain size, like porosity, secondary dendrite apaceng (SDAS) and eutectic silicon particles.
Controlling the microstructure of Al-Si based alois then of primary importance to achieve

high mechanical performance, thus requiring sugabfinement and modification.

1.2 Traditional microstructure refinement and modification techniques

The grain size bears an inverse relationship tanthmber of solidification nuclei present in the
liquid alloy that will act during solidification.i8ce each grain forms from one single nucleus, as
great the number of nuclei, as more grains wiliifothus their size will reduce. If the number of
nuclei is sufficiently high, dendritic structuresncbe avoided as they will have no space to grow,
and globular grains of primary-Al will preferentially form.

The traditional approach to increase nucleatiothéschemical route, by adding master alloys,
like Al-Ti or, preferentially, Al-Ti—-Bsince the presence of Boron was found to enharee th
grain refinement effect. Particles of THAITIB, or AIB, phases present on those alloys act as
nuclei and are easilly enveloped by th&Al phase during cooling, promoting heterogeneous
nucleation. The efficiency of the grain refinerostgly depends on the Al alloy composition,
namely the Si content, which determines the masalgle Ti/B ratio in the master alloy and the
minimum Titanium concentration in the melt, as mgd by Sritharan and Li (1997 which is
often difficult to control.

Besides grain refinementi>arcia-Hinojosa et al. (200Zhave shown that microstructure
modification is crucial to improve the mechanicabgerties of Al-Si-Cu alloys, which is
traditionally carried out by the addition of Al-Snaster alloys or Sodium based fluxes.
Experiments with AISi7Cu revealed that Strontium difioation changed the eutectic Si

acicular-plates and ACu blocks to fine eutectic colonies, improving thkoy mechanical
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properties, with particular emphasis to elongatimn failure which increased 3 times.

Nevertheless, Sr modification has a tendency toease the alloys porosity (both density and
pore size), as reported byoy et al. (1996) Although porosity increase mechanism by Sr
addition is not fully understood; madi et al. (1993suggested that it can be explained by the
decrease of the surface tension of the melt andnttrease of the volumetric shrinkage. As a
result, re-gassing of the melt is possible, indrgagshe amount of dissolved hydrogen, and
shrinkage facilitates porosity formation, because tpores form in the early stage of

solidification and can grow over a longer periodinofe, resulting in a larger pore size.

1.3 Ultrasonic refinement and modification

Besides the chemical technique, microstructureneefient can also be achieved by physical
means, namely ultrasonic vibraticfhalifa et al. (2008andJian et al. (200=demonstrated that

it is possible to obtain non-dendritic and globutgains of primarya-Al phase smaller than
100um by supplying acoustic energy to molten AlSi7Mgpthermally or during solidification,
respectively. Ultrasonic vibration can also be usedrefine hypereutectic Al-Si alloys, as
demonstrated bifeng at al. (2008who obtained equiaxeat-Al crystals of around 4Qm and
homogeneously distributed primary Si phase withraye size of 18(um in AlSi23 alloy.

Two models/mechanisms explaining the effect ofaglbnic vibration on grain refinement have
been proposed b¥zskin (1998) cavitation-enhanced heterogeneous nucleation damdirite
fragmentation. Cavitation-enhanced heterogeneodieaiion can be explained as follows: when
a liquid metal is submitted to high intensity ustoaic vibrations, the alternating pressure above
the cavitation threshold brings about numerous bopbles in the liquid metal, which start
growing, pulsing on a continuous expansion/compoaseegime and finally collapse. During
expansion, bubbles absorb energy in the melt, eodéng the liquid at the bubble-liquid

interface, resulting in nucleation on the bubblefaste. When bubbles collapse acoustic



streaming develops in the melt, distributing thelauinto the surrounding liquid producing a
significant number of nuclei in the molten allojyus promoting heterogeneous nucleation.
Dendrite fragmentation is explained using a différanalysis: when cavitation develops, the
shock waves generated by bubbles collapse leadgmEntation of dendritic cells in the mushy
zone, which are re-distributed throughout the roglacoustic streaming, increasing the number
of solidification nuclei. The main difference bew®we both mechanisms, is that dendrite
fragmentation only occurs in melts already contagréa minimum solid fraction volume, while
cavitation-enhanced heterogeneous nucleation caaoran melts with 100% liquid fraction
volume. Although both mechanisms can occur, caweitaénhanced heterogeneous nucleation
seems to be considered the most valid hypothesisslaamed byJian et al. (2005)since
globular/non-dendritic microstructures have notrbebtained when the ultrasonic treatment
occurred with the alloy in the mushy zone. This hagism is also supported kyian et al.
(2009) who reported that no grain refinement occurredones of ultrasonically treated Mg
based ingots adjacent to the cylindrical face & Honotrode immersed in the melt, that
correspond to those zones where a mushy stateirgtdg &chieved. On the other hand, in the
remaining zones of the ingots, grain refinement wlaarly achieved as confirmed by a finest
grain size. The purpose of this work is to study efffect of applying acoustic energy to the melt
at different temperatures slightly above thiguidus temperature of the alloy on the

microstructure and mechanical properties of AlSi3@loy.

2. Experimental
2.1 Aluminum alloy
Table 1 shows the composition of the AISI9Cu3 allsed on this work, obtained by Optical

Emission Spectrometry.



Table 1 - Composition of the AlISI9Cu3 alloy usedhis work

Elemen Si Fe Mg Cu Mn Zn Sr Al
W1t% 9.15 0.66 0.18 2.25 0.26 0.47 0.10 Bal.

Differential Scanning Calorimetry (DSC) was usedidentify the main phase transformation
temperatures and to select the temperatures fgoro&ssing (Figure 1). DSC was carried out
between 20 and 700 °C on a TA Instruments - Mod®803DT equipment, under argon

atmosphere and using 10 °C/min cooling rate.
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Figure 1 - DSC curves of AISI9Cu3 alloy used irsthiork. Temperatures 1, 2, 3 and 4 were
selected for US processing of the alloy, and cpoed to 615, 620, 630 and 640 °C, respectively

2.2 Experimental set-up for ultrasonic (US) refinement

The experimental set-up (Figure 2) used in thiskwoonsisted of a novel MMM (Multi-
frequency, Multimode, Modulated technology) ultnaisopower supply unit developed by MP
Interconsulting and protected by European Patenpliggtion EP1238715, a high power
ultrasonic converter (1200 W), a 30 mm diameter H5@ mm long acoustic waveguide and the
acoustic load itself which consisted on a 12.5 nameéter and 135 mm long Ti6Al4V acoustic
radiator and the liquid metal. AccordingRookic (2001)andProkic (2011 MMM technology is
characterized by synchronously exciting many vibramodes through the coupled harmonics
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and sub-harmonics in solids and liquid containbyssupplying different frequency and phase
modulations to a carrier ultrasonic signal, whicidems the resulting acoustic spectrum in
liquids. This technology produces high intensityltimode, frequency and phase modulated
vibrations that are continuous, uniform and regaataavoiding the creation of stationary and
standing waves, so that the whole vibrating sygieciuding the liquid media) is fully agitated,

improving the refinement process.

Figure 2 Experimental set-up: a) Conceptual motlelUS supply unit, 2 - US converter, 3 -
Waveguide, 4 - Acoustic radiator, 5 - Thermocouple,Liquid alloy, 7 - Melting furnace, 8 -

Positioning device; b) Laboratorial unit

Standing waves in a liquid create zones of high lamdacoustic activity, leading to spatially
non-uniform liquid processing. MMM technology crestsignal processing and oscillating
conditions that are continuously moving and dest@ypossible standing waves, producing
uniform, large band, "white noise cavitation adiVi Results of such acoustic agitation are that
liquid metal is uniformly sonicated and, conseqlyemnefinement, degassing, wetting, alloying
and homogenizing effects are significantly optindizend accelerated. The ultrasonic power

supply unit is fully controlled by dedicated Windswompatible software developed by MPI.
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Optimal ultrasonic parameters related to frequeaeg phase modulation, such as frequency
sweeping and repetition rate, antbwm (frequency shift with modulation) for the selected
resonance frequency and electric power are adjust@nder to produce the highest acoustic
amplitude and the wide frequency spectrum in th& méich is monitored with a specifically
implemented feedback loop.

The set-up also includes a supporting and positgmevice of the US unit and an electric
furnace equipped with a 0.5 litre SiC crucible. Télectrical waveform generated by the
ultrasonic power supply unit (1) is converted ipettive multi-frequency, phase-modulated
mechanical vibrations by the ultrasonic conver®r (which are driven to the acoustic radiator
(4) through the waveguide (3). The acoustic loadligtor and liquid) starts producing its own
vibration, oscillating in one or more of its natu@sonance frequencies.

2.3 Melting and refinement procedure

The alloy (0.4 kg) was melted and held inside thecible at 700 °C during 15 minutes for
homogenization, allowed to cool until the desiredcpssing temperature and the acoustic
radiator was deep 10 mm inside the melt. US vibrnatvas applied isothermally for 120 seconds
and the molten alloy poured into a steel die pratdre at 300 °C. For the sake of comparison
experiments were also carried out without US vibratThree experiments were carried out for
each set of processing conditions. On each expatjni2ecylindrical samples with 18 mm in
diameter and 140 mm long were cast and used fohamézal testing and microstructure
characterization.

According to DSC results, 615, 620, 630 and 640t temperatures were selected for US
processing, corresponding to superheating of 3,18, and 28 °C, respectively. These
temperatures were selected because they are glghblveliquidus temperature of the alloy,
thus a localized slight undercooling induced byitedion could easily promote nucleation. Melt

temperature was controlled within an accuracy of°€2 For every experiment, the acoustic
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radiator was heated at the same temperature ofsdteermal processing, using a specially
developed electrical heating device. Ultrasoniquiency of 19.8+0.25 kHz at 200, 400 and 600
W electric power were used for each processing ¢zatpre.

2.4 Samples characterization

Samples for microstructure characterization wekeridrom each cast sample by sectioning the
cylinders perpendicularly to its longitudinal axiEhey were ground by using 1200 SiC paper,
and polished up to um. Samples used for optical microscopy characteoizavere etched
using Keller's reagent to reveal the resulting ostucture. Optical microscope with
quantitative metallographic analysis capability wasd to evaluate the shape and grain size of
constituents. To evaluateAl grain size, each grain was delimited by a cantme using Image
Pro Plus Software, in order to determine its ardaerage grain size was then calculated
according to ASTM Standard E112-10. SDAS was medgsas shown in Figure 3, in five
500x400um fields with 200x magnification. Phase identifioat and chemical composition
were evaluated by quantitative EDS analysis usirigga resolution FEI Quanta 400 FEG E
Scanning Electron Microscope coupled to an EDAX &&n X4M X-Ray Energy Dispersive
Electron Spectrometer. The error associated to exlesnquantification was 0.2 at%. 10 keV
potential and 100 s acquisition time were usedeeery evaluation. Traditional tensile test
specimens with 100 mm length and test section 8frzh, according to EN10002-1(2006), were
machined from the as-cast samples. Five specimers t@sted for each processing condition, at
room temperature and a strain rate of 0.5 mm/mirm dNSTRON machine - Model 8874, to
obtain yield strength, ultimate tensile strengtd atrain.

3. Resultsand discussion

3.1 Microstructure of as-cast AIS9Cu3 without US treatment

The microstructure of as-cast AISI9Cu3 was fullydidgtic, with some branch length of 7(n,

as shown in Figure 3. Average SDAS waguh, calculated according to the procedure referred
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in Section 2.4. Coarse acicular eutectic silicon about®® long and average area around
120pm? was also present in the interdendritic areas.id®esr-Al and Si plates, SEM analysis
revealed different heterogeneously distributedrintgallic phases, as presented in Figure 4,
which morphology and chemical analysis (Table 2)g&st to be' Chinese script” shapeda-
Al15(Mn,Fe)xSi, (Z1), eutectic AICu (Z2) and long needles gFAIlsFeSi (Z3), confirming
reports of Panuskova et al. (200&@nd Backerud et al. (1990who have found the same
intermetallic compounds in similar alloys. The lomgedles of>-AlsFeSi (light grey needles in
Figure 4) were, in some cases, more than #00ong. Besides its highly detrimental effect in

the alloy mechanical properties, this morphology gmomote shrinkage porosity since the

platelets restrict feeding by causing physical rrelsdtns to the movement of compensatory

feeding liquid, as reported B3anuskova et al. (200@pdRoy et al. (1996)
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Figure 3 - Microstructure of as-cast AlISiI9Cu3 wilth&JS processing, revealing long dendrites

and showing how average SDAS was measured

Table 2 - Chemical composition of intermetallic pbs detected on the as-cast AlISI9Cu3 alloy
produced without treatment with acoustic energyresponding to phases Z1, Z2 and Z3

indicated in Figure 4

Constituent Composition (at %)
Al Si Fe Cu Mn
Z1 65.0 11.0 14.1 1.2 8.7
Z2 52.2 - - 47.8 -
Z3 70.2 13.4 16.4 - -
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Figure 4 - SEM image of the AISI9Cu3 alloy withdrgatment with acoustic energy, revealing
the presence of well developed and coarse: @Z4At15(Fe,Mn}Sip; Z2 - Al,Cu; Z3 - F-AlsFeSi

intermetallic phases

3.2 Microstructure of as-cast AlIS9Cu3 submitted to US treatment

Figure 5 presents the as-cast microstructure ofAllB#OCu3 alloy isothermally submitted to
acoustic energy in the range of 615-640 °C, at\W0glectric power and 19.8 kHz frequency.

At 640 °C, the US treatment promoted the formatibrcoarse rosette like-Al grains with
average size around @&n. For temperatures of 630 and 620 °C the alloyostoucture was a
mix of small rosette like and globularAl grains, with average size around . At 615 °C,
the effect over the solidification microstructurassmuch higher, leading to dominant fine none-
dendritic and globular grains with average graimesaround 43m. Besides grain refinement,
size, thickness, size and spacing between eutstton lamellae decreased (Figure 6), and that
effect increased with decreasing processing tertyreraHowever, the effect of US on eutectic
silicon modification was not a major objective bistwork and further research on this specific

field is necessary to evaluate the US treatmerdlulity on eutectic silicon modification.

The effect of temperature on the efficiency of gragfinement can be explained as follows:
Firstly, as every experiment was performed aboeditfuidus temperature of the alloy, grain
refinement and absence of dendritic shaped cellsarmicrostructure can only be attributed to
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cavitation-enhanced heterogeneous nucleation, sterite fragmentation would not be
possible at those temperatures since solidificatiath not started yet. Secondly, different grain
refinement efficiency at different temperatures ¢snexplained by the survival time of the
acoustically induced nuclei. In facEskin (1998)refer that the developed nuclei is highly
thermodynamically unstable since they form at thierfaces between the cavitation bubbles and
the melt during the expansion stage of the bubhle$ dissolve in the melt when bubbles
collapse. As higher the melt temperature as shdhersurvival time of those nuclei, thus
decreasing the quantity of embryos in the melt gnednumber of globular grains in the final
microstructure. As a consequence of such instgpilitwas possible the co-existence of both
dendritic and globular grains, as it happened felt tneatment temperatures of 620 and 630 °C.
At 640 °C, the number of active nuclei in the melis quite low, as well as their thermal
stability, resulting in higher grain sizes and tosdike structures. At 615 °C the embryos life
time was long enough to promote a high density wflei in the melt, thus leading to the
development of a large number of globular graint\wmall grain size. Moreover, as referred in
Section 1.3, acoustic streaming also contributed to disseraisatidification nuclei throughout
the melt, thus increasing the grain refinementcedficy. According td=skin (1998) when the
propagation media is a liquid metal, the liquidcaisity is a major variable in the development of
streams, since it directly affects sound absorptibhis means that acoustic streams were
stronger for lower temperatures and potentiatedythen refinement efficiency of US treatment
at 615 °C.

Besides temperature, electric power also playetngortant role on microstructure refinement,
as shown in Figure 7. For each processing temperahgcreasing electric power promoted
higher grain refinement. However, the decreaseraingsize with increasing power was not
linear since it became less effective after reaglairtertain power level (400 and 600 W curves

are much closer than 200 and 400 W curves).
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Figure 5 - Microstructure of AISi9Cu3 alloy US tted at a) 615 °C; b) 620 °C; c) 630 °C and d)
640 °C during 120 seconds, at 400 W electric pamer19.8 kHz frequency. Fig 5a) shows how
a-Al grains were delimited in order to measure fesasand average size.

Figure 6 - Eutectic silicon morphology of a AlSi9%®wa) non-Us treated and b) US treated at
400 W and 615°C melt temperature
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For 615 °C, for example, a power increase from 20800 W led to a decrease in grain size
from 61 to 43um. However, when power was increased to 600 Wgthim size decreased only
to 41 um. The effect of electric power in the final graize is a consequence of the cavitation
intensity and the number of cavitation bubbles o®tlat each power level. As higher the
electric power as higher the number of cavitatialies that develop in the melt, thus the
higher number of solidification nuclei and the skafinal grain size in the solidified alloy.
Moreover,Eskin (1998)andAbramov (1998referred that the intensity of acoustic streanas th
develop during cavitation and promote the distrdoubf nuclei throughout the melt depends on
the electric power and the sound absorptidmus, besides generating high cavitation intensity,
high electric power also promoted strong acoudtieasning and the combined effect of these
two factors strongly increased the efficiency of §f&in refinement.
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Figure 7 -a-Al grain size of AISI9Cu3 alloy as a function ofSUreatment temperature, for

different electric power levels and US frequencyL 818 kHz

The chemical composition of the intermetallic plsadetected in both US-treated (Table 3) and
non treated AISi9Cu3 suggest that they were theesaowever they were better distributed and
reveal a different morphology in the US-treated glas (Figure 8), which is agreement with

reports ofKhalifa et al. (2010).The coars€'Chinese script” a-Alis(Fe,MnkSi, phase was

replaced by thin particles with different shapehijch length (average value around|80) was
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much shorter than in the non US-treated alloy, \aad better distributed throughout the matrix.
The area of the ACu phase was also reduced although its morpholagytguffer significant
change. The major change was verified for RalsFeSi phase, since its average length
decreased from around in to around 1Qum (Figure 9) and those needles more @60long
were not found, since they this phase was fullinegf and homogeneously distributed as small
particles throughout the samples. The averaggl grain size and theB-AlsFeSi length
decreased to 4m and 6um, respectively, for 600 W, although higher refirsgrincan hardly be

expected for higher power values.

mag 0| HV | det [mode| WO —— 200 ym
500 x |15.00 KVIETD! SE 110.1 mm CEMUP Am.1

Figure 8 - SEM image of the AISi9Cu3 alloy with W&atment at 400 W and 615°C: Zhr-
Al15(Fe,Mn)Sip; Z2 - Al,Cu; Z3 -B-AlsFeSi intermetallic phases

Table 3 - Chemical composition of intermetallic pbs detected on the as-cast AISi9Cu3 alloy

with US treatment, corresponding to phases Z1,itPZ8 of Figure 8

Constituent Composition (at%)
Al Si Fe Cu Mn
Z1 63.8 12.2 14.0 14 8.6
Z2 56.3 - - 43.7 -
Z3 69.4 16.1 14.5 -

The US refinement mechanism of intermetallic conmusuon Al-Si-Cu alloys is not well
understood, and available references on this &eddvery scarce, requiring more research work
on this particular field. According t®@ackerud et al. (1990D)for this particular alloy the
crystallization temperatures of CuyAla-Alis(Fe,MnkSi, and S-AlI5FeSi are located in the

intervals (492-509°C), (560-566) and (570-582),peetively, which are well below the
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treatment temperatures. This suggests that thedifitation was not due to the US vibration
itself, but it is a consequence of other factorenmrted by the US vibration. A possible
explanation might be the decrease of the intergaarspacing due to the formation of a large
number of globulao-Al grains, which might have restricted the growthintermetallic phases,
particularly theS-AlsFeSi compound. For the same reason, and ag-igFeSi phase forms
directly from the liquid after the primarg-Al grains, the volume of reminiscent liquid at the

formation temperature g¥AlsFeSi is also less, reducing the phase size.
3.3 Mechanical properties

In those samples without US treatment average Ua$220 MPa, which increased to 266, 296
and 332 MPa after US processing at 200, 400 and\VB0@lectric power and 615 °C melt
temperature, respectively. Besides UTS, Strainessed from 0.6% to 0.9, 1.6 and 2.9% after

processing at 200, 400 and 600 W, respectively61&r°C treatment temperature (Fig. 10).

It is well known that mechanical properties of Algloys depend on several factors, as referred
in Section 1.1. Panuskova et al. (200@emonstrated that the morphology and distributibn o
eutectic silicon have the most significant influeran the change in the mechanical properties,
although the size and morphology of the primarymahwm phase, as well as porosity
distribution, can also play a significant role hretalloy mechanical behavior. Moreover, in the
particular case of Al-Si-Cu alloys, the sharp eafithe brittle 5-AlsFeSi acicular phase can act
as stress concentrators, decreasing the alloylithyctis referred bysao et al. (2004)Taking
into consideration these principles, UTS increase lwe attributed to the combined effect of the
globular shape and size of theAl grain, the size reduction of thgAlsFeSi phase and the fine
and short eutectic silicon fibers. Although porpsihd inclusions have not been characterized,
US processed alloys didn't evidence significans@mnee of pores or inclusions (Figure 5) in
opposition to the microstructure of non-US procdsseloys (Figure 3). However, its
contribution to the UTS increase can't be excludkeglre 9 shows that for power values above
400W the reduction ofo-Al grain size andf-AlsFeSi length tends to stabilize, but UTS
continues to increase linearly at the same raiggesiing that other factors must be taken into
consideration to explain such behavior. From Figl@eit is clear that the average area of
eutectic silicon fibers decrease exponentially witbreasing electric power, even for power

values above 400 W. These results suggest thatikff&ase was more sensitive to the eutectic
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morphology then to the refinement ofAl and fAlsFeSi phases, and may explain its linear

increase above 400 W.
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Figure 9 -a-Al grain size,-AlsFeSi needles length and UTS of AISiI9Cu3 samplesretged at
19.8 kHz and 615 °C, for different electric powalues
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Figure 10 - Average area of eutectic silicon ptiand Strain of AISI9Cu3 samples US treated
at 19.8 kHz and 615 °C, for different electric powalues

In what concerns to elongation to failure (it iresed exponentially with the electric power in
the range 200 to 600 W), Figure 10 suggests atdietationship with the average area of
eutectic silicon particles, which decreased exptaky within the same electric power range.
However, modification of the morphology and homagmus distribution of thgAlsFeSi phase

may have also contributed to increase the alloyildyc
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4. Conclusions

A study was carried out to evaluate the influendeutirasonic melt treatment in the
microstructure and mechanical properties of AlSi®@loy. The effect of treatment temperature
and electric power was studied and, for the praoogssonditions used on this work, the results

showed that:

» Ultrasonic treatment is an efficient physical teigue to control the morphology and size of
primary aluminum grains, refinement and distribataf intermetallic phases and promotes

eutectic silicon modification;

* US melt treatment promotes the formation of globglains ofa-Al, which size depends on
the melt temperature and electric power. Globut#l grain sizes with 4im were obtained
for 615°C and 600W. Higher temperatures and lowawep values didn't avoid the

development of some rosette like grains and shdoweer grain refinement efficiency;

* For 615°C the iron containing intermetallic phashanged their morphology from large
needles or coarse "Chinese Script" shape into simatithin particles with different shapes,
uniformly distributed throughout the matrix. Theadmetallics size decreased exponentially
with increasing electric power until 600W, and notfier decrease is expected for higher

power values;

« The morphology of eutectic silicon was modifiednfr@ coarse acicular plate like shape in
samples without US-treatment into a fibrous likeysh with average area of 1in?, for
615°C and 600W,

« Microstructure modification was followed by an iaase in mechanical properties and the
best results were obtained for 615°C and 600W tli@se processing conditions, and when
compared with non US-treated alloys, UTS incredsaa 220 to 332 MPa and Strain from
0.6% to 2.9%, respectively.

Although some of the ultrasonic melt treatment fiehén Al-Si based alloys are already quite
well understood, the mechanisms inherent to somenghena like eutectic silicon and
intermetallic phases modification are not clear &mther research is necessary to understand

them.

19



References

Abramov, O.V., 1998. High-Intensity Ultrasonics ®img and Industrial Applications, first
edition. Gordon and Breach Science Publishers, émdam.

Backerud, L., Chai, G., Tamminen, J., 1990. Satdifon Characteristics of Aluminum Alloys.
Vol. 2: Foundry Alloys. AFS/Skanaluminium, Stokholm

Caceres, C.H., Svensson, I.L., Taylor, J.A., 2@tBength-ductility behaviour of Al-Si-Cu-Mg
casting alloys in T6 temper. International JounfaCast Metals Research 15, 531-543.

Ceschini, L., Boromei, I., Morri, A., Seifeddine,, Svensson, |., 2009. Microstructure, tensile
and fatigue properties of the Al-10%Si-2%Cu alloytwdifferent Fe and Mn content cast under
controlled conditions. Journal of Materials Proaegd echnology 209, 5669-5679.

Emadi, D., Gruzleski, J.E., Toguri, J.M., 1993. ®ifect of Na and Sr modification on surface
tension and volumetric shrinkage of A356 alloy ahdir influence on porosity formation.
Metallurgical Transactions B 24B, 1055-1063.

Eskin, G.I., 1998. Ultrasonic Treatment of Lighidyl Melts, first edition. Gordon and Breach
Science Publishers, Amsterdam.

Feng, H.K., Yu, S.R., Li, Y.L, Gong, L.Y., 2008.fféct of ultrasonic treatment on
microstructures of hypereutectic Al-Si alloy. Jaalref Materials Processing Technology 208,
330-335.

Gao, Y.X,, Yi, J.Z., Lee, P.D., Lindley, T.C., 200A micro-cell model of the effect of
microstructure and defects on fatigue resistan@ast aluminum alloys. Acta Materialia 52 (19)
5435-5449.

Garcia-Hinojosa, J.A., Gonzélez, C.R., Gonzéalea.GHoubaert, Y., 2003. Structure and
properties of Al-7Si-Ni and Al-7Si-Cu cast alloysnmodified and modified with Sr. Journal of
Materials Processing Technology 143-144, 306-310.

20



Jian, X., Xu, H., Meek, T.T., Han, Q., 2005. Effexft power ultrasound on solidification of
aluminum A356 alloy. Materials Letters 59, 190-193.

Khalifa, W., Tsunekawa, Y., Okumiya, M., 2008. Effeof ultrasonic melt treatment on
microstructure of A356 aluminium cast alloys. Im&tional Journal of Cast Metals Research 21,
129-134.

Khalifa, W., Tsunekawa, Y., Okumiya, M., 2010. Effeof Ultrasonic Melt-Treatment on the
Eutectic Silicon and Iron Intermetallic Phases ihSA cast Alloys. Materials Science Forum
638-642, 431-436.

Lados, D.A., Apelian, D., 2004. Fatigue crack griowharacteristics in cast Al-Si-Mg alloys -
Part |. Effect of processing conditions and mianasture. Materials Science and Engineering A
385, 200-211.

Li, Z., Samuel, A.M., Samuel, F.H., Ravindran, @altierra, S., Doty, HW., 2004 (a).
Parameters controlling the performance of AA31%tyalloys: Part I. Tensile properties.

Materials Science and Engineering A 367, 96-110.

Li, Z., Samuel, A.M., Samuel, F.H., Ravindran, Boty, H.W., Valtierra, S., 2004 (b).

Panuskova, M., Tillova, E., Chalupova, M., 2008laien between Mechanical Properties and
Microstructure of Cast Aluminum Alloy AlISi9Cu3. $trgth of Materials 40, 98-101.

Prokic, M., 2001. European Patent Application ERRIAS.

Prokic, M., 2011. Wideband Multi-frequency, Multis®, and Modulated (MMM) Ultrasonic
Technology. In Feng, H., Barbosa-Casanovas, G.s§Vdi (Eds), Ultrasound Technologies for

Food and Bioprocessing. Springer Science + Busiiiessa, New York, pp. 125-140.

Qian, M., Ramirez, A., Das, A., 2009. Ultrasonidirement of magnesium by cavitation:
Clarifying the role of wall crystals. Journal ofyStal Growth 311, 3708-3715.

21



Roy, N., Samuel, A.M., Samuel, F.H., 1996. Poro&itynation in Al-9 wt pct Si-3 wt pct Cu
alloy systems: Metallographic observations. Metagilcal and Materials Transactions A 27, 415-
429.

Sritharan, T., Li, H., 1997. Influence of titaniutm boron ratio on the ability to grain refine

aluminium-silicon alloys. Journal of Materials Pessing Technology 63, 585-589.

22



Figure Captions

Figure 1 - DSC curves of AISI9Cu3 alloy used irsthiork. Temperatures 1, 2, 3 and 4 were
select for ultrasonic processing of the alloy, amdrespond to 615, 620, 630 and 640 °C,

respectively

Figure 2 Experimental set-up: a) Conceptual motlelUS supply unit, 2 - US converter, 3 -
Waveguide, 4 - Acoustic radiator, 5 - Thermocouple,Liquid alloy, 7 - Melting furnace, 8 -

Positioning device; b) Laboratorial unit

Figure 3 - Microstructure of as-cast AISI9Cu3 withd&JS processing, revealing long dendrites

and showing how average SDAS was measured

Figure 4 - SEM image of the AISI9Cu3 alloy withdtgatment with acoustic energy, revealing
the presence of well developed and coarse: @Z4At15(Fe,Mn}Sip; Z2 - Al,Cu; Z3 - F-AlsFeSi

intermetallic phases

Figure 5 - Microstructure of AlISI9Cu3 alloy US tted at a) 615 °C; b) 620 °C; c) 630 °C and d)
640 °C during 120 seconds, at 400 W electric p@amer19.8 kHz frequency. Fig 5a) shows how

a-Al grains were delimited in order to measure resaaand average size.

Figure 6 - Eutectic silicon morphology of a AISi9€wa) non-Us treated and b) US treated at
400 W and 615°C melt temperature

Figure 7 -a-Al grain size of AISI9Cu3 alloy as a function ofSUreatment temperature, for

different electric power levels and US frequencyL 818 kHz

Figure 8 - SEM image of the AISi9Cu3 alloy with Wi&atment at 400 W and 615°C: ZIr-
Al15(Fe,Mn}Siy; Z2 - Al,Cu; Z3 -3-AlsFeSi intermetallic phases

Figure 9 -a-Al grain size,-AlsFeSi needles length and UTS of AISI9Cu3 samplesretged at
19.8 kHz and 615 °C, for different electric powalues

Figure 10 - Average area of eutectic silicon ptiand Strain of AISI9Cu3 samples US treated
at 19.8 kHz and 615 °C, for different electric powalues
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Table Captions

Table 1 - Composition of the AlISiI9Cu3 alloy usedhis work

Table 2 - Chemical composition of intermetallic pbs detected on the as-cast AlSiI9Cu3 alloy
produced without treatment with acoustic energyresponding to phases Z1, Z2 and Z3

indicated in Figure 4

Table 3 - Chemical composition of intermetallic pbs detected on the as-cast AlISI9Cu3 alloy

with US treatment, corresponding to phases Z1,i¥PZ8 of Figure 8
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