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Abstract

Chemical grain refining of high-silicon-content aluminium alloys, such as 355 alloy, is impaired by the high silicon con-
tent. One solution is the use of ultrasonic melt treatment (UST). This study sought to determine the duration of UST and
type of horn (steel or Ti) required to achieve optimal grain refining in these alloys. Samples produced by conventional
casting underwent UST for different times with steel and Ti horns and were compared with as-cast samples. For all the
conditions studied, analysis of the samples showed that UST is an effective grain refining technique and yields satisfactory
values of average grain size and primary and secondary dendrite arm spacing (A;, A,) as well as low porosity. The chemical
composition of the samples was analysed by SEM-EDS mapping and point analysis to identify the intermetallic phases
before and after UST. Best results were achieved after only 20 s of UST with a steel horn. UST for this length of time with
a steel horn produced a homogeneous microstructure and possible homogeneous mechanical properties. Grain size
was 160 um; primary dendrite arm spacing, or dendrite cell size, was 130 um; secondary arm spacing was approximately
18 um; and Vickers hardness was approximately 95 HV.

Keywords 355 aluminium alloy - Grain refining - Microstructural characterization - Ultrasonic melt treatment - Vickers

hardness - Porosity

1 Introduction

The 355 aluminium alloys and their derivatives, 355.1,
355.2 and A355.2 [1], are well known and widely used to
manufacture parts such as air compressor pistons, printing
press bedplates, water jackets, crankcases, impellers, air-
craft fittings, timing gears and jet engine compressor cases
[2]. Although these alloys can be used in a wide range of
applications, their mechanical properties and, therefore,
use are limited by their generally large grain size. Further-
more, chemical grain refining is impaired by the poisoning
effect of silicon [3]. In an attempt to achieve a small grain
size and interdendritic arm spacing, several authors have
developed different refining techniques for high-silicon-
content aluminium alloys, such as ultrasonic melt treat-
ment (UST) [4, 5].

Grain refining by ultrasonic treatment of the molten
metal (UST) has been in use since the 1970s and allows
parts to be produced at lower cost and with less complex
production processes than other techniques. It can also
degas molten metal, can be easily adapted to existing
commercial technologies without major changes in the
basic technological parameters and requires considerably
shorter treatment time [6, 7]. The operating principle con-
sists essentially of the application of acoustic waves in the
17-20 kHz frequency range to the molten metal in order
to cause cavitations and mix the melt [8].

Refinement of aluminium alloys by UST holds promise
for the aerospace industry. As cavitation is the main mech-
anism involved, the microstructure produced using this
technique is free from contamination and the chemical
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composition of the alloy remains unchanged, unlike in
chemical refining [9].

The aim of the present study was to optimize the use of
UST in the production of high-silicon-content aluminium
alloys. The influence of UST on average grain size (GS),
primary dendrite arm spacing (A,), secondary dendrite
arm spacing (A,) and porosity of a 355 aluminium alloy
when applied using two different horns is investigated.
The results may help to determine the process parameters
for large-scale application of this technique in industry.

2 Experimental procedure

Table 1 shows the chemical composition of 355.1 alloy
according to the ASTM B179-17 standard specification
[1] and the composition of the 355 aluminium alloy
used in this study as measured with an Anacon BILL-OES
spectrometer.

Ingots were produced by melting 550 g of the 355 alloy
in a SiC crucible (130 mm high x 108 mm outer diameter
at the base x 75 mm internal diameter) inside a resistive
furnace. The pouring temperature was kept at 670 °C,
about 50 °C above the liquidus temperature predicted by
Thermo-Calc” simulation software. The material treated
with ultrasound was heated beyond this pouring tempera-
ture to achieve the same final casting temperature for all
the treatment conditions. In this way, the results would
not be affected by the casting conditions, and the alloys
that had been treated with ultrasound could be compared
with those that had not. The ultrasonic melt treatment was
performed with the liquid aluminium out of the furnace,
and for this reason it required a different procedure in the
heating. The longer treatment time (120 s) required the lig-
uid aluminium to be heated to a higher temperature than
the other conditions, since the same pouring temperature
was required at the end of the refining treatment times.
The ingots, which measured 30 mm D x 260 mm H, were
cast in a water-cooled copper mould. Thus, the longer the
ultrasound treatment time, the higher the heating tem-
perature of the aluminium, so that at the end of the ultra-
sound treatment the material is always poured at the same
temperature.

UST was applied with a steel (AISI/SAE 4340) or tita-
nium (Tig,) horn and a Sonitron 20 kHz 2.8 kW power

supply. To identify the optimal treatment time, the alloy
was poured into the water-cooled mould after treat-
ment with ultrasound for 0, 10, 20, 30, 60, 90 and 120 s.
For each of these times, UST was applied with a steel
horn and a Ti horn to determine which yielded the best
results. The horns were kept in contact with the liquid
aluminium as shown in Fig. 1, and the temperature dur-
ing the UST was measured with a K-type thermocouple.

The microstructure of samples from each ingot was
characterized by conventional B&W and polarized light
colour microscopy with a Leica DM ILM optical micro-
scope. Samples were cut in the longitudinal direction
approximately 75 mm from the base, embedded in Bake-
lite and ground with increasingly fine abrasive paper to
a grit size of 4000. They were then manually polished
with 1.0 and 0.35 um solutions of alumina and further
polished in a Buehler VibroMet 2 vibratory polisher with
a 0.04 um colloidal silica solution.

For the conventional B&W metallography, the sam-
ples did not need to be etched as the microstructures
could be clearly seen. For the colour metallography, the
samples were etched with 2% HBF, (Barker’s solution)
(30V, 0.3 A, 180 s) under moderate, constant agitation
[10]. These parameters were arrived at after several tests
to determine the best values for the 355 alloy used here.
B&W and colour images were obtained with a Leica opti-
cal microscope; LAS V4.3 software and an MC120 HD
camera were used with ImageJ 1.46r to measure poros-
ity. Colour images were mainly used to characterize
grains. Grains with the same crystal orientation appear
as areas with similar colours and shades, making it easier
to identify and characterize them. This way those images
were used to measure average grain size (using Hein’s
intercept method, ASTM E112-13[11]), as well as the pri-
mary dendrite arm spacing—A; (equivalent to dendrite
cell size), that was estimated by the triangle method as
shown in the example in Fig. 2a. The distances between
three neighbouring dendrites were measured along a
cross section perpendicular to the heat flow or in the
direction of growth of the primary dendrite arm and
averaged to give the primary arm spacing. Secondary
dendrite arm spacing (A,) was obtained by averaging
the distances between the side branches or arms in the
direction of primary dendrite growth, as shown in Fig. 2b
[12,13].

Table 1 Chemical composition of 355.1 alloy according to the ASTM B179-17 standard specification [1] and composition of the 355 alu-

minium alloy used in this study (in wt%)

Si Cu Mg Fe Mn Zn Ti Al
355.1[1] 45-55 1.0-1.5 0.45-0.6 <05 <05 <035 <0.25 Bal.
355 461 1.03 0.34 0.58 0.26 0.26 0.02 Bal.
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Fig.2 Examples of the measurement procedure for the values of: a primary dendrite arm spacing (A,—triangle method) and grain size
(GS—intercept method), respectively, and b secondary dendrite arm spacing (A,) by the intercept method (A,=L/(n—1)) [12, 13]

The mechanical properties of the specimens for all the
UST times and both types of horn were determined by
Vickers hardness testing in a Future-Tech FV-800 under a
1 kgf load applied for 10 s. The hardness tests were per-
formed in accordance with ASTM E384-17 [14] using cylin-
drical samples with a diameter of 30 mm. Tests were con-
ducted in three regions of the specimens (the outer edge
and an intermediate and a central region) so that each
region could be studied in detail and an overall assess-
ment made.

Chemical composition analysis distribution was per-
formed by energy-dispersive X-ray spectrometry (EDS)
and scanning electron microscopy (SEM) to identify the
elements present in the 355 alloy. Chemical distribution

mapping and point analysis of the matrix and constituents
were performed for three conditions: no UST; 30 s of UST
with a steel horn; and 30 s of UST with a Ti horn.

3 Results and discussion
3.1 Microstructural characterization

Samples were characterized microstructurally to assess
the influence of UST on the average grain size, A;, A, and
porosity and the mechanical properties in terms of hard-
ness of the 355 aluminium alloy. This information was used
to assess the effectiveness of UST applied prior to casting
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for each of the six durations (10, 20, 30, 60, 90 and 120 s)
with Ti and steel horns using the untreated ingots as a
reference.

Figure 3 shows the microstructure of the 355 alloy with-
out UST. The colour micrograph in Fig. 3a was taken under
polarized light and shows the grain size and morphology
of the as-cast structure. The microstructure is coarse and
dendritic with large grains formed by the expected a
phase, which is surrounded and permeated by the eutec-
tic phase, forming small (secondary dendrite) arms inside
the grain. In the conventional B&W micrograph in Fig. 3b,
the areas within the dotted red lines show the dendrites
as a whole. The eutectic phase can be clearly seen at the
dendrite boundary, where it determines the dendrite cell
size (A,), and around the small secondary arms in the grain,
where it determines the secondary dendrite spacing (A,).
The arrows identified by the letter P show small pores, pos-
sibly contracting pores, between the dendritic arms. In the
colour micrograph, all the a phase is the same colour and
shade, giving an indication of the total extent of the grain.
This coarse, untreated microstructure was used as a refer-
ence to assess the microstructure in the samples refined
with UST.

Figure 4 shows colour micrographs of the 355 alloy
taken under polarized light after 10, 20, 30, 60, 90 and
120 s of UST with steel and Ti horns. There is a decrease in
grain size in relation to the untreated alloy for all the con-
ditions tested, and the micrographs suggest that the grain
refining effect becomes more marked at treatment times
of between 30 and 60 s for both horn materials. However,
without quantitative metallography it is impossible to
establish whether both horns (steel and Ti) produce sig-
nificant grain refining.

The largest average grain size (210+45 um) after UST
was observed for 10 s of treatment with a Ti horn. This rep-
resents a 16% reduction in grain size compared with the

as-cast alloy. For short periods of UST (10 and 20 s), the
steel horn appears to be more effective, while for periods
of 30 and 60 s, slightly smaller grains were achieved with
the Ti horn. The micrographs therefore suggest that the
ultrasound technique is most effective for treatment times
of 20-60 s, which produce smaller grains than the other
times.

For treatment times of 30 and 60 s, the reduction in
average grain size is about 35% with the steel horn and
40% with the Ti horn. The grain refining effect of UST
appears to vary little with treatment time when a steel
horn is used, allowing better control of the process, while
with the Ti horn it varies greatly. The results of detailed
quantitative metallography are discussed later.

The main mechanism involved in grain refinement
in UST is cavitation [9], which results in the nuclea-
tion, growth and fragmentation of dendrites during
the solidification process. In fact, UST produces many
high-pressure and low-pressure sites inside the molten
metal: small nuclei form in the high-pressure sites and
can survive if the temperature is low enough, while gas
bubbles form in the low-pressure sites and emerge at
the surface of the molten metal, leading to degassing.
Another possible mechanism that leads to grain refine-
ment in UST involves the formation of grains at the sur-
face of the horn when this is immersed in the molten
metal. Although the horn contact area (277 mm? for the
steel horn and 373 mm? for the Ti horn) is small com-
pared with the surface area of the molten metal (approx.
6360 mm?), the contact between horn and molten metal
is probably sufficient to produce small nuclei that detach
from the horn and, if the temperature is low enough,
survive in the molten metal, generating new grains dur-
ing solidification. In addition to this, there is the effect
of the thermal conductivity of the sonotrode that for the
steel AISI/SAE 4340 is 54 W/m K and for the Tiis 19 W/m K

Fig.3 Microstructure of the 355 alloy produced by conventional casting: a polarized light colour micrograph highlighting grain boundaries
and b conventional B&W micrograph showing pores (P) and dendritic regions (within dotted red lines)
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Fig.4 Polarized light colour micrographs showing the microstructure of the 355 alloy after UST with steel and Ti horns fora, b 10s; ¢, d 20 s;
e f30s;9,h60s;i,j90s;andk,1120s
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Fig.5 Conventional B&W micrographs showing the microstructure of the 355 alloy after UST with steel and Ti horns fora, b 10s; ¢, d 20 s; e,
f30s;9,h60s;i,j90s;and k,1120s
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Table 2 Grain size (GS),

. - UST time (s) GS (um) A, (um) A, (pm) P (%)
primary arm spacing (A,),
secondary arm spacing (A,) and Steelhorn Tihorn Steelhorn Tihorn Steelhorn Tihorn Steel horn Tihorn
porosity (P) of the 355 alloy for
all the conditions tested 10 182+39 210+45 149+35 182+47 17+4 18+4 1.53+£0.93 0.18x+0.17
20 163+34 178+32 135+38 173+40 17+4 19+4 0.38+0.27 0.19£0.19
30 159+28 144+£26 132+29 153+26 19+£5 174 0.38+0.22 0.48+047
60 163+33 149427 133432  162+45 1945 18+4 0.55%+0.23 0.06+0.03
90 173+£33 177+£33 135+£32 170+£29 17+4 18+t4 0.11+£0.10 0.23+0.09
120 176+34  169+36 134+26  155+28 20+5 16+4 0.68+0.59 0.21+0.18
As cast 250+50 192+49 18+4 0.4+0.25
(a) (b),,
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Fig. 6 Results of quantitative metallography of the 355 alloy for all the conditions tested: a grain size (GS); b primary dendrite arm spacing
(A,); € secondary dendrite arm spacing (A,); d porosity (P)

at approximately 500 °C. Since the contact area of the Ti
is higher compared to the steel sonotrode, the higher
thermal conductivity of the steel could compensate the
lower area. Thus, during UST, both cavitation and nuclea-
tion occur at the surface of the horn, and the resulting

nuclei are mixed throughout the molten metal, where
they multiply and become small solidification sites [4,

9, 15].

Using the conventional B&W micrographs in Fig. 5, a
similar analysis can be conducted. Comparison of Figs. 4
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Table 3 Vickers hardness of the 355 alloy for all the conditions
tested

UST time (s) Vickers hardness (HV)
Steel horn Ti horn
10 88.9+4.7 90.8+4.5
20 944+5.2 85.9+4.3
30 95.1+4.9 88.7+3.9
60 86.7+3.6 92.8+5.3
90 96.1+5.1 92.1+4.1
120 100.1+5.7 95.9+55
As-Cast 93.9+4.0
110
= Steel Horn
105 4 e TiHorn
No UST

<100

I

N

0 95
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Fig.7 Vickers hardness of the 355 alloy after ultrasonic melt treat-

ment for all the conditions tested. The Vickers hardness for the
untreated alloy is also shown
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Fig.8 Conventional B&W micrographs showing details of the
microstructure of the 355 alloy produced by conventional casting
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and 5 reveals that the dendrite cell size, or A, is smaller
than in the as-cast structure, while A, is almost the same.

The results of quantitative metallography for all the
conditions tested are shown in Table 2. Porosity is included
in the table as it can adversely affect the final mechani-
cal properties. The steel horn produces a smaller grain
size than the Ti horn for treatment times of 10 and 20 s.
While the Ti horn produces a smaller grain size and larger
A, for a treatment time of 30 s (144 vs. 159 um), as shown
in Fig. 6a, b; this difference is less than the standard devia-
tion of each measurement. As a steel horn is significantly
less expensive than a Ti horn and as shorter treatment
times are preferable to longer ones, a steel horn can be
considered more suitable for industrial use. The results in
Table 2 are shown graphically in Fig. 6, where the superi-
ority of UST with a steel horn for shorter treatment times
is evident.

The values of A, shown in Table 2 (and graphically in
Fig. 6¢) were similar for all the conditions tested. In fact,
A, depends on the cooling rate during solidification after
pouring and is independent of the number of nuclei gen-
erated during UST.

One of the advantages of UST is the degassing effect it
has in molten metals [4-7]. However, while the porosity
after UST for 10 s with a steel horn was 1.53%, the poros-
ity after treatment for 20 s with the same horn was only
0.38%, indicating that UST did not lead to degassing,
probably because the raw material used already had a
low hydrogen content and little contamination, as shown
in Fig. 6d.

To evaluate the likely mechanical properties of parts
produced by conventional casting and refined with UST,
the Vickers hardness (HV) was measured for all the condi-
tions tested. Vickers hardness testing is commonly used to
evaluate materials and control manufacturing processes.
Although a simple test, it is important because hardness
can be correlated with tensile strength, machinability,
wear resistance, toughness and ductility [14]. Table 3 sum-
marizes the results of the hardness tests, which are also
shown graphically in Fig. 7. Overall, the hardness of the
samples varied little with treatment time and horn mate-
rial, although slightly higher values were achieved with the
steel horn in some cases.

Samples treated with ultrasound for 30 s using a steel
horn had higher hardness values than any of the sam-
ples treated with a Ti horn (apart from those treated for
120 s) or the samples in the as-cast condition. This can be
explained by the refining of the microstructure shown
in Figs. 5 and 6, where the average grain size and A, are
smaller after UST with the steel horn. In particular in the
condition of 120 s, intermetallic phases may have con-
tributed to high results in the hardness values, due to the
coarse silicon particles observed. For a treatment time



SN Applied Sciences (2019) 1:394 | https://doi.org/10.1007/542452-019-0399-2 Research Article

Steel Horn Ti Horn

Fig.9 Conventional B&W micrographs of atypical regions showing details of the microstructure of the 355 alloy after UST with steel and Ti
horns fora, b 30s;¢c,d90s;and e, f120s

of 10 s, the hardness was lower than in the as-cast alloy In all the microstructural analyses, the standard devia-
regardless of the type of horn used, highlighting the inef-  tion was generally similar, confirming the homogeneity
fectiveness of UST when applied for this short time. of the 355 alloy processed using UST. The superior results
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Electron Image 1

Fig. 10 EDS elemental maps of a Al, b Si, ¢ Fe, d Mg, e Mn and f Cu in the as-cast 355 alloy and g SEM image

achieved with the steel horn and the low cost of this mate-
rial make this the preferred horn for industrial use.

3.2 Intermetallic concentration and morphology

Identification of the intermetallic phases of the 355 alloy
for the conditions studied was one of the objectives of
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this work. With the aid of conventional B&W micrographs,
SEM and EDS analysis allowed the microstructures for each
condition to be observed.

The B&W micrographs in Figs. 8 and 9 show the typical
microstructure of the 355 alloy without UST (Fig. 8) and
after 30,90 and 120 s of UST with steel and Ti horns (Fig. 9).
To analyse the influence of the treatment on the chemical
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Table 4 Results (in wt% and

; . Point Al Si Fe
at.%) of EDS point analysis

Mg Mn Cu Calculated formula  Suggested formula

of the 355 alloy produced by 1 wt% 5000 23.19
conventional casting at% 5900 2629 839
2 wt% 7537 14.06 6.89
at% 80.27 1438 3.55
3 wt% 9870 083 -
at% 98.99 080 -
4 wt 7319 2572 -
at% 7434 2510 -
5 wt% 57.07 20.76
at% 65.07 2274 6.89
6 wt% 76.92 1.81 -

at% 87.52 198 -

031 412 706 AlSi;Fe,Cu,Mn  Al-Si(FeMnCu)
041 239 354

- 198 170  AlFey,Si Al-Fe-Si

- 104 077

- 020 027 Al Al

- 010  0.11

014 - 095  ALSI Al-Si

016 - 041

062 370 505 Aly;Si;;Fe;CuMn  Al-Si(FeMnCu)
078 207 244

099 - 19.16  Al,,Cu Al-Cu

125 - 9.26

The points used are shown in red in Fig. 10g

composition and identify any intermetallic phases in the
355 alloy, EDS analysis was performed on the material in
the as-cast condition (Fig. 10 and Table 4), after 30 s of UST
with a steel horn (Fig. 11 and Table 5) and after 30 s of UST
with a Ti horn (Fig. 12 and Table 6). The analysis was per-
formed using SEM-EDS mapping and point composition
analysis of the Al matrix and constituents. The points used
in the analysis are shown in the SEM images in Figs. 10g,
11gand 12g.

The conventional B&W micrographs in Fig. 9 show atypi-
cal regions with clusters of silicon particles in the micro-
structure of the 355 alloy after UST with steel and Ti horns
for (a, b) 30 s; (¢, d) 90's; and (e, f) 120 s, highlighting the
importance of reducing the duration of UST as much as
possible to avoid the formation of large silicon particles
that can adversely affect the final mechanical properties.

Figure 10 shows the chemical composition of the a
aluminium matrix, eutectic and intermetallic phases. The
highest elemental concentrations were for Al, Si, Fe, Cu, Mn
and Mg. A similar result was obtained in the point compo-
sition analysis. Figure 10a shows the chemical composition
of the matrix, which consists primarily of Al. Figure 10b—f
shows that the eutectic consists basically of a high per-
centage of Si, Fe (also in a high percentage) and Mg, Mn
and Cu (in lower percentages). Ni, Zn and Cr are distrib-
uted in low quantities throughout the material and have
no impact on the formation of intermetallic compounds.

As already mentioned, Fig. 10g shows the points used
in the point composition analysis. The corresponding
results are shown in Table 4 and compare favourably
with the results of the chemical mapping. At point 3,
the Al content in the matrix of the material is 98.7%. The
other points represent the intermetallic compounds, and
all have an Si content of approximately 15% and high Fe
and Cu contents.

The results of the point analysis enabled the formulae
of the intermetallic phases to be calculated by the stoi-
chiometric method. The resulting formulae, which are
shown in Table 4, are Al Si,Fe Cu,Mn; AlsFe, ,Si; Al;Si;
and Al;,Cu. The Al Si,Fe, Cu,Mn intermetallic phase was
present with two different elemental ratios.

The results of the chemical analysis and the point
analysis of the alloy after 30 s of UST with a steel horn
are shown in Fig. 11 and Table 5, respectively. They are
very similar to the results for the alloy in the as-cast con-
dition, and the elements with the highest concentrations
for both types of analysis are Al, Si, Fe, Cu, Mn and Mg.

Figure 11a shows that the matrix is composed basi-
cally of Al, as observed at point 1 in the point analysis.
Si is the main constituent of the eutectic phase, which
also contains Fe, Mg, Mn and Cu, as shown in Fig. 11b-f,
Cu being present in higher concentrations. The interme-
tallic compounds have a similar composition to those
found in the untreated alloy and contain Fe and Mn. The
formulae calculated for the respective intermetallics are
Aly,Fe;SisMn, Al,,Si;CusMg, Al Fe,Si and AlSi.

The results of the analysis of the alloy after 30 s of UST
with a Ti horn are shown in Fig. 12 and Table 6 and are
similar to those for the alloy treated for the same time
with a steel horn. The matrix, eutectic and intermetal-
lic constituents have similar chemical compositions as
well as Chinese scripts. The formulae calculated for this
condition, which are shown in Table 6, are Al,Fe,Si,Mn,
Al;Cu;,SiMg, Al;4Fe,Si:CuMn, Al Fe,Si and Al,Si.

Some intermetallics and phases deserve a more
detailed explanation. For example, the intermetallics
with the formula Al Fe,Si,Mn observed after 30 s of UST
with steel and Ti horns (points 2 in Fig. T1gand 1, 3, 9
and 10 in Fig. 12g, respectively) were identified in the
literature as Al,,Si,(FeMn), and Al,sSi,(FeMn); [16-18].
This Fe-rich intermetallic can have a polyhedral or
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. 100pm £ Electron Image 1

Fig. 11 EDS elemental maps of a Al, b Si, c Fe, d Mg, e Mn and f Cu in the 355 alloy after 30 s ultrasonic melt treatment with a steel horn and
g SEM image
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Table 5 Results (in wt% and

Mg Mn Cu Calculated formula  Suggested formula

. . Point Al Si Fe
at.%) of EDS point analysis
of the 35.5 alloy after 30 s . 1 wt% 9839 082 -
:I:tr:s;?ﬂlocrrr]nelt treatment with at%  99.01 079 -
2 wt% 6342 8.79 19.51
at% 74.77 9.96 11.11
3 wth 76.56 8.08 9.90
at% 83.79 8.50 5.23
4 wt% 5531 2362 17.18
at% 62.72 2573 941
5 wt% 6851 28.06 0.99
at% 7012 2759 049
6 wth% 66.39 7.61 345
at% 76.77 845 1.93
7 wtd% 8482 1038 254
at% 8762 1030 1.27

- - 045 Al Al

- - 0.19

- 597 140  Aly,Fe,Si;Mn Al-Si(FeMn)
- 346 070

- 351 128 AlgFeySi Al-Fe-Si
- 189 059

- 350 039 Al sFe,,Si Al-Fe-Si
- 195 019

103 024 117 ALSI Al-Si
117 012 051

250 062 1891  Al,Si;Cu;Mg Al-Cu-Mg-Si
321 035 928

- 057 120 AlSi Al-Si

- 029 053

The points used are shown in red in Fig. 11g

Chinese-script shape and is usually present within the
Al matrix (inside the grain), its shape being defined by
the solidification sequence. For example, the intermetal-
lic will have a polyhedral shape if the Al Fe,Si,Mn phase
forms before the Al phase starts to solidify; if the Al
solidifies before the Al Fe, Si,Mn phase, the intermetallic
will have a Chinese-script shape [16, 17]. While in previ-
ous works, it was shown that some intermetallics with a
Chinese-script shape had a composition Al,Si,Fe, Cu,Mn,
in this work intermetallics with this composition had a
plate-like morphology, as observed at points 1 and 5 in
Fig. 10g and point 2 in Fig. 12g [19].

In the SEM images in Figs. 11g and 12g, intermetal-
lic with a Chinese-script shape can be observed. This
intermetallic can also be seen in the black-and-white
micrographs in Fig. 9a, ¢, e and 9b, d, f, which shows the
microstructure after 30, 90 and 120 s of UST with steel
andTi horns, respectively. Intermetallic with a polyhedral
shape can be observed in greater quantities in Fig. 9¢, e,
corresponding to 90 s and 120 s of UST with a steel horn.

Literature also reports that the cavitation corrosion
phenomena could occur leading to the partial melting of
the sonotrode material and consequent contamination
of the molten metal, forming AIXMey phase. In fact the
polyhedral AlSiFeMn phase observed for long UST time
(Al,,Si,(FeMn), and Al Si,(FeMn);) could be consequence
of the contamination, highlighting the importance in use
the UST technique for short periods of time [4, 20].

Another intermetallic that is worthy of note is Al FeSi,,
which is generally identified in the literature as AlsFeSi
with a thin, plate-like morphology and is found mainly at
the grain boundary [16]. The intermetallic Al FeSi, in the

present study had a similar shape and was present under
all three conditions studied: no UST; UST with a steel horn;
and UST with a Ti horn [16].

AlSi particles were found in regions without any inter-
metallics and between the grain boundaries. These regions
are characterized by a whitish colour in Figs. 10g, 11g and
12g, which correspond to the three conditions analysed.
Finally, the intermetallic Al,Cu was found only in the alloy
produced by conventional casting and had a plate-like
morphology, indicating that the cavitation in the liquid
metal produced by the UST caused this intermetallic to
melt completely and the resulting copper to spread exten-
sively, preventing the formation of this compound during
solidification. In contrast, the intermetallic Al,Si,Cu,Mg
was found in the alloy after 30 s or more of UST with either
horn. This may corroborate the finding that the intermetal-
lic AL,Si,Cu Mg is formed from Al,Cu, as the former gener-
ally grows next to clusters of Al,Cu [19].

These findings suggest that there are no significant dif-
ferences in the various intermetallics found for the differ-
ent UST conditions. What does change, however, is their
shape: while they have a needle-like morphology in the
as-cast condition, after UST they are smaller, more dis-
persed, regular and blunt, characteristics that can gener-
ally improve the final mechanical properties. This, together
with the smaller grain size made possible by UST, suggests
that this type of melt treatment could be used to improve
the mechanical properties of 355 alloy even when it has
not been heat-treated. To confirm this, however, further
work is required to compare the mechanical properties of
the alloy for the different conditions tested here.
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Fig. 12 EDS elemental maps of a Al, b Si, ¢ Fe, d Mg, e Mn and f Cu in the 355 alloy after 30 s UST with a Ti horn and g SEM image

4 Conclusions refinement of 355 alloy and to determine whether a steel

orTi horn yields the best results. The findings can be used
The purpose of this study was to identify from a wide  as a reference for future studies of other aluminium alloys
range of UST times the treatment time that optimizes grain ~ and can thus indirectly help to reduce processing time
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Table 6 Results (in wt% and

. . Point Al Si Fe Mg Mn Cu Calculated formula  Reference
at.%) of EDS point analysis of
the 355 alloy after 30 s UST 1 wt% 6181 807 1923 - 870 066 Al ,Fe,Si,Mn Al-Si(FeMn)
with aTihom at% 7411 930 1114 - 512 034
2 wt% 6143 893 2013 092 345 514  AlgFeSisCuMn Al-Si(FeMnCu)
at% 7258 1014 1149 121 200 258
3 wit% 6255 872 1934 - 671 178  AlFe;SisMn Al-Si(FeMn)
at% 7418 993 1108 - 391 090
4 wt% 7683 58 1189 - 357 152 Al,FeSi Al-Fe-Si
at% 8481 620 634 - 194 071
5 wt% 9829 112 - - - 059 Al Al
at% 9867 108 - - - 0.25
6  wt% 7761 2087 - 018 020 115  ALSi Al-Si
at% 7884 2037 - 020 0.10 050
7 wit% 6649 3253 - 019 - 080  ALS Al-Si
at% 6765 3179 - 021 - 035
8  wt% 9848 079 - - - 073 Al Al
at% 9893 076 - - - 031
9  wt% 6579 805 1720 - 626 201 Al Fe,SisMn Al-Si(FeMn)
at% 7671 902 969 - 358 1.00
10 wit% 6328 820 1991 - 588 223  Al,Fe,Si;Mn Al-Si(FeMn)
at% 7479 931 1137 - 341 112
11 wit% 7026 806 1449 085 296 338  AlFeSi Al-Fe-Si
at% 7909 872 788 106 164 162
12 wit% 6598 219 - 167 - 3016 AlyCu,SiMg Al-Cu-Mg-Si
at% 7974 254 - 224 - 15.48
13 wit% 9791 134 - - - 035 Al Al
at% 9855 130 - - - 0.15
14 wt% 7975 580 958 - 163 324  AlFeysSi Al-Fe-Si
at% 8657 605 502 - 0.87 149

The points used are shown in red in Fig. 12g

and the amount of resources needed as well as potential
processing errors.

The results show that UST is an alternative grain
refinement technique that can be used with 355 alloy
parts and that the optimal treatment time under the
conditions used here was 20-30 s for both Ti and steel
horns. However, as steel is much cheaper than Ti, the
present authors recommend the use of a steel horn.
Longer treatment times failed to produce any improve-
ments in the microstructure, and the steel horn yielded
homogeneous results even with short treatment times.
When this type of horn was used, the refined 355 alloy
had a grain size of 160 pm, A, (or dendrite cell size) of
130 pum, A, of approximately 18 pm and HV hardness of
approximately 95. Homogeneity after UST was greater
than in the as-cast condition, as confirmed by EDS and
SEM. The intermetallics identified in the samples for the
strategic conditions analysed were consistent with those
reported in the literature.
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