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Abstract

Ultrasonic Stirring Technology (UST) is used in this study to manufacture Al-based
nano-composites. Ultrasonic cavitation plays an important role in refining the
microstructure, dispersing the nanoparticles and breaking up clusters of
nanoparticles. In this paper, 6061/A356 alloys and Al203/SiC nanoparticles are used
as the matrix alloys and the reinforcements, respectively. The nanoparticles were
inserted into the molten alloy and dispersed by ultrasonic cavitation and acoustic
streaming. A previously developed multiphase Computational Fluid Dynamics (CFD)
model was used to study the cavitation and the nanodispersion phenomena during
ultrasonic processing of these alloys. A comparison between the mechanical
properties of the as-cast 6061 and 356 alloys and nano-composites has been
performed.

Keywords: Ultrasonic stirring; 6061 and 356 alloys and nanocomposites; SiC and
Al203 nanoparticles; Evaluation of mechanical properties.

1 M.S. in Materials Science and Engineering, Ph.D. Student, MTE Department, The University of
Alabama, Tuscaloosa, USA.

2 M.S. in Materials Science and Engineering, Ph.D. Student, MTE Department, The University of
Alabama, Tuscaloosa, USA.

3  Ph.D. in Metallurgical and Materials Engineering, Professor of Metallurgical and Materials
Engineering, MTE Department, The University of Alabama, Tuscaloosa, USA.



1 INTRODUCTION

Al-based nanocomposites can offer outstanding properties, including low density,
high specific strength, high specific stiffness, excellent wear resistance and
controllable expansion coefficient, which make them attractive for numerous
applications in aerospace, automobile, and military industries field [1-11].

UST has been extensively used in purifying, degassing, and refinement of metallic
melt [12-16], mainly because introducing the ultrasonic energy into a liquid will induce
cavitation and acoustic streaming. Ultrasonic cavitation in liquids causes high speed
liquid jets of up to about 300 m/s. Such jets press liquid at high pressure between
the particles and separate them from each other [17]. Acoustic streaming is a steady
motion of the fluid driven by the absorption of high amplitude acoustic oscillations.
Ultrasonic stirring technology can also improve the wettability between the reinforced
nanoparticles and the metal matrix, which will assist to distribute the nanoparticles
more uniformly into the metal matrix [18-20].

Al203 and SiC are widely used as reinforcement particles due to their relatively good
thermal and chemical stability. In this study, the effects of the ultrasonically dispersed
Al203 and SiC nanoparticles on the microstructure and mechanical properties of
A356 and 6061 nano-composites are shown.

2 EXPERIMENTAL TECHNIQUE

Aluminum alloy A356 and 6061 were selected as the metallic matrix. The nominal
chemical composition of the alloys are shown in Table 1. The ceramic nanoparticles
used in this study were B-SiC (spherical shape, average diameter of about 50 nm)
and Al20s (spherical shape, average diameter of 20 nm).

Table 1. Nominal chemical composition of matrix alloys studied (in wt. %)

Matrix Alloy Si Fe Cu Mn Mg Zn Ti Balance
A356 6.5-7.5 0.20 0.20 0.10 0.25-0.45 0.10 0.20 Al
6061 0.4-0.8 0.70 0.15-0.4 0.15 0.8-1.2 0.25 0.15 Al

The ultrasonic processing system used in this study is illustrated in Figure 1. The
main parameters of the ultrasonic equipment are: maximum power, P = 2.4kW and
frequency, f = 18 kHz. An induction furnace with a capacity of 2.7 kg was used to
melt the alloys. After the alloy is melted, the Nb ultrasonic probe was inserted to
about 50 mm beneath the melt surface to perform ultrasonic stirring at a power of
1.75 kW. 1 wt% nanoparticles (Al2O3 or SiC) were injected into the cavitation area
(beneath the ultrasonic probe) during a 15 min time-frame. The molten pool was
protected by Argon gas atmosphere. A thermocouple was used to monitor the melt
temperature to control the superheat. A higher pouring temperature of 750°C was
used to minimize the formation of metal-mold filling defects including cold-shuts. The
metal mold was preheated to 400°C. The specimen was extracted from the metal
mold after 30 min and tested on a tensile test machine. The dimensions of the
specimen are 50.8 mm length and 12.7 mm diameter. The experiments were
repeated several times for statistical interpretation of the results.
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Figure 1. A schematic representation of the UST-induction furnace equipment.
3 MODELING TECHNIQUE

The geometry of the model is shown in Fig 2. The ultrasonic probe has a diameter of
40 mm. The liquid aluminum is 6061 and A356. The SiC and Al2Os3 are treated as
inert-particles. The mass flow rate of the nanoparticles is 0.014 kg/s. Thus, 1.0 wt.%
of nanoparticles can be injected at about 20 mm above the bottom of the furnace for
1.0 sec.
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Figure 2. Geometry of model.

The multiphase CFD model is able to account for cavitation, turbulent fluid flow, heat
transfer, solidification and the complex interaction between the molten alloy and



nanoparticles by using the ANSYS Fluent Dense Discrete Phase Model (DDPM) and
K-w turbulence model. The CFD model is described in detail in [21, 22]. To be able
to model the nanodispersion over long time periods, the DDPM model is currently
uncoupled from the cavitation model.

3 RESULTS AND DISCUSSION
3.1 Modeling Analysis

The predictions of the cavitation and flow are presented in Figure 3 for an A356 liquid
alloy at time t = 2.0e-04 s, which is after the onset of cavitation. The onset of
cavitation for this alloy system is around 8.8e-06s [23, 24]. The predicted ultrasonic
cavitation region is presented in Figure 3a, where the cavitation phase is hydrogen
[21]. The cavitation region is relatively small at time t = 2e-04 s, the acoustic
streaming is relatively strong, especially in the ultrasonic probe region (see velocity
vectors in Figure 3b) and thus the newly created phase can be transported into the
bulk liquid quickly. Note that the legend in Fig. 3a shows the volume cavitation
region. Figure 4 show the distribution of the nanoparticles after 30s. As it can be
seen from Figure 4 the streams of nanoparticles are reasonably well dispersed in the
matrix. Some agglomeration of nanoparticles can be observed. This is in line with the
experimental observations done via SEM and EDS analyses [25].
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Figure 3. Predicted (a) cavitation region (volume fraction) and (b) velocity vectors (m/s) at t = 2e-04 s.



Figure 4. Predicted distribution of the stream of nanoparticles at t = 30s.
3.2 Experimental Analysis

Table 2 shows the tensile test results for the as cast 6061 alloy and nanocomposites
under different melt treatment conditions. By using the UST treatment and the
addition of nanoparticles, the tensile strength almost remains the same. On the other
hand, the elongation increases by 45% after the UST treatment and by about 3 times
after the UST treatment and the addition of nanoparticles.

Table 2. Tensile testing results for the as-cast 6061 samples

6061 Samples Tensile strength Elongation
MPa %

Ar Degassed 163.3 = 9.2 47 = 0.9

UST 154.6 = 11.3 6.8 1.3

UST+1% SiC 158.6 = 10.6 131 = 24

UST+1% Al203 163.5 = 12.9 13.2 +1.9

Both the Hall-Petch (grain boundary) and the Orowan (dislocation loop)
strengthening mechanisms contributed to the increase of tensile strength. But the
agglomeration of nanoparticles and microporosity can decrease the tensile strength
of nanocomposite samples. The combination of these effects may be the reason that
the tensile strength almost remains the same for 6061 samples. The increase in the
elongation of the 6061 samples may be attributed to the slip mode transition
produced by the presence of nanoparticles which depends on the
matrix/nanoparticles interaction [6, 25].

Table 3 shows the tensile test results for A356 alloy and nanocomposites under
different treatment conditions. By using the UST treatment and the addition of
nanoparticles, the elongation remains the same while the tensile strength increases
after the UST treatment and addition of nanoparticles.




Table 3. Tensile testing results for the as-cast A356 samples

A356 Samples Tensile strength Elongation
MPa %

Ar Degassed 151.3 £ 6.2 34 0.2

UST 1726 = 7.9 41 + 0.6

UST+1% SiC 172.0 £ 5.9 44 + 0.5

UST+1% Al203 1776 + 8.2 44 + 0.7

The differences in tensile properties between the as-cast A356 and 6061 samples
may be explained from the differences in the Si content in the two types of alloys.
A356 alloy has about 7% of Si element while 6061 alloy has only about 0.4-0.8% Si
element. The reinforcement-matrix interfaces play an important role in determining
the mechanical properties of the nanocomposites. SEM observation of polished and
etched A356-1.0%SiC samples revealed that SiC particles appeared to act as
substrates for nucleation of Si phase [26]. In A356, SiC and Al2O3 nanoparticles may
both act as substrate for nucleation of Si phase, which will promote the
reinforcement-matrix interface coherency. Thus, the strengthening effects of both
UST and nanoparticles will dominate over the weakening effects of nanoparticle
agglomeration and microporosity in A356-based nanocomposite.

4 CONCLUSIONS

It is shown in this paper that the CFD model that can simulate the complex
phenomena during ultrasonic processing of nano-composites including cavitation and
nanodispersion phnomena. The CFD model showed that (i) the cavitation region is
relatively small beneath the ultrasonic probe and transferred quickly into the bulk via
acoustic streaming and (ii) the nanoparticles are well dispersed in the molten alloy
and, assuming that they will not be significantly agglomerated during the solidification
process, a finely dispersed nanoparticle composite can be obtained. This is in line
with the experimental observations done via SEM and EDS analyses.

A comparison between mechanical properties of 6061 and 356 alloys and
nanocomposites was shown in this study. It was found that a significant improvement
in the ductility of the as-cast 6061 nanocomposite was achieved after the addition of
the Al203/SiC ceramic nanoparticles via ultrasonic processing while no increase in
tensile strengh was observed. Cross slip in non-basal slip planes activated by the
presence of nanoparticles could be the mechanism of the ductility improvement. This
is opposite to the as-cast A356 nanocomposite where it was observed that the tensile
strengh increased but the ductility remained almost constant. The differences in
tensile properties between the as-cast A356 and 6061 samples may be explained
from the differences in the Si content in the two types of alloys.
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