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Abstract

The use of ultrasonic non-linear effects to disperse nano-sized ceramic particles in molten metal has been studied and nano-sized SiC partic
reinforced AZ91D magnesium composites were fabricated. The microstructure of the composites was investigated by high-resolution scannin
electron microscopy (SEM), X-ray photo spectroscopy (XPS), and high-resolution X-ray diffractometer (XRD) techniques. Experimental
results show a nearly uniform distribution and good dispersion of the SiC nanoparticles within the magnesium matrix, although some of
small agglomerates (less than 300 nm) were found in matrix. Detailed study reveals that the SiC nanoparticles were partially oxidized. The
microhardness of composites have been improved significantly compared to that of pure AZ91D. The interaction between SiC nanoparticle
and the matrix was investigated. The interaction between ultrasonic waves and nanopatrticles was also discussed. The ultrasonic fabricatic
methodology is striking to rapidly produce a wide range of nano-sized particles reinforced metal matrix composites.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction be enhanced considerably even with a very low volume frac-
tion of these nanoparticles. The potential advantages of these
Metal matrix composites (MMC) are attractive in various metal matrix nanocomposites (MMNCSs) have generated ex-
applications because of theirimproved properties. Significant citement in both academia and industry. The need for cast
efforts have been taken to develop magnesium matrix com- structural components of high-performance magnesium alloy
posites in recent years due to their low density, high strength, composites is expected to increase as automotive industries
superior creep resistance, high damping capacity, and goodare forced to improve the fuel efficiency of their products.
dimensional stability1-21]. Magnesium matrix composites Conventional fabrication methods, such as mechanical stir
are excellent candidates as structural materials, and have greatasting4—12], powder metallurgy13,14], and squeeze cast-
potential in automotive and aerospace applications. Discon-ing [15-18] have been applied to produce discontinuously

tinuous micro-scale reinforcements such as short flie?$ micro particles reinforced magnesium MMCs. Among these
particleg[3-5], or whiskerg5,6], have been used to produce methods, stir casting is an easily adaptable and cost-effective
magnesium MMCs. method. This technique is also capable of the near-net-shape

The strengthening mechanism for MMCs with fine par- formation of the composites into complex shapes by con-
ticles has been theoretically studigzP,23] It is believed ventional foundry processes. However, it is extremely dif-
that the properties of metal matrix composites with embed- ficult for the mechanical stirring method to distribute and
ded nano-sized ceramic particles (less than 100 nm) woulddisperse nano-scale particles uniformly in metal melts due

to their large surface-to-volume ratio and their low wettabil-
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Table 1 Ultrasonic
Chemical composition of AZ91D magnesium alloy E:' Ultrasonic power supply
AZ91D Mass percentage '
WV
Al 9.30 Heat Jacket
Zn 0.71 and crucible
Mn 021 = Control System
Si <010 D. sensor
Cu <0030
Ni <0.005 Heat Jacket
Fe <Q002 Power switch
Mg Balance
T
To wall outlet
Table 2 Fig. 1. Sch tic of . tal set
Chemical composition of nano-sized SiC particle 9. 1. >chematic of experimental Setup.
B-SiC Mass percentage
. . o o i .
sic ~=05% composites with 2.0 wt.% and 5.0 wt.% nano-sized SiC were
[0] 1-1.5% prepared. _
c 1-2% High-intensity ultrasonic wave was used for process-
Average diameter 30nm ing AZ91D alloy melts. As shown irFig. 1, the experi-
Specific surface area >109.G44 mental setup consists of processing units and controlling
Synthesis technique Laser

units. A heating unit was used to melt AZ91D in a small
graphite crucible of 2 diameterx 2” height. A titanium
strong micro scale transient cavitations and acoustic stream-waveguide, which was coupled with a 20 KHz 600 W ul-
ing[29,30]were successfully introduced to distribute and dis- trasonic transducer (Misonix), was dipped into the melt to
perse nanoparticles into magnesium alloy melts, thus makingprocess the melts. The magnesium melt pool was protected
the production of cast high-performance nano-sized particlesby CO,/SFs (volume ratio 99:1) mixed gas. Nano-sized SiC
reinforced magnesium matrix composite promising. was added to the crucible from the top surface of the melts.
In this paper, SiCp/AZ91D composites were fabricated by One temperature probe was used to monitor the processing
casting with the help of high-intensity ultrasonic wave tech- temperature.
nique. The microstructure and microhardness of nano-sized The ultrasonic processing temperature was controlled at
SiC particles reinforced magnesium composites are investi-620°C. An ultrasonic power of 80 W from the transducer
gated. was found to generate adequate non-linear efff29s30]
inside the crucible. A graphite permanent mold with pro-
tection of the mixed gas was used to obtain as-cast bulk
2. Experimental procedures nanocomposites. With nano-sized SiC patrticles in the melts,
the viscosity of melts became higher. Thus, after efficient ul-
AZ91D magnesium alloy was selected as the matrix of the trasonic processing, a higher casting temperature of €00
magnesium composite. Its chemical composition is listed in was used to ensure a satisfactory flowability inside the mold.
Table 1 The melting temperature range of this magnesium |t should be noted no ultrasonic wave used during the casting
alloy is 468-596 C. The reinforcements were silicon carbide process.
nanoparticles with a normalized average diameter of 30nm.  For microstructural study, samples of as-cast bulk magne-
Its chemical composition is shown ifable 2 Magnesium  sium composites were cut, mounted, mechanically ground,

Fig. 2. The microstructure of (a) AZ91D and (b) AZ91D/5SiC.
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Fig. 3. X-ray diffraction patterns of (a) AZ91D and (b) AZ91D/5SiC.

and finally polished down to 0.Qbm. Specimens for SEM The X-ray photoelectron spectroscopy (XPS) was intro-
observation were etched with a 2.0vol.% solution of nitric duced to analyze the chemical status of SiC in Mg matrix.
acid in ethanol for 5s at room temperature, and then sput- Usually X-ray diffraction (XRD) has been used for phase
tered with Au for better conductivity. The distribution of analysis but is of limited value in this study, since only a
the nanoparticles and individual elements in the compos- small volume fraction of SiC nanoparticles were used in this
ite phases were investigated with a scanning electron mi- study. The XPS technique useslow energy monochromatic X-
croscopy LEO 1530SEM), equipped with an EDS detector. ray beams to emit photoelectrons. Elements exhibit binding
Inel X-ray detector was used to determine the phases in ma-energy peaks whose relative position depends on the elec-
terials (40 KV, 30 mA). tronegativity of their surrounding atomic neighbors. In the
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Fig. 4. XPS spectra. (a) Si 2p for AZ91D; (b) Si 2p for AZ91D/5SiC; (c) C 1s for AZ91D; (d) C 1s for AZ91D/5SiC.
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Fig. 5. Distribution and dispersion of SiC nanoparticles in AZ91D/5SiC and spectrum of EDS. (a) SiC in AZ91D; (b) SiC in AZ91D/5SiC under higher
magnification; (c) EDS spectrum for matrix near nanoparticles; (d) EDS spectrum for SiC.

case of a phase mixture where more than one bonding state3. Results
exists, a particular element is expected to have various bind-
ing energies, caused by a different coordination/neighbor.  3.1. Solidification microstructure
For XPS analysis, samples were ultrasonically cleaned in
methanol acetone and ethanol and allowed to air dry, then Fig. 2 shows the microstructure of pure AZ91D and
mounted on an aluminum block fixed to the end of a rotatable AZ91D with 5.0 wt.% SiC (hereafter AZ91D/5SiC). The mi-
probe. The samples were then gradually degassed in the samerostructure of AZ91D alloy consists of a distribution of
ple introduction chamber and placed into the high vacuum «-Mg grains together with intergranul@-Mgi7Al12. The
chamber of the XPS spectrometPH| 5400 ESCAXPS for halo surrounding the intermetallic phases is due to a dif-
examination. All XPS experiments were conducted at ambi- ference in etching characteristics betweendkdg (higher
ent temperature. Following an initial set of XPS survey as a in Al content), which formed during the last stages of the
baseline; each sample was sputter cleaned using 25 KV Ar+solidification sequence, and the bulk of theMg grains.
for XPS survey followed by C1s high-resolution spectra be- The eutectic is divorced and therefore thévigs7Al12 is
ing taken in 15-min intervals. This was done until the carbon shown.
signature was reduced to approximately consistent spectra. Microstructure of AZ91/5SiC also shows a similar segre-
The specimen was irradiated with monochromated Mg Kara- gation of aluminum in the magnesium matrix, manifesting
diation (Mg anode under KeV and MA). A broad energy scan itself by an increased Al concentration in regions close to
of all samples was firstly obtained at 2 eV/s in the range of the secondary phases. Moreover, EDS analyses show Si-rich
0-1000 eV. The strong photoelectron lines were then scannedorecipitates in the AZ91/5SiC. According to XRD patterns
over a 35.77 eV range at a rate of 0.1 eV/s. the signal curvesof (Fig. 3), these precipitates in AZ91D/5SiC were identified
were fitted by peak addition using Gaussian-Lorenzian peakas M@Si, an intermetallic phase of the Mg—Si system. How-
approximations and Shirley background reduction. ever, it was difficult to verify the SiC phase from the XRD
The microhardness test was conducted with a Buehler mi- results because of the low percentage and small size of SiC
crohardness tester (load 500 gf, load time 3D=s,25). in the matrix.
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Fig. 6. Microhardness results. (a) Indentations in AZ91D; (b) indentations in AZ91D/5SIiC; (c) microhardness comparison of AZ91D, AZ91D/2SiC, and
AZ91D/5SiC (each value is the average from at least five tests).

To investigate the interaction between SiC and Mg melts, 3.2. Microhardness test
XPS spectra from the samples were collected. The XPS re-
sults of AZ91D and AZ91D/5SiC are shown kiig. 4. The The micro-scale indentations in AZ91D and AZ91D were
Si2p of AZ91D consisted of one peak at 99.35eV that is shown inFig. 6. Indentations #1 and #2 iRig. 6a indi-
identified as Si. However, the Si2p of AZ91D/5SiC spectra cate the hardness of AZ91D includiagMg and Mg 2Al 17.
consisted of three peaks at 99 eV, 100.3eV, and 102.8 eV.Indentation #3 inFig. 6o indicates the hardness afMg
These were identified as those due to Si, SiC,,Si@®spec- and Mg2Al17 in AZ91D/5SiC while indentation #4 indi-
tively [24-28] C 1s spectra of AZ91D show the one peak cates the hardness of M8i. From the hardness results,
284.5eV that is primarily hydrocarbon, a common contam- it is shown that the length of hexagonal of indentation in
inant. C 1s spectra of AZ91D/5SiC consisted of two peaks: AZ91D/5SiC was obviously shorter than that in AZ91D, in-
283.5eV and 284.5eV. One of the peaks (284.5eV) is at- dicating that the hardness of AZ91D/5SiC is greater than
tributed to contaminant carbon and the other one (283.5eV) AZ91D. Additionally, the hardness of M&i was similar to
at the lower binding energy side is due to SiC. This result the matrix of AZ91D/5SiC. SiC nanopatrticle distributed in
is consistent with that obtained for Si2p fig. 4(b). XPS the Mg matrix is attributed to the improved hardness of the
analysis indicates the presence of SiC in AZ91D/5SiC and nanocomposites.
moreover SiC are partly oxidized. As shown inFig. €c, the hardness of the magnesium com-

Fig. 5 shows that the morphology and distribution of posites increased with the increasing percentages of SiC in
SiC nanoparticles in the AZ91D matrix. It can be seen that AZ91D. For AZ91D/5SIC, the average hardness increased
nanoparticles are well distributed and dispersed, althoughby approximately 75% compared to AZ91D.
there are some SiC agglomerate$00—300 nm in the ma-
trix. In order to determine the chemical composition of the
nanoparticles in the magnesium matrix, energy dispersion
spectrum (EDS) was used. Because the detection zone of ED¢
beam is bigger than the average size of SiC, the EDS peaks
for SiC nanopariclesHig. &) will inevitably include com-
positional information of Mg matrix near particles. However, '
through subtracting the compositional information of matrix _ -
(Fig. 5d), it is evident that Si, C, and O peaks correspong * 5102 #eronthesuficeof S b Fhe famation ol Mesi G et e sic T
only to composition of nanoparticles. It suggested that the
SiC particles are partly oxidized. Fig. 7. The schematic of M&i formation in AZ91/5SiC.
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a. Formation and growth b. Collapsing of bubbles c. Break-up and re-dispersion
of bubbles of nanoparticle clusters

O Bubble @® Nanoparticle % Nanoparticle cluster Dash line in melts: acoustic streaming

Fig. 8. Schematic of the cavitation and streaming effects for nanoparticle dispersion and wetting in metal melts.

Fig. 9. SiC clusters in AZ91D. (a) Ultrasonic stirring method and (b) traditionally mechanical stirring.

4. Discussion lapsing of tiny bubbles in liquid under cyclic high-intensity
ultrasonic waves (thousands of micro bubbles will be formed,
4.1. Mg@Siin AZ91D/5SiC expanding during the negative pressure cycle and collapsing

during the positive pressure cycle). By the end of one cav-
Mg>Si compound is found in AZ91D/5SiC, but not in itation cycle, the tiny bubbles implosively collapse (in less

AZ91D. Itis believed that during the melting and ultrasonic than 10°®s), producing transient (in the order of microsec-
processing, free Si or Sifrom the SiC particles together —onds) micro “hot spots” that can reach temperatures of about
with Mg forms Mg Si at the matrix/SiC interface. Because 5000°C, pressures of about 1000 atm, and heating and cool-
the MgO is loosely on the surface of SiC, the }@gand MgO ing rates above #8K/S [35]. Transient cavitations could
phases on the surface of SiC will be detached from SiC underproduce an implosive impact, which could be strong enough
intensive ultrasonic cavitation. From the analysis of EDS for to break up the clustered fine particles to disperse them more
SiC nanoparticles, it indicated that there were noBigand uniformly in liquids. The strong impact coupling with lo-
MgO exist at the matrix/SiC interfac€ig. 7). cal transient high temperatures could enhance the wettability

between metal melts and particles significanBig( 8).

It has been demonstratedkig. 5that SiC nanoparticles

4.2. The interaction between high-intensity ultrasonic can be nearly uniformly distributed in the AZ91D matrix
waves and nano-sized particle clusters in magnesium by high-intensity ultrasonic waves. Although some small ag-
melts glomerates in AZ91D/5SiC still existed in the matrix, the ag-

glomerates have been greatly improved when compared with

High-intensity ultrasonic waves are especially useful in the severe agglomerates in composites fabricated by tradi-
that they generate some important non-linear effects in lig- tionally mechanical stirring, as shownkig. 9.
uids, namely transient cavitation and acoustic streaming
[29,30], which are mostly responsible for benefits includ-
ing refining microstructures, degassing of liquid metals for
reduced porosity, and dispersive effects for homogenizing 5. Conclusions
[31-33] Acoustic streaming, a liquid flow due to acoustic
pressure gradient, is very effective for stirrif3g]. Acoustic Nano-sized SiC particles reinforced magnesium compos-
cavitation involves the formation, growth, pulsating, and col- ites were fabricated by casting with the help of high-intensity
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ultrasonic cavitation technique. From the study of microstruc- [9] A. Bochenek, K.N. Braszczynska, Mater. Sci. Eng. A290 (2000) 122.
tural characterization and hardness determination, the result$10] Y. Cai, M.J. Tan, G.J. Shen, H.Q. Su, Mater. Sci. Eng. A282 (2000)

suggest:

High-intensity ultrasonic waves are capable of distributing
and dispersing nanoparticles in Mg matrix with non-linear

232.

[11] H. Hu, Scripta Mater. 39 (1998) 1015.

[12] T. Imai, S.W. Lim, D. Jiang, Y. Nishida, T. Imura, Mater. Sci. Forum
304 (1999) 315.

effects in liquids, especially transient cavitation. From the [13] H. Ferkel, B.L. Mordike, Mater. Sci. Eng. A298 (2001) 193.
high-resolution SEM observation, SiC nanoparticles are al- [14] B.W. Chua, L. Lu, M.O. Lai, Compos. Struct. 47 (1999) 595.

most uniformly distributed in the matrix, although some smal

clusters (less than 300 nm) still exist in matrix. EDS analysis

indicates that the SiC nanoparticels are partly oxidized.

I [15] C. Mayencourt, R. Schaller, Mater. Sci. Eng. A325 (2002) 286.
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Compared to pure cast AZ91D, cast AZ91D/5SIC yields [18] M.Y. Zheng, K. Wu, C.K. Yao, Mater. Sci. Eng. A318 (2001) 50.

Mg>Si compounds. The Mgi compound in the composites

might be resulted from chemical reactions taking place dur-
ing the ultrasonic processing of composites. Si could be intro-
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The microhardness of nanoparticle reinforced magnesium ; ‘ ‘ )
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by 75% compared to that of AZ91D.
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