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ABSTRACT OF THE DISSERTATION
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Professor Xiaochun Li, Co-Chair
Professor Jenn-Ming Yang, Co-Chair

The objective of this study is to gain fundamental knowledge on the interactions between
nanoparticles to achieve a uniform dispersion of nanoparticles in metals for manufacturing metal
matrix nanocomposites (MMNCs). MMNC, also known as nanoparticles reinforced metal, is an
emerging class of materials exhibiting unusual mechanical, physical, and chemical properties.

However, a lack of fundamental knowledge and technology on how to achieve a uniform
nanoparticle dispersion in MMNCs has hindered the rapid development of the MMNC field. In
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this dissertation, several methods were explored to achieve a uniform nanoparticle dispersion in
MMNCs.
In-situ oxidation method were applied to fabricate Al-Al2O3 nanocomposites with a
uniform dispersion of Al2O3 nanoparticles. Pure Al nanoparticles were cold compressed in a steel
mold and then melted in an alumina container. Al2O3 nanoparticles were in situ synthesized
through the oxidation of the Al nanoparticle surfaces to form bulk Al nanocomposites during the
process. Although some Al2O3 nanoparticles were distributed along the grain boundaries of some
coarse Al grains, most Al2O3 nanoparticles were evenly distributed inside ultrafine Al grains to
effectively restrict their grain growth. Moreover, the microhardness of the bulk Al nanocomposites
is enhanced up to about three times as high as that of pure bulk Al.
Friction stir processing (FSP) were combined with semi-solid mixing to disperse 6 vol.%
SiC nanoparticles in Mg6Zn. Semi-solid mixing was effective to incorporate SiC nanoparticle into
Mg6Zn matrix before FSP. The low temperature at the semi-solid state reduced nanoparticles
burning and oxidation effectively, while a high viscosity of the metal at semi-solid state trapped
the nanoparticles inside the matrix metal. Also, FSP was used to process Mg + 6vol.% HA
nanocomposites with a uniform dispersion and distribution of nanoparticles after mechanical
stirring. The mechanical properties of Mg nanocomposites after FSP were significantly improved.
Unfortunately these two methods discussed above are not economical for mass
manufacturing of MMNCs, while solidification processing is very promising as a versatile mass
manufacturing method for production of bulk MMNC parts with complex geometry and high
nanoparticle loading. However, the incorporation and de-agglomeration of nanoparticles in liquid
metals are extremely difficult. Thus there is a strong need to fully understand the physics of the
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interactions between nanoparticles inside metal melts in order to develop new pathways to achieve
the uniform dispersion of nanoparticles for mass solidification processing of bulk MMNCs.
A theoretical model was successfully established to reveal the essential conditions for
nanoparticle dispersion in molten metal during solidification nanoprocessing of bulk MMNCs.
The interactions between nanoparticles in a molten metal include three key potentials, the
interfacial energy barrier at a short range (1~2 atomic layers) to resist nanoparticles to come further
into atomic contact, the attractive van der Waals potential (dominant in the longer range from
0.4~10 nm), and the Brownian potential, kT. Three possible scenarios for nanoparticles in molten
metals were theoretically predicted below.
1. Clusters: when the maximum interfacial energy barrier is less than about 10kT due to a
poor wetting between nanoparticles and metal melt, the nanoparticles will come close
into atomic contact to form larger clusters in the liquid metal.
2. Pseudo-dispersion: If the maximum interfacial energy barrier is high enough (e.g. more
than 10 kT) due to a good wetting between the nanoparticle and the molten metal and
the van der Waals attraction is much larger than the Brownian potential, nanoparticles
will be trapped into a local minimum potential to form pseudo-dispersion domains
where dense nanoparticles are separated by only a few layers of metal atoms.
3. Self-dispersion: When the maximum interfacial energy barrier is high and the van der
Waals attraction is smaller than the Brownian potential, nanoparticles will move freely
inside the molten metal in a self-dispersion and self-stabilization mode.
Based on theoretic study and availability of nanoparticles in the market, two material
combinations, TiC (with a radius of 25 nm) in liquid Al and SiC (with a radius of 30 nm) in liquid
Mg, were first selected for the experimental study.
iv

To avoid oxidation and burning of TiC nanoparticles, a novel method of salt assisted
nanoparticles incorporation was developed to fabricate master Al-9vol.% TiC nanocomposites. A
droplet casting method was developed to avoid the nanoparticle settling down and pushing during
solidification. Microstructure studies revealed that TiC nanoparticles still form domains in Al
matrix, indicating a pseudo-dispersion of TiC (50 nm in diameter) in pure liquid Al. However, TiC
nanoparticles were successfully dispersed in the Mg18Al eutectic alloy.
Mg6Zn-1vol.% SiC nanocomposite ingots were first obtained by ultrasonic-assisted
solidification processing. A new method was developed to concentrate SiC nanoparticles by
evaporating Mg and Zn away from the Mg6Zn-1vol.%SiC ingots at 6 torr in a vacuum furnace.
After evaporation and a slow cooling at approximately 0.23 K/s, a sample with about 14 vol.%
SiC nanoparticles was obtained in an Mg2Zn matrix. Material characterizations by SEM, EDS,
and Vickers hardness measurements revealed that SiC nanoparticles were self-dispersed in Mg.
Micropillar compression tests showed that the Mg2Zn-14vol.% SiC nanocomposites yield at a
significantly higher strength of about 410 MPa with a good plasticity, while of 50 MPa with a very
poor plasticity for pure Mg2Zn.
In summary, this dissertation establishes a theoretical framework and developed
experimental methodologies to achieve a uniform dispersion of dense nanoparticles in metals. The
study has significantly advanced the fundamental understanding on the interactions between
nanoparticles in molten metals to obtain MMNCs with a uniform dispersion of dense nanoparticles
for widespread applications.
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Chapter 1 Introduction

1.1 Motivation
Nanocomposites can provide exciting physical, chemical, and mechanical properties for
numerous applications. Solidification processing has a great potential for an economical
fabrication of bulk nanocomposites, especially for those with crystalline materials as the matrix,
such as metal matrix nanocomposites (MMNCs).
A uniform nanoparticle dispersion inside MMNCs is critical to achieve enhanced
properties. The final distribution of nanoparticles inside MMNCs depends on the incorporation of
nanoparticles, the dispersion of nanoparticles in molten metal and the pushing of nanoparticles
during solidification. Tremendous work has been carried out to incorporate nanoparticles into
molten metal and to overcome the pushing of nanoparticles during solidification. However, it is
still a long standing challenge to achieve a uniform dispersion of nanoparticles in molten metal for
industrial production. Poor wettability between ceramic nanoparticles and molten metal often
results in nanoparticle repulsion out of molten metal. Possible contamination and air bubbles
attached on the nanoparticle surfaces often aggravate this tendency. Nanoparticles readily
aggregate to form agglomerations in molten metal, making it difficult to obtain a stable and
uniform dispersion of nanoparticles inside the molten metal. Recently, ultrasonic cavitation
processing has been successfully used to disperse nanoparticle in molten Al and Mg melts. A
uniform distribution and dispersion of nanoparticles inside molten metals could be achieved during
the ultrasonic process. However, once the ultrasonic processing stops, the uniform dispersion of
nanoparticles is not stable and nanoparticle pushing during solidification readily form nanoparticle
agglomerates. Moreover, ultrasonic process is still not suitable for economical mass production of
1

MMNCs. It is thus of significance to initiate theoretical and experimental studies to provide
systematic pathways to achieve a uniform distribution and dispersion of nanoparticle for large
scale solidification nanoprocessing of MMNCs.

1.2 Research objectives
This study is to discover effective pathways for a uniform nanoparticle dispersion for mass
manufacturing of MMNCs. Theoretical and experimental studies are especially conducted to
advance the fundamental understanding of the interactions between nanoparticles in molten metals.
Two specific research objectives are included: 1) Understand the physics and establish a theoretical
framework on the interactions between nanoparticles in molten metals; 2) Conduct experimental
study, under the theoretical guidance, to achieve a uniform dispersion of nanoparticles during
solidification nanoprocessing of MMNCs.

1.3 Work summary
An extensive literature review has been conducted. Experimental studies on in-situ
oxidation and friction stir processing were conducted to obtain a uniform dispersion of
nanoparticles in small samples. To realize a mass production of bulk MMNCs, solidification
processing is the most economic method. Theoretical and experimental studies thus were
conducted to realize a uniform dispersion of nanoparticles during solidification processing of
MMNCs. The studies are detailed the chapters of this dissertation as briefly summarized below:


Chapter 2 reviews the state-of-art on MMNCs processing.
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Chapter 3 presents the experimental results on Al-Al2O3 nanocomposites fabricated through
in-situ oxidation.



Chapter 4 discusses the fabrication of Mg6Zn-SiC and Mg-HA nanocomposites through
friction stir processing.



Chapter 5 conducts a theoretical study on the interactions of nanoparticles in molten metals
and predicts potential pathways to achieve a uniform dispersion of nanoparticles during
solidification processing of MMNCs.



In Chapter 6, experimental studies on two model material systems (i.e. TiC/Al and SiC/Mg),
based on the theoretical guidance of Chapter 5, were conducted.



Chapter 7 draws conclusions.



Potential future work is recommended in Chapter 8.
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Chapter 2 Literature review

2.1 Metal matrix nanocomposites
The demand of an energy-lean future has significantly affect material selections for
engineering systems. Composite materials combining two or more different materials to achieve
novel properties have gained popularity in high performance lightweight products for energy
efficiency. Composite materials are already used in various applications, e.g. plain bearing, paper,
tires, and cemented carbide cutting tools. Some emerging composite materials include in situ metal
matrix composites, carbon-fiber-reinforced thermoplastic composites, and toughened ceramics by
use of fiber-reinforcement [1,2,3,4,5,6,7,8,9,10,11].
Recent advances in producing nanostructured materials with novel properties have
stimulated research to create multi-functional engineering materials by designing structures at the
nanometer scale, e.g. nanocomposites. Motivated by the recent progress in nanotechnology,
nanocomposites becomes one of the rapidly evolving areas for materials research [6,9,10,12].
Based on the matrix phase, nanocomposites are classified into three categories: metal matrix
nanocomposites (MMNCs), polymer matrix nanocomposites, and ceramic matrix nanocomposites.
Based on the reinforce phase with nanostructure, nanocomposites can be classified into three
categories: nanoparticles reinforced nanocomposites, nanoplatelets reinforced nanocomposites,
and nanofiber reinforced nanocomposites [8].
In the past decade, much work has conducted on polymer matrix nanocomposites and many
such materials are already used in various applications [13,14,15]. In the meantime, MMNCs are
emerging as a new class of nanocomposites that incorporate nanosized reinforcements in metal
matrix for novel properties. With a similar concept to the metal matrix composites but with
4

nanoscale reinforcing particulates, MMNCs are much more promising in achieving exciting
mechanical properties, such as significantly enhanced strength and ductility. Metallic
nanocomposites containing nanoparticles or carbon nanotubes could offer distinct advantages over
polymeric composite due to the inherent high temperature stability, high strength, high modulus,
wear resistance, and thermal and electrical conductivity of the metal matrix [10,11,16,17,18].
However, the development of MMNCs is still in its infancy. The MMNCs synthesized to
date include Al-B4C [19], Al-AlN [20], Al-AlB2 [21], Al-MgB2 [21,22], Al-MgO [23,24], Al-TiC
[25], Al-SiC [26], Al-ZrO2 [27], Al-CNT [28], Al-Al2O3 [29,30], Al-TiB2 [31], Al-Al4C3 [32], CuAl2O3 [33,34], Cu-NbC [35], Cu-TaC [36], Cu-TiC [37], Cu-CNT [38], Cu-TiO [39], Cu-CeO2
[40], Fe-Al2O3 [41], Fe-FeyO [42], Fe-SiO2 [43], Fe-NbC [44], Ni-Al2O3 [45], Ni-SiC [46], NiCeO2 [47], Ni-TiO2 [48], Ni-ZrO2 [49], Ni-La2O3 [50], Ni-CNT [51], Ni-TiN [52], Mg-BN [53],
Mg-Al2O3 [54], Mg-TiC [55], Mg-Cr2O3 [56], Mg-SiC [57], Mg-Y2O3 [58], Mg-graphene [59],
Mg-CNT [60], Mg-MgO [61], Mg-TiB2 [62], Mg-TiO2 [63], Mg - hydroxyapatite [64], Zn-Al2O3
[65], Zn-TiO2 [66], Zn-ZrO2 [67], Zn-SiC [68] and many more alloys based nanocomposites,
including Al alloys, Cu alloys, Fe alloys, Ni alloys Mg alloys, and Zn alloys. MMNCs offer a great
potential for numerous applications, however, their cost, difficulty of mass manufacturing, and
sometimes poor ductility due to processing problems hindered their widely usage in industry
[69,70].
There are a few methods available to synthesize and process bulk metal matrix
nanocomposites, e.g., wet chemical methods [38,71,72], electrodeposition [45,46,47,48,49,50,51],
friction stir processing [59,73,74], squeeze casting [75,76], stir casting [23,24,77,78,79,80,81,],
mechanical alloying [21,22,24,25,26,27,28,30,31,34,35,36,37,42,55,65,82,83,84], laser cladding
[85,86,87,88,89,90,91] and solidification processing.
5

In the wet chemistry method, nano-reinforcements and the precursors of matrix materials
are mixed in a solution. With delicate chemical reactions, precipitation, and sintering, the
precursors were transformed into the solid matrix with a uniform distribution/dispersion of the
nano-reinforcements. For example, in the “molecular-level mixing” process, CNTs were
suspended in a solvent by surface functionalization and further mixed with Cu ions. After drying,
calcination and reduction of the CNT suspension, CNTs are homogeneously implanted within the
Cu powders. The CNT/Cu nanocomposite, consolidated by spark plasma sintering of CNT/Cu
composite powders, offered three times the strength and twice the Young’s modulus as the Cu
matrix [38,71,72].
Electrodeposition was used for the fabrication of Ni nanocomposite coating, Zn
nanocomposite coating, and Cu nanocomposite coating to protect the original surface from
corrosion and wear [39,40,45,46,47,48,49,50,51,66,67,92,93]. Electrodeposition could offer a cost
effective means to fabricate nanocomposite surface coating. Insoluble, second-phase nanoparticles
are normally suspended in a conventional plating electrolyte and later integrated into the growing
metal coating. For example, for the fabrication of Cu-TiO2 nanocomposites, TiO2 nanoparticles
were added into the copper sulfate and sulfuric acid plating bath with an optimized composition.
The solution were under continuous agitation for 4-6 hrs to ensure a uniform dispersion of the
nanoparticles in the plating bath. Electrodeposited composite coating were carried out using a
copper bar and polished copper plates of high purity as the anode. Usually Gelatin was also added
into the plating bath as an additive to improve the surface quality of electrodeposited layer [39].
Friction stir processing (FSP) were capable to fabricate surface metal matrix
nanocomposites (SMMNC) [64,94,95,96]. FSP is one of the most capable processes for severe
plastic deformation (SPD). FSP is able to modify the microstructure of the surface material
6

[97 ,98, 99 ] and to fabricate SMMNCs [94,95,96]. FSP can achieve improvement of surface
mechanical properties, enhancement of wear resistance, and microstructure refinement. The FSP
method includes a high-strength rotating tool with a pin and a shoulder. The tool inserts into the
surface of a flat sheet and stirs the material around the pin under a frictional heating, which is
generated through severe plastic deformations. The nanoparticles or clusters were normally preincorporated into the matrix, or embedded in a groove inside the matrix metal. The nanoparticles
were stirred and flowed with the matrix materials in the process zone [100]. The key parameters
of FSP are the tool geometry, rotating and traverse speed, target depth and spindle tilt angle, which
have significant effects on the microstructure and mechanical properties of the products. FSP has
been successfully applied to fabricate Al and Mg based SMMNCs with various reinforcements,
such as carbide particles such as TiC [97] and SiC [94,96], carbon nanotubes [98], and Al2O3[99],
etc.
Squeeze casting, a liquid-state method, was experimented for MMNC fabrication. The
fabrication process include the following steps: (1) fabrication and pre-heating of nanoparticles
preform; (2) melting of alloy; (3) infiltration of the molten alloy into nanoparticles preform under
pressure; (4) solidification of nanocomposites [11,101,102,103]. For squeeze casting, the contact
angle between the nanoparticle and the liquid alloy are required to be less than 90˚ to ensure
wetting. The maximum volume fraction of nanoparticle inside metal matrix could be as high as
50%. Al-CNT [101], Al-CuO [102], A356 alloy-CNT nanocomposites [103] were fabricated
through squeeze casting method.
Stir casting is another liquid-state method for composite materials fabrication, in which a
dispersed phase (ceramic particles or short fibers) is mixed with a molten metal by mechanical
stirring. Compared with solid-state methods, melt processing by stirring ceramic particles into melt
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has some important advantages: a better matrix-particle bonding, easier control of matrix structure,
simplicity, low cost processing, nearer net shape, and a wide selection of materials. Depending on
the temperature at which the particles are introduced into the melt, there are two types of melting
methods for making composites. In the liquid metallurgy process the particles are incorporated
above the liquid temperature of the molten alloy, while in compocasting method the particles are
incorporated into the semi-solid slurry. Al-MgO [23,24], Al-Al2O3 [77], A356-Al2O3 [78],
Al6061-Al2O3 [79], A356-SiC [80], and Al4.5wt%Cu-Al2O3 [81] nanocomposites were fabricated
through stir casting.
Mechanical alloying, also referred as high energy ball milling or powder metallurgy in
some cases, successfully produced a variety of nanocomposites [21, 22, 24, 25, 26, 27, 28, 30, 31,
34, 35, 36, 37, 42, 55, 65, 82,83, 104]. There are ex-situ powder metallurgy method and in -situ
method. In the ex situ method, metal powders and nanoparticles are mixed together and charged
into a hardened bowl with grinding balls inside. In the in-situ method, nanoparticles were produced
by high energy ball milling through mechanochemical reaction [32,42,44]. Mechanical alloy
treatment is usually protected under argon atmosphere and lasts for tens of hours. In some cases,
in order to avoid excessive temperature rise with the grinding bowl, dozens of minutes ball milling
was usually followed by an interval of dozens of minutes. The resulting powders are compacted
and sintered together under pressure to obtain bulk parts for application [错误!未定义书签。,错
误!未定义书签。,104].
Laser cladding is an efficient route for fabricating metal matrix nanocomposite, whereby a
new layer of materials is additively deposited onto the substrate by laser melting of blown powders
or preplaced powder bed. Due to the high energy density and high spatial resolution and temporal
resolution of laser beam, powder layers and the beneath substrate experience rapid heating and
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rapid cooling, forming a cladded nanocomposite layer on the substrate. The laser cladded
nanocomposite layer has a metallurgical bond with the substrate while maintains basically the
original composition and properties of the added materials. A great variety of powders or powder
mixtures can be effectively deposited onto the substrate to obtain various properties. Laser
cladding is capable of locally tailoring the surface to achieve designed microstructure and
mechanical properties, such as enhanced corrosion resistance, or wear resistance or solid lubricant
properties [85,86,87,88,89,90,91].
In the squeeze casting and stir casting processes, the addition of nanoparticles to the melt
leads to inhomogeneity of nanoparticle distribution and detrimental residual porosity
[23,24,75,76,77,78,79,80]. Electrodeposition, friction stir process and laser cladding method are
only suitable for fabricating surface metal matrix nanocomposites [11,16,39,59,64,66,68]. Powder
metallurgy method is not very suitable for large parts with complex shapes [105] and is extremely
time consuming. Some efforts are made to combine all the above methods together as a
compromise [106].
Solidification processing, a melt based processing technology for metals (e.g. casting), is
a widely used economical method for mass production of bulk metal components with complex
shapes. Tremendous efforts on fabrication of MMNCs through solidification processing have been
made during the last decade [18,57,59,64,69,107,108,109,110,111,112,113]. Nanoparticles are
incorporated into liquid metals or semi-solid metals and dispersed by mechanical stir or ultrasonic
processing. Liquid metals mixed with nanoparticles are then cast into molds to obtain bulk
MMNCs.
Incorporation and de-agglomeration of nanoparticles in liquid metals are extremely
difficult. Fortunately some effective means, such as ultrasonic dispersion, were developed to tackle

9

these problems. However, the interactions among nanoparticles inside liquid metals may
redistribute nanoparticles after ultrasonic process stops. For example, the nanoparticles, well
dispersed in molten metals during the ultrasonic process, may re-agglomerate to form clusters,
which may be pushed to grain boundaries and phase boundaries during solidification. There is
strong need to fully understand the physics of the interactions between nanoparticles inside metal
melts in order to develop pathways to achieve the uniform dispersion of nanoparticles for mass
manufacturing of bulk MMNCs.

2.2 Nanoparticle effects inside grains
2.2.1 Nucleation effect
Nanoparticles could refine grains through nucleation. Kim and Cantor developed an
adsorption model on potent inoculants for nucleation [114]. The initial layer of atoms of the
nucleus embryo can adsorb onto the inoculant surface with little or no undercooling. This initial
layer of atoms then serves as the foundation on which the embryo grows. Quested and Greer
termed this type of model as the free growth model and identified the necessary undercooling ∆𝑇,
for free grain initiation
4𝜎

∆𝑇 = ∆𝑠 𝑙𝑠𝑑 ,

Equation 2-1

𝑉

where d is the diameter of the initial adsorbed layer of atoms, commonly taken as the particle
diameter, 𝜎𝑙𝑠 are the liquid-solid interfacial energy, ∆𝑠𝑉 is the entropy of fusion per unit volume
[115]. The free growth model was applied to commercial grain refiners where the particles size of
grain refiners is at micrometer scale [116]. Examination of the model at the nanoparticles in
MMNCs were also conducted, which match reasonably well between the theoretical prediction
and experimental results. Using an ultrasonic mixing technique, metal matrix nanocomposite
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samples were prepared and examined for nucleation catalysis using the droplet emulsion technique.
Nanoparticles were proven to be effective as nucleation catalysis for grain refinement. Varying
sizes of SiC, TiC and Al2O3 nanoparticles were shown to be potent nucleation catalysts, have
reduced undercoolings compared to the undercooling for pure Al alloy A356, although the
nucleation catalyst potency is related to the crystal structure of nanoparticles [117,118]. For
example, Al2O3 and TiB2 nanoparticles were reported to refine the grain size of A206 alloy
[119,120].

2.2.2 Zener pinning effect
In an alloy consisting of a matrix and dispersed particles, grain growth is impeded by the
interaction between grain boundaries and particles. If the grains start with a size smaller than the
inter particle distance, they grow normally until there are enough particles interaction with the
boundaries to pin the grains. According to Zener [121] in a poly-crystal with randomly distributed
and dispersed particles of identical size, those particles located at the grain boundaries will
decrease the boundary area and create a drag force to resist grain boundary migration. The drag
force 𝐹𝑧 is
𝐹𝑧 = 𝑎𝑓/𝑑,

Equation 2-2

where a is a constant close to 1, and d and f are the diameter and the volume fraction of particles
respectively. Take a micro particle 5 µm and a nanoparticle 50 nm for comparison, with a same
volume fraction, 𝑓, nanoparticles will apply 100 times higher drag force on the moving grain
boundaries. The grain growth should cease when the mean grain size achieves a limiting value
〈𝐷〉𝐿 = 𝑏𝑑/𝑓,

Equation 2-3

11

where b is a constant close to 4/3. In other words, the maximum diameter, 𝑑, of pinning particles
in a volume fraction, 𝑓, required to stabilize grains of diameter, 𝐷, [122, 123] is
3

𝑑 = 4 𝐷𝑓

Equation 2-4

The growth suppression by dispersed particles was studied by computer simulations using
a statistical model for grain growth. In those simulation, it is assumed that all the grain boundaries
are of equal and constant energy and mobility. Nanoparticles with different shapes and size
distribution are considered [124,125,126]. Zener pinning effect by nanoparticles limits grain size
during cooling, recovery, recrystallization and grain growth to achieve finer grain size [126,127].

2.2.3 Orowan strengthening effect
Orowan strengthening, caused by the resistance of closely spaced hard particles to the
movement of dislocations, is important in MMNCs. Highly-dispersed nanoparticles (smaller than
100 nm) in a metal matrix can considerably enhance its creep resistance, even with only a small
volume fraction (1%) [128,129,130]. Orowan strengthening can be determined by the OrowanAshby equation [131]
∆𝜎𝑂𝑟𝑜𝑤𝑎𝑛 =

0.13𝐺𝑚 𝑏
𝜆

𝑟

𝑙𝑛 𝑏,

Equation 2-5

where r is the particle radius, 𝑟 = 𝑑𝑝 ⁄2 , and 𝜆 is the interparticle spacing determined by 𝜆 ≈
1

1

𝑑𝑝 [(2𝑉 )3 − 1] [129,130]. This model was validated
𝑝

by experiments [128]. When the

nanoparticles size is as small as 5 nm, 1.0 vol.% of nanoparticles could increase the yield strength
of Al by more than 100 MPa.
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2.2.4 Other functional effects
Nanocomposites, especially Mg based, are identified as promising structural materials with
high damping capacity [132]. Damping capacity is the measure of a material capability to dissipate
elastic strain energy during mechanical vibrations or wave propagations. In MMNCs, damping
could be improved through the additions of reinforcing phases that possess high intrinsic damping
or that dramatically modify the grain nanostructure [133]. In nanocomposites, energy dissipation
is mainly determined by local plastic deformation, resulting from the bonding at the nanoparticlematrix interface.
Nanocomposites could improve the erosion and wear resistance of pure alloys since
ceramic nanoparticles have higher chemical stability than alloys. Experimental showed SiO2,
Al2O3, SiC all could reinforced Ni-Based composite alloying layers to resist erosion in all
hydrodynamic conditions [134,135,136]. And Cr2O3 reinforced Ni-Based nanocomposites were
identified with the best erosion resistance [137].
Besides mechanical properties, nanocomposites could also provide exciting physical and
chemical properties for numerous applications, such as magnetic [138] and electrical [139,140]
materials. Co nanoparticles could provide significant giant magnetoresistance in Cu matrix, which
offer great potential for novel read heads for hard disk recording and magnetic field sensors.
Carbon nanotubes reinforced copper and copper alloys have been fabricated by hot-press sintering
and the electrical conductivity of composites has improved up to 20% compared to that of the pure
alloy [38,140].
Nanocomposites are also considered to be promising biomedical materials with its tunable
bio-corrosion properties [64, 141 ]. Mg–hydroxyapatite (HA) nanocomposites were fabricated
through casting and friction stir process. The corrosion measurement showed that the addition of
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HA nanoparticles in Mg could improve the corrosion resistance by five times [64]. Magnesiumfluorapatite (FA) nanocomposite was made via a blending-pressing-sintering method and the
corrosion measurement showed that the addition of FA nanoparticles in Mg can reduce the
corrosion rate and increase the formation of bone like apatite layer and thus protect the matrix
alloy [141].

2.3 Nanoparticle dispersion
2.3.1 De-agglomeration of nanoparticles
Nanoparticles are readily agglomerated in liquids due a reduction of surface energy.
Dispersing nanoparticles in liquids is essential for numerous applications including pigments for
coating applications, ceramic materials, fillers in polymers, and tailored rheology of suspensions
[142]. Dispersion and de-aggregation of nanoparticles in liquids can be carried out in ball mills,
rotor-stator high shear mixers, and ultrasonic processors. Agglomeration of nanoparticles can be
broken by normal or shear stress by erosion, or by bulk rupture during the milling, during high
shear mixing, and during ultrasonic processing [143]. The mechanism of the breakage depends on
the size of agglomeration and the input energy intensity [144]. When the size of the agglomeration
become smaller during de-agglomeration, surface forces dominate over mass forces. Thus,
mechanical action such as mechanical stir or high shear mix could only break the large
agglomeration above 1 μm, whereas the breakage of smaller agglomeration becomes very difficult.
It has been suggested that the agglomeration of nanoparticles smaller than 10 to 100 nm cannot be
broken by mechanical action [145,146].
Ball milling for de-agglomeration of nanoparticles is a form of comminution. All applied
stresses during the milling result in a three-dimensional stress state with compressive, tensile and
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shear stresses which leads to fracture or to release of contact points. The stress intensity and the
frequency are critical in a dispersion process. However, stressing during dispersing not only
produces fractures, but also leads to agglomeration at the same time [147,148].The process of
agglomeration can be hindered by different types of stabilization, which will be discussed later
(e.g. electrostatic, steric and electrostatic). Moreover, the stressing inside agglomerates does not
only result in break up but also in the consolidation of the agglomerates due to reorientation of the
particles and an increase in the contact area resulting from plastic or elastic deformation. The
results achieved by ball milling from 10 nm to tens of μm. The following parameters can
significantly alter the results:


stress intensity and time,



measurement in a highly diluted or a very concentrated system,



sequence of dispersion and dilution,



stability of the suspension,



steric or electrostatic double layers, dynamics of the change,



influence of impurities.
The smallest possible particles that can be produced in the comminution process [149] is

in the range 1–10 nm. However, the majority of the agglomeration are still in the micrometer scale.
Uniformly dispersed nanoparticles have not been achieved through the ball milling method [142].
The kinetic of de-agglomeration in a high shear mixer is relatively easy to control and such
devices are frequently used in industry to produce different types of suspensions. Deagglomeration of nanoparticles by a high shear mixer can be divided into two steps: low energy
input step (3000 to 500 rpm for 12 nm silica nanoparticles in water as an example) and high energy
input step. In the first step, large agglomeration (up to hundreds of μm) are broken into a smaller,
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secondary aggregates with a size between 1 to 100 μm. A single modal volume distribution
functions could be achieved through this step. In the second step, at a sufficiently high energy
input (above 8000 rpm for 12 nm silica nanoparticles in water as an example), large secondary
aggregates start breaking into a small primary aggregates. A bimodal distributions functions are
often achieved, with the first mode approximately ranging from tens of nm to 1 μm and the second
mode similar to the secondary aggregates in the first step. A higher energy input and longer
processing time could gradually reduce the volume fractions of nanoparticles in the secondary
aggregates in this step. However, the nanoparticles in the primary aggregates could not be broken
into single nanoparticles. The size limitation of high energy mixer is due to the energy density
during the process (~ 1500 kJ kg-1) is not strong enough to overcome the bonding force between
nanoparticles in agglomerations [150].
The de-agglomeration of nanoparticles by ultrasonic process is extensively studied
[151,152,153,154,155]. High-intensity ultrasonic waves generate some important non-linear
effects in liquids, namely transient cavitation and acoustic streaming, which are mostly responsible
for dispersive effects for homogenizing. On one hand, cyclic high intensity ultrasound wave is
launched into the liquid particle-matrix-mixture, where cavitation bubbles can form, grow, pulsate
during several cycles until they attain a critical diameter before their implosively collapse (in less
than 10−6 s). Thousands of micro bubbles will form, expanding during the negative pressure cycles
and collapsing during the positive pressure cycles. The collapse causes extreme conditions such as
very high local pressure and very high temperatures in so called hot-spots. During a cavitation
collapse within a few microseconds, intense heating of the bubbles occurs. These localized hot
spots could reach temperatures of roughly 5000°C, pressures of more than 1000 atmospheres, and
heating and cooling rates above 1010 K/S [156]. The implosive impact from a cavitation collapse
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is sufficient to break up the clustered particles. Therefore, a splitting up of nanoparticle
agglomerates can occur to disperse nanoparticles more uniformly in liquids [157]. On the other
hand, acoustic streaming, a liquid flow due to acoustic pressure gradient, is very effective for
stirring [158,159]. In short, the implosive bubble collapse in combination with acoustic streaming
generated by cyclic high intensity ultrasonic oscillations leads to dispersion effects. The schematic
of the cavitation and streaming effects for nanoparticle dispersion is shown in Figure 2-1.

Figure 2-1. Schematic of the cavitation and streaming effects for nanoparticles dispersion
in liquid metal by ultrasonic waves [159]

2.3.2 Stabilization of dispersed nanoparticles in liquids
2.3.2.1 DLVO theory
Derjaguin, Landau, Vervey, and Overbeek (DLVO) developed a theory of colloidal
stability based on interactions between colloidal particles and their aggregation behavior.
Nowadays for colloid science the theory of DLVO stands at the same level of significance as does
Darwin's theory of the origin of species in biology [160]. This theory is being used to rationalize
forces between interfaces and between thin liquid films. The same theory is also applied to interpret
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particle deposition to planar substrates. Here a short summary of the relevant concepts will be
discussed while a more detailed treatment can be found elsewhere [161].
DLVO theory assumes that between two colloidal particles with a surface separation, ℎ,
the free energy per unit area between two surfaces, 𝑊 (ℎ), can be approximated by two additive
contributions, van der Waals, 𝑊𝑣𝑑𝑤 (ℎ), and double layer interactions, 𝑊𝑑𝑙 (ℎ), i.e.
𝑊(ℎ) = 𝑊𝑣𝑑𝑤 (ℎ) + 𝑊𝑑𝑙 (ℎ)

Equation 2-6

Van der Waals forces result from interactions of the rotating or fluctuating dipoles of atoms and
molecules. They are always present between two surfaces. In the simplest situation, this interaction
can be calculated as
𝐴

𝑊𝑣𝑑𝑤 (ℎ) = − 12𝜋ℎ2 J m-2

Equation 2-7

where A is the Hamaker constant, which defines its strength. The van der Waals force between
two identical bodies in a medium is always attractive, while between two different bodies in a
medium it can be attractive or repulsive.
Double layer interactions come from the surface charge of particles in the liquid. Particles
in water or any liquid with a high dielectric constant (polarizing medium) are usually charged. The
charging of a particle surface in a liquid could be attributed to three sources: first, by ionization or
dissociation of surface groups; second, by the adsorption or binding of ions from the solution on a
previously uncharged surface; third, protons or electrons hop across from one surface to the other
through charge exchange mechanism between two dissimilar surfaces very close together. The
surface charge is balanced by an equal but oppositely charged region of counterions. Some of the
counterions bound to the surface within the so-called Stern layer. Others form an atmosphere of
ions in rapid Brownian motion close to the surface, forming a diffuse electric double layer. Two
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similar charged surfaces usually repel each other due to the repulsive coulomb electrostatic force
of the double layer. For two planar surfaces, the interaction per unit area is
𝑊𝑑𝑙 ≈ 2𝜀0 𝜀𝜅𝜓02 𝑒 −𝜅𝐷 = 2𝜎 2 𝑒 −𝜅𝐷 /𝜅𝜀0 𝜀 J m-2

Equation 2-8

where 𝜀0 is the vacuum dielectric constant, 𝜀 is the dielectric constant of the liquid, 𝜅 is the Debye
length, 𝜓0 is the surface potential, 𝐷 is the distance between two surfaces.
The total interaction between any two surfaces include the van der Waals attraction and
double layer repulsion. Van der Waals attraction is a power law interaction (i.e., W ∝ −1/𝐷𝑛 ,
whereas the double layer interaction energy remains finite or rises much more slowly as D → 0.
Therefore, the van der Waals attraction always exceed the double layer repulsion at small enough
distance. Figure 2-2 shows schematically the various types of interaction potentials that could
occur between two similarly charged surfaces or colloidal particles in a 1:1 electrolyte solution
under the combined action of these two forces. Depending on the surface charge density or
potential and the electrolyte concentration, the following potential profile may occur:
For highly charged surfaces in dilute electrolyte, a strong long range repulsion that peaks
at some distance (between 1-5 nm) dominates the interaction. The peak is referred as energy barrier,
which is often many kT.
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Figure 2-2. Schematic energy versus distance profiles of the DLVO interaction. The actual
magnitude of the energy W is proportional to the particle size (radius) or interaction area
(between two planar surfaces) [161]

For highly charged surfaces in more concentrated electrolyte, beyond the distance of the
energy barrier, there is significant secondary minimum. The potential energy minimum at contact
is known as the primary minimum. For a colloidal system, though the thermodynamically
equilibrium state is when particles in contact in the deep primary minimum, the energy barrier may
be too high for the particles to overcome within a reasonable time period. In this case, when the
secondary minimum is strong, particles will be trapped in the secondary minimum. When the
secondary minimum is weak, particles will remain dispersed in the solution. The latter case the
colloid is referred as being kinetically stable.
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For low charged surfaces, the energy barrier will be low. The colloidal particles will
coagulate slowly or rapidly, depending on the height of the energy barrier. As the surface charge
approaches zeros, the interaction approaches the pure attractive van der Waals interaction. Two
particles attract each other at all separations and are readily to approach each other and reach the
primary minimum point. At the primary minimum point, two surfaces come into adhesive contact
is driven by the reduction of their surface charge or potential.

2.3.2.2 Non-DLVO forces
Other than attractive van der Waals and repulsive double-layer forces, other non-DLVO
forces come into play when surfaces or particles approach closer than a few nanometer. These
additional forces can be much stronger than the two DLVO forces at small separation, and they
could be repulsive, attractive, or oscillatory. Among those forces, there are solvation force,
hydration force, steric and thermal fluctuation forces.
Solvation forces could be induced when spherical liquid molecules are forced to order into
quasi-discrete layers within any highly restricted space between two surfaces, including two
opposite surfaces between two colloidal particles. Due to the geometric origin, solvation force is
usually oscillatory and the oscillatory period critically depends on the shapes of the liquid
molecules. And the strength of solvation forces depend not only on the properties of the liquid
molecules, but also on the chemical and physical properties of the surfaces. These factors, for
example, those surfaces are the hydrophilic or hydrophobic, smooth or rough, amorphous or
crystalline, homogeneous or heterogeneous, natural or patterned, rigid or fluid-like, will affect the
solvation force, since they could affect the structure that confined liquid between those two
surfaces. On the other hand, those factors also have tremendous effects on the surface forces, which
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make it difficult to distinguish between a solvation force and a surface force. Solvation forces
could be very strong at short range in some cases. And the magnitude of the adhesion between two
surface, or particles in contact, or at their potential energy minimum, are determined by solvation
forces. The most general type of solvation force is the oscillatory force.
Theoretical work and particularly computer simulations indicate that at solid-liquid
interface, liquid density oscillation occurs. The attractive interactions between the wall and liquid
molecules, as well as the geometric constraining effect of the “hard wall” on these molecules force
the liquid molecules to order (or “structure”) into quasi-discrete layers, as shown in Figure 2-3b.
These oscillatory density profile extends several molecular diameters into the liquid, which is
referred as out-of-plane ordering.
If the surface is smooth, the liquid molecules within each layer will be random. However,
if the surface itself is structured (crystalline lattice), there will also be ordering within these layers
to some extent, which is referred as in plane ordering. Using x-ray reflectivity techniques, four
water layers adjacent to mica surface, with a periodicity of 2.6 ± 0.1Å, were identified [162]. Both
liquid metals [163] and van der Waals liquids [164,165] were found to have similar density
oscillations. Solvation forces are expected to arise whenever packing constraints limit the ordering
of particles (atoms or molecules) in a confined geometry, and they have been found to exist in
concentrated solutions of hard silica particles, soft spherical micelles, and lipid bilayers.
In the case of liquid between two solid surfaces, even in the absence of any attractive or
structured solid-liquid interaction, the liquid molecules must reorder themselves so as to be
accommodated between two surfaces, and the variation of this ordering with separation D gives
rise to the solvation force between the confining surfaces. The simple case of simple spherical
molecules between two hard, smooth surfaces, the structure of the liquid molecules, and the density
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are shown in Figure 2-3c. The solvation forces is usually a decaying oscillatory (but not sinusoidal)
function of distance.

Figure 2-3. (b) Liquid density profile at an isolated solid-liquid interface. (c) Liquid density
profile between two hard surfaces with a distance D apart. 𝝆𝑺 (∞) is the liquid density at
the surface, and 𝝆𝒎 (∞) is the bulk liquid density, 𝝆𝑺 (𝑫) and 𝝆𝒎 (𝑫) are liquid density at
the surface and the middle plane, which will be a function of D [161]

The main features of the oscillatory forces are summarized in details by Israelachvili [161].
The periodicity of the oscillatory force, the peak-to-peak amplitudes of the oscillations, the
magnitude forces complicated depend on various factors, such as the structure of the liquid
molecules, temperature, surface lattice structure and roughness, surface hardness or fluidity,
surface curvature and geometry. As summarized by Israelachvili, modern theories and simulations
of liquids have only shown how very complex structures and force-laws can arise across an
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assembly of molecules that interact even via the simplest possible pair potential, both
quantitatively and qualitatively.
Solvation forces in aqueous system sometimes referred as hydration forces. The short range
hydration forces between surfaces in water and aqueous solutions displays some highly unusual
properties. The hydration forces can be strongly monotonically repulsive, attractive, oscillatory,
or a combination of these. These forces are believed to due to water structuring at surfaces gained
steady popularity and are often observed exponential decay length of around 2.5 Å. It is believed
to be due to some characteristic property of water such as its molecular size. However, theoretical
work and computer modeling failed to confirm the relationship. There are two types of such forces,
strong steric-hydration forces between fluid-like amphiphilic surfaces, and monotonically
repulsive hydration forces between solid hydrophilic surfaces. The former force is due to the
presence of strongly hydrophilic groups on the surfaces. Such forces are more akin to the steric
and thermal fluctuation forces between two polymer covered interfaces. The latter hydration force
between two hydrophilic surfaces appears to follow the simple equation
𝑊(𝐷) = 𝑊0 𝑒 −𝐷/𝜆0

Equation 2-9

where 𝜆0 = 0.6 − 1.1 nm for 1:1 electrolytes, and 𝑊0 depends on the hydration of the surfaces but
is usually below 3-30 mJ m-2, higher 𝑊0 values generally being associated with lower 𝜆0 values.
Israelachvili and Pashley conducted a series of experiments to identify the factors that determine
and regulate these hydration forces. The electrolyte concentration, the types of the cations and
anions in the aqueous solutions influence the profile and the amplitude of these hydration forces.
Thus, the repulsive hydration forces can be modified or “regulated” by exchanging ions of different
hydrations on surface in colloidal dispersion.
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Although extensive study have been conducted, so far neither experiment nor theory has
yet revealed the full nature of short-range monotonically repulsive solvation forces, including
hydration forces. The solvation forces will remain controversial for more time.
Solvation forces and hydration forces are between smooth and rigid interfaces. There are
many instances where interfaces are spatially diffuse ad where the forces between them depend on
the diffuse boundaries overlap. There are two common types of such diffuse interfaces. First type
is the interface is inherently mobile or fluid-like, as occurs at liquid-liquid, liquid-vapor, and some
amphiphilic-water interfaces. Molecular-scale thermal fluctuations or protrusions exists between
these surfaces and affect the forces between them. Such forces are entropic or osmotic in origin
and are referred to as thermal fluctuation forces. The second type of a thermally diffusion interface
occurs between chain molecules attached at some point to a surface of colloidal particles. On
approach of another similar surface, these chains result in a repulsive entropic force and are
referred as steric forces.

2.3.3 Challenges of nanoparticles dispersion in molten metal
Ultrasonic process for de-agglomeration of nanoparticles are effective in molten metal for
solidification nanoprocessing of MMNCs. However, the stabilization of the dispersed
nanoparticles in molten metal after the ultrasonic process is extremely challenging. When
ultrasonic process stops, the uniform distribution of nanoparticles could not be maintained and are
further pushed to grain boundary during solidification.
The common strategies for stabilization of nanoparticles are not effective in molten metals.
For example, ceramic nanoparticles in molten metals have rigid and well-defined surfaces.
Thermal fluctuation forces could thus be ruled out from the system. Meanwhile, the ambiguous
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characteristic conditions to set up reliable solvation forces is not realistic for industry scale control.
Moreover, in molten metals, especially lightweight Al and Mg, the temperature is around 1000 K.
Chain organic molecules responsible for steric forces are not stable at such high temperature.
Moreover, molten metals are highly conductive, resulting in the failure of repulsive forces based
on electrostatic interactions. Therefore, it is fundamentally difficult to disperse nanoparticles in
molten metal for mass production of MMNCs based on existing theories and experimental work.
It is thus very important to initiate a rigorous theoretical study to discover pathways for
experimental investigations for effectively dispersion of nanoparticles in solidification processing
for mass production of MMNCs.
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Chapter 3 In-situ oxidation method to fabricate Al nanocomposites with dispersed Al2O3
nanoparticles

3.1 Introduction
The mechanical properties of Al alloys can be effectively enhanced with an addition of a
low volume fraction of nano-sized reinforcements for numerous applications [166,167,168,169].
Liquid processing would be economical to fabricate bulk Al matrix nanocomposites. However, it
remains a great challenge due to the poor wettability between ceramic nanoparticles and liquid Al
and also the difficulty to capture nanoparticles into Al matrix during solidification processing
[107,120]. Thus, Al matrix nanocomposites with ex-situ nano-sized reinforcements were mainly
fabricated through solid state mechanical alloying and consolidation, which generally avoid the
wetting and capture problems encountered in solidification processing [ 错 误 ! 未 定 义 书
签。,170,171]. However, mechanical alloying is a time consuming process and the geometry and
sizes of the parts fabricated through the consolidation are limited. In situ synthesized
nanocomposites are defined as multiphase materials where the nano-reinforcements are
synthesized within the matrix during fabrication [172,173,174]. Due to the high reactivity and
morphological diversity, nanomaterials are frequently considered as basic building blocks for the
fabrication of in-situ nanocomposties through bottom-up approach [175,176]. For Al nanoparticles,
a native oxygen-rich thin film of about 2-3 nm thick usually covers their surfaces [177], which
could serve as the oxide nano-reinforcement if the Al nanoparticles are to be melted together. Thin
Al2O3 films could be re-distributed as dispersoids into the bulk Al material after melting of the Al
matrix, thus forming bulk Al matrix nanocomposites with evenly distributed Al2O3 nanoreinforcements.
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In this work, the feasibility to fabricate bulk Al matrix nanocomposites with uniformly
dispersed Al2O3 nanoparticles through in-situ oxidation and melting of Al nanoparticles is
investigated. Al nanoparticles were first cold compressed into bulk pellets at room temperature
and then melted at 700 ˚C under a protective atmosphere. During the process, thin Al2O3 films
were further formed in situ and then re-distributed into the Al matrix. The experimental results
show that the microhardness of the bulk Al matrix nanocomposites is significantly enhanced to
about three times as high as that of pure Al. This study paves the way to fabricate bulk Al matrix
nanocomposites through in situ oxidation under liquid state processing.

3.2 Materials and methods
Spherical Al nanoparticles with an average diameter of 40 nm and a purity higher than
99.9% (from US Research Nanomaterials Inc.) were used as the starting material. The composition
of the Al nanoparticles is given in Table 3-1. The X-ray diffraction (XRD) pattern of the initial Al
nanoparticle is shown in Figure 3-1. About 300 mg Al nanoparticles were initially filled into a
stainless steel mold and cold compressed under 500 MPa for 5 minutes at room temperature. Figure
3-2 illustrates a schematic of the compression experimental setup. The inner diameter of the mold
is 6 mm. As shown in the Figure 3-2, inside the mold, nanoparticles were cold compressed between
upper pestle and base. After unloading, the compressed pellet was removed from the mold, then
heated to and held in an alumina container at 700 ˚C for 1 hr in a chemical vapor deposition (CVD)
quartz tube under a protective atmosphere of Ar/H2 (1:1). The final samples were obtained after
the sample cooled in the air down to the room temperature.
The samples were then cut, mounted, and manually ground. The microstructure of the
samples was studied by XRD and Field Emission Scanning Electron Microscopy (FESEM, LEO

28

1530, Carl Zeiss). Ion milling was used to reveal the microstructure of Al2O3 in the Al matrix.
XRD was conducted using a Bruker D8 Advance Powder diffractometer with Cu Kα radiation.
Microhardness tests were conducted with a Wilson Tukon 1102 Knoop/Vickers Hardness tester
(with a load of 200 N and a dwelling time of 10 s).
Table 3-1. Aluminum nanoparticles certificate of analysis (unit: ppm).
Si

Fe

Mg

Mn

Pb

Cr

Ni

Cu

Ti

Zn

Ca

Sn

V

Al

≤65

≤110

≤25

≤10

≤12

≤5

≤34

≤280

≤7

≤10

≤5

≤5

≤5

≥99.9%

Figure 3-1. XRD pattern for initial Al nanoparticles and Al nanocomposites
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Figure 3-2. Schematic of the cold compression experimental setup (unit: mm)

3.3 Results and discussions
3.3.1 Microhardness
The average microhardness of the Al nanocomposite samples was 103 Hv with a standard
deviation of 6.4. Ten microhardness readings were taken from each sample. Compared with the
microhardness of 33 Hv for the pure bulk Al [171,178 ], the average microhardness of the
nanocomposites was enhanced by more than two times. When compared with a 92% increase in
the hardness of Al matrix Al2O3 nanocomposites fabricated through high-energy ball milling, our
new method has obvious advantages [179,180]. The significant enhancement in microhardness in
the Al nanocomposite samples could be largely attributed to two factors: grain refinement [181,182]
and Al2O3 nanoparticle reinforcement [128,129].
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3.3.2 Composition Analysis by XRD
The phase compositions of the Al nanoparticles and the nanocomposites were determined
by XRD, as shown in Figure 3-1. Only pure Al peaks were shown for both the starting Al
nanoparticles and the resultant Al nanocomposites. It is also difficult for XRD to detect the low
content of nano-sized Al2O3 film or nanoparticles.

3.3.3 Microstructure Analysis
The microstructure of the Al nanocomposites is shown in Figure 3-3. The SEM images
show two different domains in the Al matrix: one without nano-sized dispersoids and the other
with a high concentration of evenly distributed Al2O3 dispersoids. Energy-dispersive X-ray
spectroscopy (EDS) mapping (Figure 3-4) confirmed that the nano-sized dispersoids are Al2O3.
Thus it suggests that the nanocomposite consists of nano Al2O3-reinforced Al grains and some
coarse Al grains (Figure 3-3b). The nanoscale Al2O3 could come from the Al2O3 impurity on the
initial Al nanoparticles and later oxidation of Al nanoparticles during the heating and melting
process. On the other hand, the coarse grains may come from the coarse Al particles presented in
the initial Al nanoparticles and/or coalesce of Al nano-droplets in the liquid state. Figure 3-3c
shows some Al2O3 nanoparticles at the boundary of one coarse Al grain, which helped hinder the
growth of the Al grains. Moreover, Al2O3 nanoparticles were well distributed inside the ultrafine
Al grains, as shown in Figure 3-3d.
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Figure 3-3. Microstructures revealed by SEM, a) Al2O3 reinforced Al nanocomposite:
ultrafine Al2O3 reinforced Al matrix region and some embedded Al coarse grains; b) Al
coarse grains; c) Al2O3 nanoparticles along the Al coarse grain; d) Al2O3 distribution in the
Al matrix

Figure 3-4. EDS mapping of the Al nanocomposites
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3.4 Summary
In this work, pure Al nanoparticles were cold compressed in a steel mold and then melted
in an alumina container under a protective under Ar/H2 (1:1) atmosphere. Al2O3 nanoparticles were
in situ synthesized through oxidation of Al nanoparticle surfaces to form bulk Al nanocomposites
during the process. Although some Al2O3 nanoparticles were distributed along the grain
boundaries of some coarse Al grains, most Al2O3 nanoparticles were evenly distributed inside the
ultrafine Al grains to effectively restrict their grain growth. Moreover, the microhardness of the
bulk Al nanocomposites is enhanced up to about three times as high as that of pure bulk Al. This
study provides a new and economical study to fabricate bulk Al matrix nanocomposites.
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Chapter 4 Dispersion of nanoparticles through friction stir processing

4.1 Introduction
Two major routes for MMNCs processing have been established – solid-state processing
(e.g. powder metallurgy) and liquid state solidification processing. In the powder metallurgy route,
high shear stress generated by high-energy ball milling is applied to enforce nanoparticles into
matrix metal and shear nanoparticle clusters. However, the low nanoparticles loading (less than 2
vol.%) for effective dispersion limited this method for high performance Mg nanocomposites
[183,184]. And the strict conditions to avoid oxidations during high-energy ball milling also make
this method not economic for scalable processing of Mg nanocomposites [185,186]. In the liquidstate solidification processing, firstly, non-oxide nanoparticles are easy to burn during their feeding
at high temperature (above the liquidus temperature of the metal); secondly, nanoparticles form
clusters in molten metal due to the attractive van der Waals force and the lack of a repulsive force;
thirdly, nanoparticles or clusters tend to float or settle without effective incorporation into the
molten metal due to a poor wettability with the molten metal; and fourthly, nanoparticles are
normally pushed to the grain boundary by solidification fronts during solidification [107].
Recently, friction stir processing (FSP) was used to disperse particles for metal matrix
composites in several studies, especially in Al and Mg based MMCs and MMNCs
[108,187,188,189,190,191,192]. The dispersion of the particles and the interfacial bonding
between the particles and the Al and Mg matrix after friction stir processing were found to be very
good [100,193,194,195]. The trajectory of particles moving during friction stir processing were
revealed in previous studies [195]. The significant particle movement induced by friction stir
processing provides a powerful tool for dispersion of particles. Compared with the liquid-state
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solidification processing, high viscosity of matrix metal during friction stir processing effectively
hindered clusters formation, floating or settling of particles in molten metal; moreover, the solid
state friction stir processing avoids the pushing of particles to the grain boundary by solidification
fronts during solidification.
Mg-based metal matrix nanocomposites (MMNCs) are expected to provide significant
enhancement of properties by introducing thermally stable ceramic nanoparticles into the metal
matrix. However, it is extremely difficult to efficiently incorporate a large amount of nanoparticles
into metals and to achieve a uniform distribution of nanoparticles in the magnesium matrix for the
predicted significant property enhancement [59,195,196,197].
In this chapter, high loading of SiC nanoparticles were first incorporated into Mg-6Zn
matrix and form micro clusters through semi-solid mixing. And a high loading of HA nanoparticles
were incorporated into Mg matrix and form micro clusters through mechanical stir. FSP was then
applied to effectively disperse the nanoparticles from these micro clusters of SiC and HA
nanoparticles in Mg matrix.

4.2 Friction stir processing of Mg6Zn-SiC nanocomposites
4.2.1 Materials and methods
Mg6Zn with 6 vol.% SiC nanoparticles were first fabricated by semi-solid processing. The
schematic of the experimental setup is in Figure 4-1. Pure Mg (99.93%) of 365.7 g and pure Zn of
21.94 g were melt together at 700 °C in a furnace under a SF6 (99%)/CO2 (1%) flow gas protection.
The metal melt were then set at 600 °C to the semi-solid state. Mechanical stir with a four blades
(25.4 mm in diameter) at 1400 rpm were applied at the 1/3 height of the liquid melt. The vortex
were generated by the rotating blade in a SiC crucible with an inner diameter of 70 mm. Then 41.3
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g SiC nanoparticles were loaded and stirred into the melt with the help of the high viscosity of the
semi-solid melt. The melt were then cooled to room temperature in the air. The solidified
nanocomposites were re-melted inside a plate mold inside the furnace at 700 °C under the same
gas flow protection. The nanocomposites were solidified to plate shape and cooled to room
temperature inside the mold in the furnace.
The nanocomposites plates were then friction stir processed with a H13 steel pin. The pin
length is 6 mm and the pin diameter is 7.8 mm with a shoulder diameter of 25.5 mm. The rotational
speed is 1500 rpm. The traverse speed is 25.4 mm/min. The tilt angle is 3°. The materials were
processed for four passes back and forth. Pure Mg6Zn was processed under same conditions for
comparison.
The friction stir processed nanocomposites were wire cut into ASTM type V tensile bars.
The tensile tests were conducted on the INSTRON 5966 tensile and compression testers. Vickers
hardness tests were conducted using a 200 gf load for 10 s. The sample was grinded and ion milled
to expose the microstructure and embedded nanoparticles. The microstructure of the samples was
studied with powder X-ray diffraction (XRD) and Field Emission Scanning Electron Microscopy
(SEM) (Navo Nano 230) with energy dispersive spectrometry (EDS). XRD was conducted using
a Bruker D8 Advance Powder diffractometer with Cu Kα radiation.
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Figure 4-1. Schematic experimental setup: (a) semi-solid processing (b) friction stir
processing

4.2.2 Results and discussion
4.2.2.1 XRD of the nanocomposites
The XRD of the nanocomposites after FSP were shown in Figure 4-2. Pure Mg, SiC and
MgZn phases are identified in this sample. No reaction products from Mg6Zn and SiC or oxidation
of nanoparticles were identified. The XRD pattern indicates the stability of both matrix materials
and nanoparticles through the whole procedure.

Figure 4-2. XRD pattern of the nanocomposites: Mg, SiC and MgZn were identified in this
sample

4.2.2.2 Microstructures
The microstructure of the nanocomposites after semi-solid mixing, but before FSP, were
checked by optical microscope, as shown in Figure 4-3. Micro clusters of SiC nanoparticles are
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distributed in Mg6Zn matrix. The micro clusters indicate that high loading of SiC nanoparticles
were successfully loaded into Mg6Zn at semi-solid state with the help of mechanical stirring.
The microstructure of both pure Mg6Zn and nanocomposites after FSP revealed by SEM
were shown in Figure 4-4. For pure Mg6Zn in Figure 4-4a and b, the surface is clean with ripples
induced by ion milling. For nanocomposites in Figure 4-4c and d, the surface is quite rough and
SiC nanoparticles (dark spots as represented by arrow points) were well dispersed and distributed
inside Mg6Zn matrix. No clusters were identified. The surface ripple of Mg6Zn were believed to
be introduced by the different milling rate of well dispersed SiC nanoparticles and Mg6Zn matrix
during ion milling. And the dispersion SiC nanoparticles were from the disaggregation of micro
clusters in Figure 4-3 by the shear force during friction stir.

Figure 4-3. Micro clusters of SiC in Mg6Zn after semi-solid nanoparticle incorporation
before FSP
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Figure 4-4. Microstructures after FSP: (a)(b)SEM images of pure Mg6Zn after FSP; (c)(d)
SEM images of dispersed SiC nanoparticles in Mg6Zn after FSP (dark spots as represented
by arrows points are SiC nanoparticles)

4.2.2.3 Mechanical properties
The microhardness of the nanocomposites before and after FSP is shown in Figure 4-5.
The hardness (Vickers Hardness) of Mg6Zn + 6 vol.% SiC nanoparticles before FSP is 38 Hv.
After FSP, the microhardness is 107 Hv, increased by 187%. Also compared with the hardness of
pure Mg6Zn after FSP, the microhardness of nanocomposites after FSP has an 84% increase. The
microhardness indicates FSP dispersed SiC nanoparticles in the matrix, leading to the tremendous
increase of the microhardness.
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Figure 4-5. Microhardness of different samples

The tensile test results of Mg6Zn + 6 vol.% SiC (data collected from five tensile) were
shown in Table 4-1. The average yield strength and the ultimate tensile strengthen are 265.6 MPa
and 303.7 MPa, respectively. The average elongation is about 2.11%.
Table 4-1. Tensile test results.
Yield strength (MPa) Ultimate tensile strength (MPa)
265.6

303.7

Elongation
2.11%

4.2.2.4 Discussion
Master nanocomposites with a high percentage loading of nanoparticles are achieved
through the efficient incorporation at semi-solid state. At semi-solid state, the viscosity of the semisolid metal depends on the volume fraction of solidified metal, which depends on the temperature.
A suitable viscosity can be found to prevent the nanoparticles from floating or settling by tuning
the fraction of solidified metal through temperature control. At a suitable temperature, the
nanoparticles were stirred into and maintained inside the slurry. Also the low temperature at semisolid state reduce the reaction and oxidation of nanoparticles, enhancing the quality of incorporated
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nanoparticle. XRD pattern indicates there is no detectable reaction products and oxidation. The
efficient incorporation at semi-solid state provide an economic method for high loading of
nanoparticle incorporation. When comparing with liquid state solidification processing, the
incorporation at semi-solid state improves the quality of incorporated nanoparticles.
The strengthening effect of nanoparticles in the nanocomposites is characterized by the
Orowan equation, since the second phases are ceramics, thus are all non-shearable by dislocations.
The strengthening equation is
 Orowan 

where

d
0.13Gmb
ln p ,
1 1/3
d p [(
)  1] 2b
2V p

Equation 4-1

Gm is the shear modulus of about 16.5 GPa and b  (1/ 3)[2110]  0.32nm is the Burger’s vector

at room temperature, d p is the diameter of nanoparticles and V p is the volume fraction of
nanoparticles. Theoretical Orowan strength contributed by 6 vol.% SiC in Mg6Zn matrix is 50.6
MPa. It corresponds to 20.3 increase in microhardness [128,129].
Compared with pure Mg6Zn after FSP, Mg6Zn nanocomposites are believed to benefit
from the refined microstructure of matrix materials by Zener pinning effect in addition to the
Orowan strengthening contribution. The dispersed nanoparticles will apply pining pressures on the
moving grain boundaries to restrict the grain growth during friction stir to gain more refined grains.

4.2.3 Summary
In this work, we combined the semi-solid mixing for effective SiC nanoparticle
incorporation and friction stir processing to achieve high performance Mg6Zn+6vol.%SiC
nanocomposites. The low temperature and high viscosity at semi-solid state could effectively
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improve the nanoparticles loading and reduce the oxidation/reaction. Moreover, friction stir
processing effectively breaks micro clusters of incorporated SiC nanoparticles to achieve a
uniform dispersion and distribution inside Mg6Zn matrix. The microhardness and tensile tests
were conducted and the mechanical properties of Mg6Zn + 6 vol.% SiC nanocomposites are
significantly enhanced. This method provides an economic pathway for processing of high
performance Mg nanocomposites.

4.3 Friction stir process to disperse HA nanoparticles in Mg
4.3.1 Materials and methods
Mg with 6 vol.% HA nanocomposites were fabricated by mechanical stir process. The
schematic of the experimental setup is similar as it in Figure 4-1. Pure Mg (99.93%) of 300.0 g
was melt at 660 °C in a furnace under SF6/CO2 flow gas protection. Mechanical stir with a four
blades (25.4 mm in diameter) at 800 rpm were applied at the 1/3 height of the liquid melt. The
vortex were generated by the rotating blade in a SiC crucible with an inner diameter of 70 mm.
35.6 g HA nanoparticles were loaded and stirred into and maintained inside the melt with the help
of mechanical stir. The melt was then cooled to room temperature in the air. The solidified
nanocomposites were re-melted inside a plate mold inside the furnace at 660 °C under the same
gas flow protection. The nanocomposites were solidified to plate shape and cooled to room
temperature inside the mold in the furnace.
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Figure 4-6. Friction stir process of Mg-6vol% HA nanocomposites. a) Schematic of three
step process: the white lines denote the first pass, the red line denote the second pass, and
the black lines denote the third pass; b) Rectangular processed zone

The nanocomposites plates were friction stir processed with a H13 steel pin. The pin length
is 5.5 mm and the pin tip diameter is 6.40 mm with a shoulder diameter 15.19 mm. The rotational
speed is 600 rpm. The traverse speed is 25.4 mm/min. The tilt angle is 2.5°. The materials were
processed by three steps, schematically shown in Figure 4-6. In Figure 4-6a, the white lines denote
the first pass, the red lines denote the second pass, and the black lines denote the third pass. In the
end of the process, there is a rectangular area which has been processed in both vertical and
horizontal directions. The rectangular area marked with black rectangle in Figure 4-6b shows the
stirred zone.
The sample was grinded and ion milled to expose the microstructure and embedded
nanoparticles. The microstructure of the samples was studied with powder X-ray diffraction (XRD)
and Field Emission Scanning Electron Microscopy (SEM) (Navo Nano 230) with energy
dispersive spectrometry (EDS). XRD was conducted using a Bruker D8 Advance Powder
diffractometer with Cu Kα radiation.
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4.3.2 Results and discussion
4.3.2.1 XRD of the nanocomposites
The XRD of the nanocomposites after FSP were shown in Figure 4-7. Pure Mg, MgO and
HA phases are identified in this sample. Oxidation of Mg were identified in this sample, which is
believed to form during the process. HA nanoparticles were identified to successfully survive
through the process. The XRD pattern indicates the stability of HA nanoparticles through the
whole procedure.

Figure 4-7. XRD pattern of the nanocomposites: Mg, MgO and HA (Ca5(PO4)3(OH)) were
identified in this sample

4.3.2.2 Microstructures
The microstructure of the nanocomposites before FSP and after FSP were checked by
optical microscope, as shown in Figure 4-8. In Figure 4-8a, micro clusters of HA nanoparticles are
distributed in Mg matrix. In Figure 4-8b, high density of HA nanoparticles in the cluster were
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exposed (small white spots as represented, large white spots are identified as MgO, which is also
exposed in XRD pattern in Figure 4-7). The micro clusters indicate that high loading of HA
nanoparticles were successfully loaded into Mg with the help of mechanical stir.

Figure 4-8. Microstructure of Mg-6 vol.% HA nanocomposites before FSP

The microstructure of nanocomposites after FSP revealed by SEM were shown in Figure
4-9. HA nanoparticles (small white spots as represented, large white spots are identified as MgO,
which is also exposed in XRD pattern in Figure 4-7) were well dispersed and distributed inside
Mg matrix after friction stir process. No clusters were identified. And the dispersion HA
nanoparticles were from the disaggregation of micro clusters in Figure 4-8 by the shear force
during friction stir.

Figure 4-9. Microstructure of FSPed Mg-6 vol.% HA nanocomposites
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4.4 Summary
In this chapter, to fabricate Mg6Zn + 6 vol.% SiC nanocomposites, semi-solid mixing for
effective incorporation of SiC nanoparticle into Mg6Zn matrix was applied before FSP. The low
temperature at semi-solid state could reduce the nanoparticles burning and oxidation effectively,
while a high viscosity of the metal at semi-solid state would trap nanoparticles inside the matrix
metal. To fabricate Mg + 6vol.% HA nanocomposites, mechanical stir was utilized to effectively
incorporate HA nanoparticles into Mg melt. The solidified samples with micro clusters of
incorporated SiC nanoparticles and HA nanoparticles were then friction stir processed to achieve
a uniform dispersion and distribution of nanoparticles inside the solid Mg matrix. The mechanical
properties of Mg nanocomposites after FSP were significantly improved.
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Chapter 5 Theoretical study on nanoparticle dispersion in molten metals

5.1 Introduction
Although the two methods in Chapters 3-4 were successfully used to achieve a uniform
dispersion of nanoparticles in MMNCs, they are not suitable for mass manufacturing of MMNCs.
Meanwhile, solidification processing is very promising as a versatile mass manufacturing methods
to produce bulk MMNC parts with complex geometry and high nanoparticle loading. Therefore,
tremendous efforts have been made on solidification processing of MMNCs during the last decade.
Nanoparticles were normally incorporated into liquid or semi-solid metals and then distributed and
dispersed by mechanical stir or ultrasonic processing before casting. Kinetic dispersions of
nanoparticles inside liquid metals were achieved by ultrasonic processing. But the dispersion of
nanoparticles in molten metal is not stable once the ultrasonic process stops. Without effective
repulsive forces between them, similar nanoparticles readily form clusters due to the attractive van
der Waals force in molten metals. It is thus very important to initiate a theoretical study to examine
the physics that governs the interactions between the nanoparticles in molten metals. Under the
theoretical guidance, effective pathways could be discovered to disperse and stabilize
nanoparticles in molten metals for large scale solidification processing.

5.2 Interactions between nanoparticles in molten metals
In a model nanoparticle-melt system, nanoparticles are assumed to be homogeneously
distributed and dispersed in a static metal melt. The nanoparticle-melt system can be considered
as a melt with a dilute suspension of nanoparticles when the nanoparticle loading is low. To simply
the model, only the interactions between two same nanoparticles in a liquid metal are considered.
More assumptions are made to build a basic model as shown in Figure 5-1:
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-Nanoparticles with a radius of R are spherical and D is the gap between two nanoparticles
-No macroscopic convection in the melt
-Negligible electrostatic interaction or double layers between the nanoparticle and metal melt
-Negligible buoyance and gravity forces for nanoparticles
-No severe chemical reaction between the nanoparticles and liquid metal
-No gas film or contamination on the nanoparticles’ surfaces

Figure 5-1． Model for two same nanoparticles interacting in a liquid metal

Based on the above assumptions, three major interactions, interfacial energy, van der Waals
potential, and Brownian potential, are considered in this model nanoparticle-melt system:

5.2.1 Interfacial energy
When two nanoparticles interact in a liquid metal far from each other, the interfacial energy
can be described as Gb  2S pl pl , where S pl is the surface area of a nanoparticle and  pl is the
interfacial energy between the nanoparticle and liquid metal. If the two nanoparticles move close
to squeeze all metal atoms out to create a void between them, the interfacial energy becomes
Gb  2(S pl  S pp ) pl  2S pp p , where S pp and  p is the effective contact area and the surface energy
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of the nanoparticle. If the two nanoparticles reach an adhesive contact to chemically bond together
(i.e. sintering starts), there will be no physical interface between the two nanoparticles. We will
set this global energy minimum to be 0.
Therefore, when two nanoparticles move close enough to squeeze metal atoms out to create
a void between them, the change in Gibbs free energy can be described as
G1  2S ( p   pl )

Equation 5-1

Where S is the effective contact area. If the nanoparticles move further close to start fusion together,
the further change in Gibbs free energy can be described as
G2  2S p

Equation 5-2

Since the interfacial energy  p is always positive, G2 would be always negative. The schematic
of the interfacial energies for two nanoparticles in a liquid metal is shown in Figure 5-2.

Figure 5-2. Interfacial energy W changes along the distance D between two nanoparticles
(𝑆: effective surface area; 𝜎𝑝𝑙 : interfacial energy between nanoparticles and liquid metal; 𝜎𝑝 :
surface energy of nanoparticles; a: characteristic atomic diameter of liquid metal)
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 p and  pl are dominated by chemical bonds, mainly covalent bond and/or metallic bond
formed between metals and the nanoparticle surface [ 198,199,200,201], which has a short
characteristic length up to 0.2~0.4 nm. Under a thermodynamic favorable condition, when the
distance between the two nanoparticles is less than the typical characteristic length of chemical
bonds, adhesion would be initiated. Beyond this distance, the contribution to the interfacial energy
by the chemical bonds can be considered to be negligible. There is a lack of reliable data about
how the interfacial energy between liquid metal and ceramic varies with their separation distance
D. Thus a general expression for the interaction potential of two similar surfaces of a unit area
along with the gap between them, D, may be applied as below [202]:
Winter  D   2S ( p   pl )e( D  D0 )/ a0

D  a0
D0  a0

for

D0  D  a0

and Winter  D   2S p eD/ a0 (1  D / D0 )  2S ( p   pl ) for

0  D  D0 .

Equation 5-3

Equation 5-4

where D0 is the length of chemical bond, and a0 is the characteristic decaying length (normally
0.2~0.4 nm) for the chemical bond, i.e. two times of D0 in this case.

5.2.2 Van der Waals potential
Van der Waals potential between two nanoparticles in a liquid metal is of a relatively long
range. The attractive force induced by the van der Waals potential drives nanoparticles together.
The van der Waals potential for two spheres of radius

Wvdw ( D)  

A R1R2
(
)
6 D R1  R2

R1 and R2 is determined by [161,203]

Equation 5-5
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And the force is

Fvdw  

A R1R2
(
)
6 D 2 R1  R2

Equation 5-6

where A is the system Hamaker constant for the nanoparticle interactions in the liquid metal. Based
on the Lifshitz theory [204], in a three-party model system the non-retarded Hamaker constant
between media 1 and 2 across media 3 can be estimated by

A

    3   2   3  3h  1  ivn    3 (ivn )  2  ivn    3 (ivn )
3
kT  1
][
]dv


[
4
 1   3   2   3  4 v1 1  ivn    3 (ivn )  2  ivn    3 (ivn )

Equation 5-7

where 1 ,  2 and  3 are the static dielectric constants of the three media,  (iv) is the value of



at imaginary frequencies, and vn   2 kT  n . At room temperature and above, frequencies vn are
h




in the ultra-violet (UV) region.
The system Hamaker constant A132 , defined for material 1 and 2 interacting through
medium 3, can be approximately related to A11 and A22 through

A132  ( A11  A33 )( A22  A33 )

Equation 5-8

( A11 , A22 and A33 is material 1, 2 and 3 interaction with themselves through vacuum)
In the nanoparticle-metal system it can be described as
Asys  ( Ananoparticle1  Aliquid )( Ananoparticle2  Aliquid )

Equation 5-9

And hence the van der Waals potential can be written as
Wvdw  D   

( Ananoparticle1  Aliquid )( Ananoparticle 2  Aliquid )
6D
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(

R1R2
)
R1  R2

Equation 5-10

Therefore, the van der Waals potential between two similar nanoparticles is always
negative, and thus the van der Waals force between two same nanoparticles in the liquid metal is
always attractive. Table 5-1 shows some Hamaker constants available from literatures for some
typical metals and ceramics in vacuum.

Table 5-1. Hamaker constant of some metals and ceramics.
Materials

Hamaker constant (zJ)

Reference

Al melt

266, 360

[205,206,207]

Mg melt

206

[107]

Al2O3

140

[208]

SiC

248

[209]

TiB2

256

[210]

MgO

120

[211]

TiO2

150

[212]

TiC

238

[213]

SiO2

71.6

[214]

Fe

260

[215]

5.2.3 Brownian potential
Since nanoparticles are very small and move randomly under thermal fluctuations,
Brownian potential should be considered. In this study, only the displacement along the direction
that two nanoparticles approach each other will be considered. Equi-partition theorem suggests
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that the kinetic energy/potential of the Brownian motion is kT / 2 in one dimension for one
particle. So the Brownian motion energy for the two nanoparticles system in on dimension is kT.
For two nanoparticles in the liquid metal at elevated temperatures, kT may be comparable to the
van der Waals potential, and thus Brownian potential would play an important role on nanoparticle
dispersion.

5.3 Three cases for nanoparticles dispersion in molten metals
In the model system for nanoparticle dispersion in a liquid metal, the van der Waals
potential, interfacial energy, and Brownian potential intrinsically co-exist. The interfacial energy
would dominate when the gap between two nanoparticles reaches one or two atomic layers. The
van der Waals interaction could dominate outside this gap until a long distance (e.g. up to 10 nm
or more). Three possible cases for nanoparticle dispersion could be deduced from the theoretical
analysis: clusters, pseudo-dispersion, and self-dispersion.

5.3.1 Clusters
Figure 5-3 shows the interaction potentials for nanoparticles to form clusters. Wbarrier and
Wvdwmax are ∆G1 at the chemical bond characteristic length and the maximum van der Waals
potential in the energy well, respectively. If Wbarrier is small (less than 10 kT, for example, due to
a poor wettability between the nanoparticle and the liquid metal) and the van der Waals potential
well is not deep enough, the Brownian potential kT can drive the nanoparticles to the adhesive
contact to form chemical bonds, i.e. fuse together. Nanoparticle clusters will easily form in the
liquid metal.
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Figure 5-3. Interaction potential for nanoparticles to form clusters

5.3.2 Pseudo-dispersion
Figure 5-4 shows the interaction potentials for nanoparticle pseudo-dispersion in the liquid
metal. If Wbarrier is high (i.e. good wettability between the nanoparticle and the liquid metal), the
Brownian potential kT cannot drive the nanoparticles to pass the barrier for any adhesive contact.
But if the van der Waals potential well is deep, the nanoparticles may be kinetically trapped into
it, forming a cluster of separate nanoparticles, i.e. pseudo-dispersion. Nanoparticles will form
pseudo-dispersion domains where dense nanoparticles are separated by only a few layers of metal
atoms.
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Figure 5-4. Interaction potential for nanoparticle pseudo-dispersion

5.3.3 Self-dispersion
Figure 5-5 shows the interaction potentials for nanoparticle self-dispersion in the liquid
metal. If Wbarrier is high (i.e. good wettability between the nanoparticle and the liquid metal) and
the van der Waals potential well is not deep, the Brownian potential kT cannot drive the
nanoparticles to pass the barrier for any adhesive contact, but the nanoparticles would not be
kinetically trapped either. This would allow nanoparticles to move freely without forming clusters
in the liquid metal, i.e. self-dispersion. The discovery of a possible self-dispersion mechanism
through our theoretical models can serve as a powerful tool for the experimental study later to
realize a uniform dispersion of nanoparticles in large scale solidification processing of bulk
MMNCs.
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Figure 5-5. Interaction potentials for nanoparticle self-dispersion
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Chapter 6 Experimental study for nanoparticle self-dispersion in molten metals

Based on theoretic study and availability of nanoparticles in the market, two nanoparticlemetal combinations, TiC (with a radius of 25 nm) in liquid Al and SiC (with a radius of 30 nm) in
liquid Mg, were first selected as promising model systems to achieve nanoparticle self-dispersion.

6.1 Experimental study of TiC nanoparticle dispersion in Al melt
6.1.1 Theoretical analysis of TiC nanoparticle dispersion in liquid Al
For two TiC nanoparticles in pure Al melt at 1093 K, the van der Waals interaction
potential can be calculated by the following equation [161]:
Wvdw  D   

( ATiC  AAl ) 2 R1R2
(
)
6D
R1  R2

Equation 6-1

where D is the distance between the two nanoparticles (in nm scale and beyond one atomic layer);
ATiC and AAl is the Hamaker constant for TiC (238 zJ) [213] and molten Al (266 zJ~360 zJ)

[205,206,207] respectively, as listed in Table 5-1. R1 and R2 are the radius of the two
nanoparticles. The van der Waals interaction between two same TiC in liquid Al is thus
Wvdw ( D )  

( ATiC  AAl ) 2 R
6D
2

Equation 6-2

The unit of D and R is nm while that of Wvdw ( D) is zJ (10-21 J). It should be noted that the above
equation is effective only when two TiC nanoparticles interact through the molten Al when D is
larger than about two atomic layer (i.e. 0.4 nm).
According to the Langbein approximation, the effective interaction area of two spheres is
S  2

R1 R2
D0 ,
R1  R2

the interfacial energy will be
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Winter  D   2S ( p   pl )e( D D0 )/ a0

for D0  D  a0

D  a0
D0  a0

Equation 6-3

and
Winter  D   2S p e D/ a0 (1  D / D0 )  2S ( p   pl ) for 0  D  D0

Equation 6-4

Thermal energy at 1093 K is kT=15.1 zJ.
For TiC nanoparticles with a radius of 25 nm used in our experiments, if the Hamaker
constant of Al is selected to be 266zJ, the attraction energy well W1 would be
W1  Wvdw  d1   

But

if

( ATiC  AAl )2

the

W1  Wvdw  d1   

6d1

Hamaker

( ATiC  AAl )2
6d1

(

R1R2
)  6.8zJ
R1  R2

constant
(

of

Equation 6-5
liquid

Al

is

selected

R1R2
)  131zJ
R1  R2

to

be

360

zJ

Equation 6-6

The surface energy of liquid Al is 1.1 J/m2 while 1.35 J/m2 for TiC [216]. The wetting
angle between Al and TiC is 50° at the processing temperature of 1093 K [217].The energy barrier
W2 due to the interfacial energy will be
W2  Winter  D0   4

D a
R1R2
D0 ( p   pl )e( D0  D0 )/ a0 0 0  26.48  103 zJ  1600kT
R1  R2
D0  a0

Equation 6-7

Since W2 is far larger than the Brownian potential, it is of little chance for nanoparticles to
overcome the energy barrier to reach adhesive contact. However, due to the uncertainty of the
Hamaker constant for liquid Al, it is difficult to conclude if the TiC nanoparticles would be in
pseudo- or self- dispersion in the liquid Al.

6.1.2 Salt assisted nanoparticle incorporation
Severe problems existed for a direct feeding of TiC nanoparticles into Al melt as TiC
nanoparticles either floated on the surface or settled down to the bottom of the Al melt, due to a
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partial burning of TiC nanoparticles and the natural oxide films on Al melt at high temperature
[218,219]. K-Al-F based salt has been used to improve the wettability of Al on TiC at temperatures
up to 1173 K [220, 221]. Thus, a salt-assisted nanoparticles incorporation method were developed
to obtain master Al nanocomposites with a high loading of TiC nanocomposites.
KAlF4 salt pellets and TiC nanoparticles (with a radius of 25 nm) were mixed together in
acetone (10 vol.% nanoparticles in the salt) by ultrasonic processing for 2 hrs. After the mixing,
acetone was evaporated away at room temperature in a fume hood, resulting a well-mixed salt-TiC
nanocomposite powders. The mixed powders were then dehydrated at 180 °C for 12 hrs. Pure Al
(99.93%) was melted at 820 °C in a graphite crucible (with an inner diameter of 40 mm and a
height of 80 mm) in a furnace under Ar protection. The mixed powders were loaded onto the
surface of the Al melt with a volume ratio of TiC nanoparticles to Al at about 15:85. After about
3~5 min, the salt started melting. A titanium stirrer with four blades (25.4 mm in diameter) was
applied at the 2/3 height of the liquid melt to stir the melt at 200 rpm for 10 min. The melt were
then cooled to room temperature in air. The solidified nanocomposites were cut open to obtain the
Al-TiC nanocomposite samples.
The nanocomposite samples were grinded and ion milled to expose the microstructure and
embedded nanoparticles. The microstructure of the samples was studied with Field Emission
Scanning Electron Microscopy (SEM) (Zeiss Supra 40) with energy dispersive spectrometry
(EDS). Figure 6-1 shows the typical domains of TiC nanoparticles inside the Al matrix and the
TiC nanoparticle distribution inside the domain.
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Figure 6-1. Domains (patches) of TiC nanoparticles inside Al matrix and TiC nanoparticles
(in black) inside one domain

6.1.3 Quantitative analysis of TiC nanoparticle loading in Al
TiC nanoparticle concentrations in Al were determined. Two Al-TiC nanocomposite
samples were cut and cleaned by alcohol. The masses of the nanocomposite samples were
measured by a precision scale to be 0.814 g and 0.779 g. The nanocomposite samples were then
dissolved in a 12vol.% HCl solution in two centrifuge tubes in an ice-water base. More than 3
times of HCl solution was used for about 48 hrs to ensure a complete dissolution of the Al matrix.
The solution was then centrifuged at 5000 rpm for 10 min. The upper transparent liquid were
collected for pH value check by a pH paper. More deionized water was then added into the
centrifuge tube for repeated centrifuge processes until the PH value of the upper transparent liquid
was 7. Then pure alcohol was added to the centrifuge tube to clean the water residue on the surface
of TiC nanoparticles during two more centrifuge cycles. Finally the TiC nanoparticles inside the
tubes were dehydrated at 180 °C for 48 hrs before the weight measurement. The TiC fractions in
the two samples were determined to be 8.81 vol.% and 9.25 vol.% respectively. Therefore, the TiC
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fraction in the nanocomposites is 9.03 vol.% by average. Since the initial volume ratio of TiC
nanoparticles to Al was designed to be 15:85, the salt-assisted incorporation efficiency of TiC
nanoparticle in Al melt was about 56%, which could be improved by process optimization if
needed.

6.1.4 Settling down of TiC nanoparticles in Al
Al-9vol.% TiC nanocomposite ingots were applied as a master alloy to fabricate Al-2vol.%
TiC nanocomposites for the study of TiC nanoparticle dispersion in Al. From our previous study,
the dispersion of TiC nanoparticles in solidified samples will be affected by the solidification front
pushing. To mitigate the pushing effect, high cooling rates could be applied. A copper wedge mold
was designed with a 5° inclination, as shown in Figure 6-3a. To check the melt filling of the mold,
especially at the tip region, we cast the pure Al first. Figure 6-3b shows the sample cast in the
copper wedge mold, indicating the mold can be filled well by the Al melt. Pure Al was melt at
820 °C in a graphite crucible under Ar protection. The Al-9vol.% TiC master alloy was added into
the Al melt. The tip of the niobium ultrasonic probe was inserted about 6 mm into the melt. An
ultrasonic vibration with a peak-to-peak amplitude of 60 μm at a frequency of 20 kHz was applied
to process the melt for 15 min for nanoparticle dispersion. After the ultrasonic processing stopped,
the metal melt were casted into the copper wedge mold. After solidification inside the wedge mold,
samples from the sections of 2 mm, 4 mm, and 6 mm thick were cut for characterization.
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Figure 6-3. (a) Copper wedge-copper-mold; (b) A sample cast in the mold

Figure 6-4 reveals the microstructure and the EDS spectrum of the sample of 2 mm thick.
No TiC nanoparticles or clusters were observed. Moreover, there is no Ti element in the EDS
spectrum, further indicating that little TiC existed in the sample.

Figure 6-4. Sample of 2 mm thick section and EDS analysis of elements
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Figure 6-5 shows the microstructure and EDS mapping of the sample at the 4 mm thick
section. EDS mapping indicates the bright contains more Ti contents. The total weight fraction of
the Ti element in the matrix is about 4.48%. Figure 6-6 reveals the microstructure inside the bright
phase. As shown in Figure 6-6a, TiC nanoparticles are distributed but form networking structures.
TiC nanoparticles (dark phase) are identified in Figure 6-6b.
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Figure 6-5. Sample of 4 mm thick and EDS mapping

Figure 6-6. (a) TiC distribution inside the bright phase in Figure 6-5; (b) TiC nanoparticles
(dark phase)

Figure 6-7 shows the microstructure and EDS mapping of the sample at the 6 mm thick
section. TiC nanoparticles form dense networking structures. The dense networks could be
attributed to the pushing of TiC nanoparticle clusters to the grain boundaries during solidification.
The total weight fraction of the Ti element in the matrix is 6.06%. Figure 6-8 reveals the
microstructure and the TiC nanoparticles in this sample.
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From the results discussed above, the concentration of TiC nanoparticles increases in the
casted samples from the bottom to the top of the wedge mold. There could be two possible reasons:
either TiC nanoparticles settled down inside the melt in the crucible before poured into the wedge
mold or a thermos-capillary force pushed the TiC nanoparticles from bottom up during
solidification in the copper wedge mold. It seems that the wedge mold casting was not suitable to
study the TiC dispersion inside Al melt.
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Figure 6-7. Microstructure and EDS mapping of the sample at the 6 mm thick section

Figure 6-8. Microstructure and TiC nanoparticles (dark phase) of the sample at the 6 mm
thick section
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In order to study the potential sedimentation of TiC nanoparticles, more Al-1.2vol.% TiC
nanocomposite samples were processed in the same conditions as above before the crucible was
takes out to cool in air with a cooling rate of ~1K/s. The samples cut from the top and the bottom
were grinded and then ion milled to expose the microstructure and embedded nanoparticles. Figure
6-9 (a) and (c) show the representative microstructures of the sample from top of the crucible.
Little TiC phases were identified. Figure 6-9 (b) and (d) show the representative microstructures
of the sample from bottom of the crucible. TiC nanoparticles inside the domains are distributed
along grain boundaries. It is believed the TiC nanoparticle domains sediment to the bottom.
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Figure 6-9. (a) Microstructure of Al-1.2vol.% TiC sample from top of the crucible; (b) the
microstructure of Al-1.2vol.% TiC sample from bottom of the crucible; (c) higher
magnification for the sample from top of the crucible;(d) higher magnification for the
sample from bottom of the crucible
6.1.5 Dispersion of TiC in Al alloys in droplet casted sample
To avoid the sedimentation of TiC nanoparticle domains in Al, droplet casting was used.
Al-0.6vol.% TiC nanocomposites were fabricated in a similar processing conditions as the other
casting experiments. With ultrasonic on, the surface oxide layer was skimmed out and a steel spoon
was used to quickly take Al melt of about 2 g for casting into the copper wedge mold to avoid
potential sedimentation and pushing of TiC nanoparticles during fast solidification. The sample
made by the droplet method was shown in Figure 6-10. The cooling rate R at the thickness d in the
copper wedge mold could be calculated by [222,223]
𝑅≈

1000𝐾𝑚𝑚2
𝑠

𝑑

⁄( 2 )2

Equation 6-8

The estimated cooling rate at the 0.5mm thick section is around 16,000 K/s.
Figure 6-11 reveals the microstructure of the sample after solidification. TiC nanoparticles
still formed domains inside the fast cooled Al matrix. Different domains were circled with black
discontinuous lines in the left figure. Under a higher magnification, the representative domain
suggests that TiC nanoparticles are most likely pseudo-dispersed in Al.

68

Figure 6-10. Sample made by droplet casting

Figure 6-11. (Left) different domains of TiC nanoparticles circled with black discontinuous
lines; (right) higher magnification of a representative TiC nanoparticle domain inside a
grain boundary
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6.1.6 Dispersion study of TiC nanoparticles in Mg-Al alloys
Since TiC nanoparticles were only pseudo-dispersed in pure Al, a melt with a lower
Hamaker constant might help to achieve a self-dispersion of TiC nanoparticles. Semi-empirical
results suggest that an alloy tend to have a lower Hamaker constant than its pure main metal
element. Mg-Al alloy is expected to offer a lower Hamaker constant than the pure Al. Experimental
study was thus conducted.
Al-9vol.% TiC nanocomposites (24.3 g) was diluted inside Mg (88 g) at 820 °C to make
Mg18Al-1.2vol.% TiC melt. After the ultrasonic processing for 15 mins, the sample were
solidified inside the crucible (~1 K/s cooling rate) in air. Figure 6-12 reveals the microstructure of
the Mg18Al-1.2vol.% TiC nanocomposites. Mg grains and eutectic phases are shown in Figure 612 (a). Most TiC nanoparticles are located inside the eutectic phases, as shown in Figure 6-12 (b)
and (c). While there are still some short TiC nanoparticle networks, most TiC nanoparticles are
actually dispersed and separated from the others. The result suggests that a better TiC dispersion
was achieved inside the eutectic phase in Mg-18Al alloy than in the pure Al.
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Figure 6-12. TiC dispersion in eutectic phase in Mg18Al-1.2vol.% TiC nanocomposites

To quantitatively analyze the TiC dispersion in this sample, ImageJ was applied to measure
the size distribution of TiC nanoparticles. One example of the processed images is presented in
Figure 6-13. The size distribution of TiC phases is shown in Figure 6-14.
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Figure 6-13. ImageJ processed SEM image to quantitatively analyze nanoparticles
dispersion

Figure 6-14. Size distribution of TiC nanoparticles in Mg18Al-1.2vol.% TiC
nanocomposites

We also would like to study the size dispersion of TiC with various Mg concentration in
MgAl alloys. The Mg composition were reduced by evaporating Mg away. Mg18Al-1.2vol.% TiC
nanocomposites were melted at 820 °C inside an induction heater under argon protection. The
pressure was lowered to around 6 Torr, and the pressure and temperature were kept for 10 min to
allow the Mg evaporation. Then the pressure was raised back to around 750 Torr for the sample to
cool down to room temperature. The mass of the sample were reduced from 10.3 g to 6.72 g (i.e.
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3.58 g Mg loss). A small piece was cut for characterization and the composition of the alloy is
determined to be Mg29Al. The surface oxidation was polished off and the above evaporation
procedure was repeated. After a second round of 10 min evaporation, the mass of the sample was
reduced from 6.15 g to 4.39 g (i.e. 1.76 g Mg loss), making the alloy composition to be Mg42Al.
The surface oxidation was polished off and the above evaporation procedure was repeated for
another 40 min. The mass of the sample was further reduced from 3.50 g to 1.81 g (i.e. 1.69 g Mg
loss), making the composition of the alloy as Mg88Al. A small piece of sample was cut for
characterization (1 hr sample).
The microstructure and the size distribution of TiC nanoparticles in Mg29Al-1.98vol.%TiC,
Mg42Al-3vol.%TiC, Mg88Al-7.5vol.%TiC are shown in Figure 6-15 to Figure 6-20.

Figure 6-15. Microstructure of Mg29Al-1.98vol.%TiC nanocomposites
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Figure 6-16. Size distribution of TiC nanoparticles in Mg29Al-1.98vol.%TiC
nanocomposites

Figure 6-17. Microstructure of Mg42Al-3vol.%TiC nanocomposites
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Figure 6-18. Size distribution of TiC nanoparticles in Mg42Al-3vol.%TiC nanocomposites

Figure 6-19. Microstructure of Mg88Al-7.5vol.%TiC nanocomposites
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Figure 6-20. Size distribution of TiC nanoparticles in Mg88Al-7.5vol.%TiC
nanocomposites

After 1 hr evaporation, the fraction of the TiC size over 56000 nm2 in the Mg88Al7.5vol.%TiC was over 41.7% while only just 8.7% in the origin Mg18Al-1.2vol.% TiC. The size
of TiC clusters increases possibly due to the higher Al content (thus higher Hamaker constant),
higher nanoparticle concentration, and more attraction and coagulation among nanoparticles
during the evaporation.

6.1.7 Summary on TiC nanoparticle dispersion in Al alloy melts
Due to the uncertainty of the Hamaker constants for both Al and TiC, theoretical analysis
predicted the TiC dispersion as either pseudo-dispersion or self-dispersion. To avoid burning and
surface oxidation problem for TiC nanoparticle incorporation into Al melts, a salt-assisted
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incorporation method was developed to fabricate Al-9vol.% TiC master nanocomposites, which
were easily used for dilution to a lower nanoparticle loading in final alloy melts. The quantitative
determination of TiC volume fraction in the Al matrix was achieved through the HCl acid
dissolution of Al alloys to extract TiC nanoparticles. Direct wedge mold casting of Al-TiC
nanocomposites showed that TiC nanoparticle domains settled down after ultrasonic process
stopped. Droplet casting method was then applied to avoid nanoparticle settling and pushing
during solidification. In the droplet casted samples, TiC nanoparticles formed domains in the Al
matrix, indicating a pseudo-dispersion of TiC in Al melts. However, in an effort to lower the
Hamaker constant by adding Mg, it was discovered that TiC nanoparticle disperse well in the
eutectic phase in the Mg18Al alloy.

6.2 Experimental study on SiC nanoparticle dispersion in Mg
6.2.1 Theoretical analysis on SiC nanoparticle dispersion in Mg melt
For two SiC nanoparticles interacting in the pure Mg melt at 1000 K, the Hamaker constant,

ASiC and AMg , are 248 zJ and 206 zJ for SiC and Mg melt respectively [107,209]. Their Brownian
potential (thermal energy) is kT=13.8 zJ at 1000 K.
The van der Waals interaction between the two same SiC with a radius of R in Mg is
Wvdw ( D)  

( 248  206) 2 R
6D
2

Equation 6-9

The unit of D and R is nm while the unit of Wvdw ( D) is zJ. The above equation is effective only
when two SiC interact through the liquid Mg when D is larger than two atomic Mg layers (i.e. 0.4
nm).
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According to the Langbein approximation, the effective interaction area of two spheres is

S  2

R1 R2
D0 , the interfacial energy barrier will be
R1  R2

Winter  D   2S ( p   pl )e( D D0 )/ a0

D  a0
D0  a0

for

D0  D  a0

and Winter  D   2S p eD/ a0 (1  D / D0 )  2S ( p   pl ) for

0  D  D0

Equation 6-10

Equation 6-11

But before interfacial energy dominates, the local minimum W1 (energy well for attraction)
is
W1  Wvdw  d1   

( ASiC  AMg )2
6d1

(

R1R2
( 248  206)2 R
)
R1  R2
6d1
2

Equation 6-12

Assume d1 is just the decaying length of interfacial energy, 0.4 nm, and when R is 30nm
for the SiC nanoparticles used for this experimental study, then
( 248  206)2 R
W1  Wvdw  d1   
 12.17 zJ  kT
6d1
2

Equation 6-13

From the literature, the surface energy of liquid Mg is 0.599J/m2 [224] and the surface
energy of SiC is 1.45 J/m2 [225]. The contact angle is 83° [226]. The interfacial energy between
liquid Mg and SiC will be 0.422 J/m2 according to Young’s equation. The local maximum W2 due
to the interfacial energy will be
W2  Winter  D0   4

D  a0
R1R2
D0 ( p   pl )e( D0  D0 )/ a0 0
 38.74  103 zJ  2800kT
R1  R2
D0  a0

Equation 6-14

Since the local maximum W2 is far larger than 10kT, there will be little chance for the SiC
nanoparticles to overcome the energy barrier to form clusters.
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Thus, for two SiC nanoparticles with a radius of

R1  30nm in the pure Mg melt, the energy

barrier W2 is much higher than the thermal energy while the energy well W1 is not enough to trap
SiC nanoparticles, allowing SiC nanoparticles to be self-dispersed in the pure Mg melt.

6.2.2 Fabrication of Mg2Zn with 14vol.% SiC nanocomposites
A uniform dispersion of a high volume fraction of SiC nanoparticles (with an average
radius of 30 nm) in Mg matrix were achieved by liquid state processing. The schematic of the
experimental setup is shown in Figure 6-21. Mg6Zn with 1 vol.% SiC were first fabricated through
the well-established ultrasonic processing. Pure Mg (99.93%) and pure Zn (99.0%) were melt
together at 700 °C in a furnace under SF6 (99 vol.%)/CO2 (1 vol.%) flow gas protection. The tip
of the niobium ultrasonic probe was inserted about 6 mm in depth into the melt. An ultrasonic
vibration with a frequency of 20 kHz and a peak-to-peak amplitude of 60 μm was generated from
the transducer. The melt was ultrasonically processed for 15 minutes. The SiC nanoparticles are
manually fed into the Mg6Zn (Mg+6wt.%Zn) melt, wetted and dispersed by ultrasonic processing.
After the ultrasonic process, the sample were cool down to room temperature in air.
The distribution and dispersion of nanoparticles in the as-solidified Mg6Zn matrix is
characterized by SEM in Figure 6-22. With 1vol.% SiC nanoparticles, nanoparticles were pushed
into intermetallic phase in the Mg6Zn alloy. Previous work shows that the pushing of nanoparticles
by the solidification front can be effectively countered by a higher viscosity drag force in the melt
via the introduction of a higher volume fraction of nanoparticles (e.g. >6vol.%). Therefore, to
reveal the true dispersion of SiC in Mg, a high volume fraction of nanoparticles in the Mg melt
would be desirable.
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(a)

(b)

Figure 6-21. Schematic of the experimental setup (a) Ultrasonic processing for
Mg6Zn-1vol.% SiC nanocomposites fabrication; (b) Evaporation for concentrating
nanoparticles in Mg

To achieve a high volume fraction of nanoparticles in the Mg melt, the nanoparticles were
concentrated by evaporating away Mg and Zn from the Mg6Zn-1vol.% SiC samples at 6 Torr in a
vacuum furnace. The evaporation process is schematically shown in Figure 6-21(b). Mg6Zn-1vol.%
SiC was first melt at 650 ℃ under Ar gas protection inside an induction heater before Mg and Zn
were evaporated from the alloy melt at around 6 Torr.. After evaporation, the sample was cooled
to room temperature in the furnace under a gas pressure of 760 Torr to obtain 14vol.% SiC in
Mg2Zn. The pushing of SiC nanoparticles by the solidification front was effectively countered by
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a higher viscosity drag force in the melt. Therefore, the dispersion of SiC nanoparticles in the
Mg2Zn melt were maintained through the solidification inside the Mg2Zn matrix.

Figure 6-22. Nanoparticles were pushed into intermetallic phase in Mg6Zn

6.2.3 Self-dispersion of 14vol.% SiC in Mg2Zn
The distribution and dispersion of nanoparticles in Mg2Zn-14vol.% SiC were
characterized by SEM. The chemical composition was determined by EDX (Energy dispersive Xray spectroscopy) analysis. To reveal the nanoparticles clearly, the samples were first cleaned by
low angle ion milling (10 degrees, to remove the nano-sized polishing powders) and then slightly
etched by gallium ions (90 degrees, to preferentially etch magnesium matrix) by a focused ion
beam. The SEM image were taken with a tilt angle of 52 degrees. From the SEM image as shown
in Figure 6-23, the nanoparticles exposed on the surface of the Mg2Zn matrix distribute and
disperse uniformly in the Mg matrix. Vickers hardness measurements were made under a load of
500 gram force with a dwelling time of 10 s. The microhardness and silicon concentration at
different parts of the sample were measured to further confirm that the nanoparticles were
distributed uniformly in the whole sample, as shown in Figure 6-23 (c).
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Figure 6-23. (a)(b) SEM images of Mg-14vSiC sample acquired at 52 degrees tilt angle and
at different magnification; (c) Uniform distribution of nanoparticles across the whole
sample

To investigate the property enhancement induced by the populous dispersed nanoparticles,
we first conducted in-situ micro-pillar compression testing in SEM on as-solidified samples.
Micro-compression tests on samples with diameter of about 4 μm and height of about 8 μm were
conducted using a PI 85 SEM PicoIndenter (Hysitron, Inc., USA) with an 8 μm flat punch diamond
probe inside an SEM (Nova 600, FEI, USA) using the displacement control mode at a strain rate
of about 2x10-3 s-1. The micro-pillars were cut from bulk samples by FIB (Nova 600, FEI). The
size of the micro-pillar (about 4 μm in diameter and 8 μm in length) was designed to contain only
one grain to avoid the effect of grain boundaries on strengthening. This allows us to evaluate the
property enhancement induced only by nanoparticles without the interference of grain boundaries
for the cast samples. The size of the micro pillar was also carefully selected to avoid size-induced
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strengthening in order to provide results comparable to macro scale tests for magnesium alloys.
To investigate the effect of nanoparticles on basal slip, the orientation of the pillars was chosen to
favor basal slip.
The results from micro-compression tests show that the Mg-2Zn samples without
nanoparticles yield at only about 50 MPa, then experience repeated loading-unloading cycles due
to severe basal slipping, as shown in Figure 6-24(a) and (b). In contrast, the samples with
nanoparticles yield at a significantly higher strength of about 410 MPa, and bear gradually
increasing load smoothly to a plastic strain of over 30%, as shown in Figure 6-24 (a) and (c).
Moreover, after deformation, multiple slip traces are observed in the samples without nanoparticles
(Figure 6-24 (b)), but only one major slip trace developed at the later stage of deformation is
observed in the samples with nanoparticles (Figure 6-24(c)). Even after the formation of the major
slip trace, the samples with nanoparticles can still bear load smoothly. The testing results
demonstrate that the populous dispersed nanoparticles not only can significantly strengthen the
material but also can enable a more uniform and stable deformation by potentially suppressing
basal slip.

Figure 6-24. Mechanical behavior of as-solidified samples at room temperature
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(a) Engineering stress-strain curves of micro-pillar as-solidified samples without (black)
and with (red) nanoparticles; (b)(c) SEM images showing the morphology of post-deformed
samples without (b) and with (c) nanoparticles

6.2.4 Summary on self-dispersion of SiC in Mg
Theoretical analysis shows SiC nanoparticles could self-dispersed in Mg melt.
Experimental study was conducted. Mg2Zn-14vol.% SiC nanocomposites were successfully
fabricated through a two-step liquid processing method. Firstly, Mg6Zn-1vol.% SiC
nanocomposites were fabricated by ultrasonic processing. Then, Mg2Zn-14vol.% SiC
nanocomposites were achieved through an evaporation of

Mg and Zn to concentrate SiC

nanoparticles in the Mg melt. SEM images, EDS of Si composition, and Vickers hardness
measurements clearly show that the SiC nanoparticles were self-dispersed and stabilized in Mg.
Micropillar compression test shows the Mg2Zn-14vol.% SiC nanocomposites yield at a
significantly higher strength of about 410 MPa with a good plasticity, while only 50 MPa with a
poor plasticity for pure Mg.
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Chapter 7 Conclusions

The dissertation is motivated by the rapidly growing interests in the development of metal
matrix nanocomposites (MMNCs) and a lack of fundamental knowledge of how to achieve a
uniform nanoparticle dispersion in MMNCs. Several methods were explored to achieve a uniform
nanoparticle dispersion in MMNCs.
In-situ oxidation method were applied to fabricate Al-Al2O3 nanocomposites with a
uniform dispersion of Al2O3 nanoparticles. Pure Al nanoparticles were cold compressed in a steel
mold and then melted in an alumina container. Al2O3 nanoparticles were in situ synthesized
through oxidation of Al nanoparticle surfaces to form bulk Al nanocomposites during the process.
Although some Al2O3 nanoparticles were distributed along the grain boundaries of some coarse
Al grains, most Al2O3 nanoparticles were evenly distributed inside the ultrafine Al grains to
effectively restrict their grain growth. Moreover, the microhardness of the bulk Al nanocomposites
is enhanced up to about three times as high as that of pure bulk Al.
Friction stir processing (FSP) were used to disperse nanoparticles in Mg6Zn + 6 vol.% SiC
nanocomposites. Semi-solid mixing for effective incorporation of SiC nanoparticle into Mg6Zn
matrix was applied before FSP. The low temperature at semi-solid state reduced the nanoparticles
burning and oxidation effectively, while a high viscosity of the metal at semi-solid state trapped
nanoparticles inside the matrix metal. FSP was also used to fabricate Mg + 6vol.% HA
nanocomposites with a uniform dispersion and distribution of nanoparticles after HA nanoparticles
were effectively incorporated into Mg melt by mechanical stirring. The mechanical properties of
Mg nanocomposites after FSP were significantly improved.
Unfortunately these two methods developed are not economical for mass manufacturing of
MMNCs, while solidification processing is very promising as a versatile mass manufacturing
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method for production of bulk MMNC parts with complex geometry and high nanoparticle loading.
However, the incorporation and de-agglomeration of nanoparticles in liquid metals are extremely
difficult.
To solve the long-standing challenge, a theoretical study was first conducted to understand
the interactions in the nanoparticle-melt system. The fundamental understanding was then used to
guide the experimental study.
A theoretical model have been successfully established to reveal the essential conditions
for nanoparticle dispersion in molten metal during solidification nanoprocessing of bulk MMNCs.
The interactions between nanoparticles in molten metals include three key potentials, the
interfacial energy barrier at a short range (1~2 atomic layers) to resist nanoparticles to come further
into atomic contact, the attractive van der Waals potential (dominant in the longer range from 0.4
nm ~10 nm), and the Brownian potential, kT. Three possible cases for nanoparticle dispersion in
molten metals were theoretically predicted below.
1. Clusters: when the maximum interfacial energy barrier is less than about 10kT due to a
poor wetting between nanoparticles and metal melt, the Brownian potential could allow
nanoparticles to come closer into atomic contact (sometimes for sintering at high
temperature). Nanoparticles will tend to form larger clusters in the liquid metal.
2. Pseudo-dispersion: if the maximum interfacial energy barrier is high enough (e.g. more
than 10 kT) due to a good wetting between nanoparticle and the molten metal, the
nanoparticles will not be able to come to atomic contact. However, if the van der Waals
attraction is much larger than the Brownian potential, nanoparticles will be trapped into
the energy well at a local minimum potential. Nanoparticles will form pseudo-

86

dispersion domains where dense nanoparticles are separated by only a few layers of
metal atoms.
3. Self-dispersion: When the maximum interfacial energy barrier is high (good wetting
between nanoparticles and the metal melt) and the van der Waals attraction is smaller
than the Brownian potential, nanoparticles will neither come to atomic contact nor be
trapped into the energy well. Nanoparticles will move freely inside the molten metal in
a self-dispersion and self-stabilization mode.
Based on the theoretic study and availability of nanoparticles in the market, two
nanoparticle-material combinations, TiC (with a radius of 25 nm) in liquid Al and SiC (with a
radius of 30 nm) in liquid Mg, were selected for experimental study.
To avoid oxidation and burning of TiC nanoparticles, a novel method of salt assisted
nanoparticles incorporation was developed to fabricate master Al-9vol.% TiC nanocomposites. A
droplet casting method was developed to avoid nanoparticle settling and pushing during
solidification. Microstructure studies revealed that TiC nanoparticles still readily form domains in
Al matrix, indicating a pseudo-dispersion of TiC in liquid Al. To lower the attractive energy well,
Mg alloys (with lower Hamaker constants) were experimented. TiC nanoparticles were
successfully dispersed in the Mg18Al eutectic alloy.
SiC nanoparticles (with a radius of 30 nm) are promising to be self-dispersed in liquid Mg
from the theoretical analysis. Mg6Zn-1vol.%SiC nanocomposite ingots were first obtained by
ultrasonic processing. The nanoparticles were mostly distributed along the grain boundary region
after ingot solidification due to the pushing of nanoparticles by solidification front. To enable
nanoparticle engulfment, a higher nanoparticle loading is needed. A new method was developed
to concentrate SiC nanoparticles by evaporation of Mg and Zn from the Mg6Zn-1vol.%SiC ingots
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at 6 torr in a vacuum furnace. After evaporation and slow cooling at approximately 0.23 K/s, a
sample with about 14vol.% nanoparticles in an Mg2Zn matrix was obtained. Material
characterizations conducted by using SEM, EDS, and Vickers hardness measurements revealed
that SiC nanoparticles were self-dispersed in Mg. Micropillar compression tests were also carried
out. The Mg2Zn-14vol.% SiC nanocomposites yield at a significantly higher strength of about 410
MPa with a good plasticity, while of 50 MPa with a poor plasticity for pure Mg2Zn.
In summary, this dissertation establishes a theoretical framework and developed
experimental methodologies to achieve a uniform dispersion of dense nanoparticles in metals. The
study has significantly advanced the fundamental understanding on the interactions between
nanoparticles in molten metals. Under the guidance of the fundamental knowledge, MMNCs with
a uniform dispersion of dense nanoparticles could be mass manufactured for widespread
applications.
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Chapter 8 Future work

While scientific and technical advances have been made to achieve a uniform dispersion
of nanoparticles in some metal melts, significant work is much needed to tackle more scientific
and technical challenges for mass manufacturing to harness the full potential of MMNCs in
industry. Some key issues are identified for future work.

8.1 Scientific determination of Hamaker constants for alloys and nanoparticles

Hamaker constants of liquid and solid alloys and nanoparticles are essential to determine
the van der Waals interaction potential between nanoparticles in alloy melts. However, little data
on Hamaker constants of alloys and their melts is available from literatures. Even for those
Hamaker constants available, they are mostly experimented measured or theoretically estimated at
room temperature, making them un-reliable for theoretical analysis of material systems at high
temperatures. It will thus be of scientific significance to measure Hamaker constants of alloys and
nanoparticles at high temperatures. One possible method is to measure the transmission
electromagnetic spectrum, which can be used to estimate the Hamaker constant [161,227]. With more
accurate temperature-dependent Hamaker constants available for alloys and nanoparticles, more
accurate analytical or numerical models can be established to reliably determine nanoparticle
dispersions in metal melts.

8.2 Size effect for nanoparticle dispersion in metal melts
Our earlier theoretical study suggests the interaction potentials depend on the size of the
nanoparticles. It will be of scientific significance to investigate the size effect on nanoparticle
dispersions in metal melts. Theoretical model suggests that small nanoparticles, for example less than
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10 nm in diameter, could have better chances to achieve self-dispersion due to a smaller van der Waals
attraction potential between them (thus smaller energy well), provided the nanoparticles are still
thermodynamically stable to avoid chemical reactions and wet well in the melt to against an adhesive
contact for sintering/bonding. Unfortunately, a lack of different sizes of nanoparticles in the market
severely restrict a future investigation. Chemical synthesis of suitable nanoparticles, such as conductive
transition metal carbides, borides and silicides potentially with high Hamaker constants, would be
needed to provide various sizes for fundamental study.

8.3 Enable mass production of MMNCs with self-dispersed nanoparticles
Nanoparticle self-dispersion in molten metals opens wide pathways for mass processing of
metal matrix nanocomposites for numerous applications. Under the guidance of the theoretical
study, more metal-nanoparticle systems could be experimented for mass manufacturing. Master
nanocomposite (alloy with a high loading of nanoparticles) could be first produced by the salt
assisted method or other methods to be developed. More attention is needed to ensure a large
volume production of master nanocomposites with high quality of nanoparticle dispersion. The
master nanocomposites can then be used for dilution in regular solidification processing. Due to
the self-dispersion and self-stabilization nanoparticles in the master nanocomposites, simple
mechanical mixing can be used to allow their further dispersion in the diluted alloy melts. More
fundamental studies are needed in this direction.
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