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Preface

The development, emergence, and increased focus in the selection and use of
nanocomposites has in more recent years engendered considerable scientific and
technological interest as potentially viable and affordable replacements to not only the
heavier and lighter monolithic metals but also their conventional composite counter-
parts, i.e., the family ofmetal-matrix composites, for the purpose of selection and use in
a spectrum of both performance-critical and non-performance-critical applications.
A high demand and interest in these composites have been particularly seen in the
industries specific to air transportation, ground transportation, high-performance
defense-related products, and even commercial products to include electronics and
sporting goods. In an attempt to explore the prevailing state of knowledge and aspects
specific to research, advancement, and growth by way of selection and use in appro-
priate applications and to concurrently attempt to bring forth aspects specific to inno-
vation, advances and applications in the domains spanning both nanoscience and
nanotechnology for the purpose of engineering the development and use of these
“novel”materials, this international symposium, the sixth in a series, was held with the
primary objective of bringing to light aspects specific to recent and novel innovations,
advances, and applications of the emerging family of nanocomposites. Appropriately,
this symposiumwas given the subtitle “Nanoscience andNanotechnology inAdvanced
Composites” and was held at the TMS 2020 149th Annual Meeting and Exhibition in
San Diego, California, USA (February 23–27, 2020). Overall, this symposium was
well represented with abstracts from both the United States and several nations around
the world and from engineers and scientists associated with the sectors of academia,
research institutions, and industry. This volume contains papers presented at the
four-session symposium that was approved by both the Composite Materials
Committee and StructuralMaterials Division of TMS.Over 30 abstracts were approved
for presentation in the sessions:

Session 1: Processing and Fabrication of Nanocomposites
Session 2: Microstructure and Properties of Nanocomposites
Session 3: Processing–Properties–Performance of Nanocomposites
Session 4: Polymer and Other Nanocomposites
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In the four oral sessions, recent advances specific to engineering the development,
characterization, rationalization, and properties of the family of nanocomposites
were presented. It was clear that every presenter did make an effort to present and
discuss new and/or emerging knowledge very much in tune with his ideas. We, the
symposium organizers, extend our warmest thanks and appreciation to both the
presenters and the participants. We also extend our sincere thanks and much
deserving appreciation to the elected and governing representatives of the
Composite Materials Committee and Structural Materials Division of TMS for their
valued understanding and timely approval of all related and relevant paperwork
specific to this symposium.

Our gracious and generous gratitude coupled with lasting appreciation and
recurring thanks are also extended to the following individuals positioned strate-
gically at the head office of TMS (Pittsburgh, Pennsylvania, USA):

(a) Ms. Trudi Dunlap (Department Head, Events, Education, and Exhibitions) for
her early interest and involvement by way of observable and much needed
attention and assistance. Ms. Dunlap ensured a smooth transition to Ms. Patricia
Warren for the purpose of timely execution of all related and relevant intrica-
cies, numerous in number, specific to orchestration, layout, and conduct of the
symposium from the moment following its approval all the way until the end
signified by compilation and publication of this volume.

(b) An unbounded dose of recurring thanks and highly deserving appreciation, of
resonating order, is reserved and extended to Ms. Patricia Warren
(Programming and Proceedings Specialist) for her infinite patience, valued
understanding, and the much desired and needed attention to all of the specifics
and intricacies, far too many to list, from point of conception to completion of
this technical event by way of compilation and presentation of this impressive
bound volume.

(c) The timely publication of this volume was made possible by the cooperation
of the contributing authors and the publishing staff headed by the dedicated and
diligent Mr. Matt Baker (Department Head, Content).

We the editors have every confidence that this volume will provide all the readers, to
include both the experienced and the new entrant, both new perspectives and
directions in their research efforts in the domain specific to nanocomposites. It is
anticipated that the sustained growth and resultant demand for nanocomposites will
only show a continuing upward trend. Thus, by making possible this symposium we
have made every effort to not only aid but also assist material developers in making
every possible effort in engineering the safe development of nanocomposites to
ensure their eventual selection and use in few to many potential applications.

Dr. T. S. Srivatsan
Professor

Dr. Manoj Gupta
Associate Professor
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Processing, Properties and Potential
Applications of Magnesium Alloy-Based
Nanocomposites: A Review

Sravya Tekumalla and Manoj Gupta

Abstract Strong, ductile, lightweight, biocompatible and non-toxic materials are
the need of the hour for metal-based industries such as aerospace, automotive, elec-
tronics and biomedical sectors.Magnesium-basedmaterials, due to their lightweight,
excellent dimensional stability and mechanical integrity, have a tremendous poten-
tial to replace the existing commercial Al, Ti alloys and steels currently being used.
Due to these attractive qualities of magnesium, there has been a spurt in the quest of
a variety of magnesium materials targeting different functionalities. One subset of
magnesium-based materials is magnesium alloy-based nanocomposites that exhibit
advantages of both magnesium alloys and magnesium nanocomposites. There has
been advancement in this field through careful selection of alloying elements and
reinforcement and optimization to obtain the best combination of properties. Accord-
ingly, this paper will focus on the recent developments of magnesium alloy-based
nanocomposites capable of replacing conventional materials in multiple engineering
and biomedical applications.

Keywords Magnesium · Alloy nanocomposites · Microstructure · Properties

Introduction

There has been an ever-increasing trend in catastrophic changes in the weather pat-
terns that are being recorded ever since the beginning of 1990s [1]. These are pri-
marily attributed to a progressive increase in greenhouse gas emissions along with
several other factors such as increase in the toxicity in land and water bodies. The
extent of these damages is increasing at an alarming rate never seen before in the
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history of mankind. In this view, several guidelines are laid out such as keeping the
temperature rise to within 2 °C with respect to preindustrial times and to limit the
emissions by 2025 to 2 billion tons [2]. While this is an example of the catastrophic
problems happening at a global scale, there are also several challenges that a man
faces in everyday life such as emergence of electromagnetic smog due to spike in
the use of electronic gadgets which poses a higher health risk. Furthermore, with
the increase in the ageing population at an unprecedented rate along with a need
for materials in biomedical applications that help the patients recover faster without
having any effects of toxicity in the human body, there is a need for a paradigm
shift in the usage of materials that can help reach all the above said goals. In this
view, magnesium serves as a phenomenal material with multiple roles to play. It
was ignored to a large extent so far and that ignorance is, in part, responsible for
the worsening climate and contamination of land mass and water bodies all over
the globe. Magnesium, one of the most diverse metals, has its widespread presence
in planet earth and the universe besides being the fourth most abundant cation in
human bodies. The key attributes of magnesium are its lightweight (~35% lighter
than aluminium, ~75% lighter than steel), its abundance, non-toxicity (a nutritional
element for both plants and humans [3]) and most importantly, its recyclability. Over
the last 15 years, the price of magnesium has been showing a downward trend mak-
ing it an increasingly cost-effective option in several applications. Magnesium based
nanocomposites have been in the literature formore than a decade as promisingmate-
rials for aerospace and automotive applications [4]. However, due to their relatively
poor ignition and corrosion resistance, and scalability, they have not been explored
much commercially [5]. In the recent past, there have been several articles reporting
the improved mechanical and ignition response of magnesium with the combined
addition of alloying elements and nanoparticles [2, 6–8]. Therefore, it is extremely
meaningful to understand the behavior of magnesium alloy-based nanocomposites
whose properties and performance depend on both the alloying elements added as
well as the reinforced nanoparticles. The multifaceted potential of these magnesium
alloy nanocomposites will be unravelled in detail in this paper, and special focus will
be given to the engineering and biomedical applications of these materials.

Processing

Some of the commonly employed processing techniques to synthesize magnesium
alloy nanocomposites are reviewed and discussed below.

Disintegrated Melt Deposition

Disintegrated melt deposition (DMD) is a unique processing method which inherits
the combined advantages of stir casting and spray processing techniques [4]. This
method involves the vortexmixing of ceramic reinforcements into thematrixmaterial
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and deposition of the resulting molten slurry onto a metallic substrate after disin-
tegration by jets of inert gases. Unlike conventional spray processes, this method
employs higher superheat temperatures and lower impinging velocity which helps
in achieving a bulk composite material with no-over sprayed powders. Hence, this
process offers both the features of (i) fine grain structure and low segregation of
reinforcements of spray process and (ii) simplicity and cost-effectiveness of con-
ventional stir cast foundry process. Magnesium-based materials are synthesized by
melting and casting commercially pureMg turnings and other alloying/reinforcement
additions. This method involves adding the raw material in alternate layers to form
a sandwich pattern in a graphite crucible and heating it in an electrical resistance
furnace to 750 °C in a protective inert argon gas atmosphere. This method employs
vortex stirring of melt at 450 rpm for 5 min. The stirrer used is a mild steel impeller
with twin blade (pitch 45o) coated with Zirtex 25 to avoid contamination of molten
metal with iron. The melt, released through an orifice of 10 mm diameter, located
at the crucible’s base was disintegrated by two argon gas jets that were oriented
normal to the melt stream to obtain near equiaxed grain structure. The disintegrated
melt was then deposited on the substrate forming an ingot of magnesium-based alloy
nanocomposite (Fig. 1).

Fig. 1 Disintegrated melt
deposition technique [4]
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Ultrasound-Assisted Casting

Magnesium alloy nanocomposites with various matrix compositions, such as AZ31,
Z6, ZC63, ZC71, and AZ91, have been produced using this method. Ultrasonic cav-
itation method [9] (Fig. 2a) has been used for improved reinforcement dispersion
effects. It employs the transient (in the order of nanoseconds) micro-hot spots that
can reach temperatures of about 5000 °C, pressures above 1000 atms, and heating and
cooling rates above 1010 °C/s. Such strong impact coupling with local high temper-
atures will potentially break the nanoparticle clusters and clean the particle surface.
SiC nanoparticles reinforced pure magnesium, Mg−4Zn and Mg-(2,4)Al−1Si by
ultrasonic cavitation based solidification processing were developed and the exper-
imental findings were promising. Recently, a simple addition to the ultrasonic pro-
cessing was demonstrated by Chen et al. [10] to synthesize uniformly dispersed
nanocomposites containing up to 14 vol.% of nanoparticulates. SiC nanoparticles
were introduced in the magnesium-zinc melt and dispersed by ultrasonic process-
ing. After solidification, an ingot was obtained which was evaporated such that the
magnesium and zinc melt leaving a high concentrate of SiC nanoparticles. Then the
samples were cooled down to room temperature in the furnace. It is reported that
SiC nanoparticles self-stabilize in magnesium melt. This is due to the (i) synergy of
reduced van der Waals forces between the nanoparticles in molten magnesium, (ii)
a high thermal energy of the nanoparticles, and (iii) a high energy barrier preventing
nanoparticle from sintering owing to a reasonable wettability between nanoparticles
and molten magnesium. The schematic of ultrasonic processing and the evaporation
of the melt are shown in Fig. 2b, c.

Fig. 2 Schematic of a ultrasonic-assisted stir casting setup [26]; b ultrasonic processing for
nanoparticle feeding and dispersion, and c vacuum evaporation for concentrating nanoparticles
in magnesium as demonstrated by Chen et al. [10]
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In Situ Synthesis

The in situ synthesis method refers to the process in which the nanoparticles are syn-
thesized during the casting process as a result of the reaction between the rawmateri-
als. It is a very common synthesis technique in aluminium-based materials; however,
there has been very little reported work onmagnesium composites processed through
this technique. This can be achieved through (i) gas–liquid, (ii) liquid–liquid, and
(iii) solid–liquid reactions based on phase diagram principles.Magnesium reinforced
by in situ particulates was successfully synthesized using the reaction between pure
magnesium and salts, viz., potassium boron tetrafluoride (KBF4), and potassium tita-
nium hexafluoride (K2TiF6) compounds resulting in titanium borides reinforcement
particles [11]. Recently, an article [5] suggested in situ synthesizing and processing
of magnesium alloy nanocomposites through the in situ evolution of the nanoparti-
cles in the matrix. In this approach, the thermodynamic reactions between the matrix
and reinforcements are to be considered and the kinetics play a crucial role in the
in situ evolution. For example, in theMg−1.8Y/1.53ZnO nanocomposite, Mg−1.8Y
alloy was used as the matrix with ZnO nanoparticles added as reinforcements. Dur-
ing the processing, owing to the thermodynamic reactions, the ZnO nanoparticles
dissolution induced the in situ formation of nano length scale rod-shaped Mg–Zn β1

′
phase in the matrix. Oxygen released in the reaction forms Y2O3 nanoparticles inMg
matrix as shown in Fig. 3. Moreover, the β1

′ phase and Y2O3 nanoparticles identified
under TEM were shown to range between several tens and hundreds of nanometers.
It is analyzed that the kinetics during melt processing at 750 °C led to the in situ
formation of β1

′ phase and Y2O3. This in situ evolution contributed to the grain size
reduction and strengthening of the nanocomposite by improving its yield strength by

Fig. 3 aTEMimage indicating the twodifferentmorphologies (rod-shaped andblockyprecipitates)
ofMg–Zn-rich phase and presence of Y2O3 nanoparticles found in an extrudedMg−1.8Y/1.53ZnO
nanocomposite; TEM image and EDS spectra of b nano ß1′ phase rods, c blocky ß1′ precipitates,
and d Y2O3 nanoparticle
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124% compared to the monolithic alloy. This mechanism has since then been pro-
posed for in situ fabrication of magnesiummatrix nanocomposites by optimizing the
combination of alloying and nano-reinforcement additions that satisfy the thermo-
dynamic criterion to obtain maximized benefit in terms of the properties. Although
there has been some exploratory work on in situ synthesis of reinforcements through
the use of different reinforcements, there has been very limited amount of work on
this subject [12, 13] and several other magnesium alloy nanocomposites, processed
through this route, can be explored and studied.

Blend-Press-Sinter Using Hybrid Microwave Sintering

Generally, the solid phase processes yield better strength properties because of min-
imal brittle interface reaction products. The major solid phase processing methods
available includes the blend-press-sinter method. Blend-press-sinter technique is one
of the conventional and well-established solid-state processing methods for the pro-
duction of metal matrix composites. The schematic of Blend-Press-Sinter powder
metallurgy method is shown in Figure. The first step involves blending of metal
powder together with the reinforcement particles. After blending, consolidation of
blended powder mixture is done to obtain a green compact. It is then forged or
extruded. The advantage of PM method includes the capability of using different
types of reinforcements and possibility of higher volume fraction of reinforcements.
The major disadvantage is that this process cannot be used to produce complex
shapes. The other limitations include the difficulty in removal of the binder which is
normally used to hold the metal powder and reinforcement particles together and the
inherent danger in handling the highly reactive powder used in the process (Fig. 4).

After the above-mentioned primary processing techniques, typically the mag-
nesium alloy nanocomposites have been processed using secondary processing
such as extrusion, rolling, forging, etc. This is to reduce the porosity and obtain
finer microstructures and to increase the homogeneity of the second phases and/or
reinforcements in the materials.

Fig. 4 Blend-press-sinter (hybrid microwave sintering) process flow chart
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Properties

Mechanical Properties

Tensile Properties

In recent years, there has been a renewed interest on nanoparticle reinforced magne-
sium metal matrix composites. A study of available open literature indicates that the
ceramic particles such as SiC, B4C, TiC, Al2O3, Y2O3, ZrO2, TiO2, Bi2O3, Si3N4,
TiN, BN, AlN, TiB2 are used as nano-reinforcement for Mg and Mg alloys [4].
Owing to the inherent high temperature stability, high strength and high modulus of
these ceramic phases, the dispersion of only a small volume percent inMg offers dis-
tinct advantages through a combination of different strengthening mechanisms such
as grain refinement strengthening, Orowan strengthening, geometrically necessary
dislocations (GND) assisted strengthening effects, etc., without adversely affecting
the ductility. Figure 5 gives the effect of reinforcements on various magnesium alloy
matrices. It is seen that excellent strengths can be achieved through the usage of rein-
forcements to alloys due to their tremendous load-bearing potentials. Thus, excellent
tensile behavior has been observed for alloy nanocomposites without compromise
in their ductility.

Fig. 5 Tensile yield strengths of magnesium alloy nanocomposites [4]
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Compressive Properties

Similar to the tensile behavior, magnesium alloy nanocomposites exhibited tremen-
dous properties under compression. The average compressive yield strengths are
given in Table 1. One significant finding was by Chen et al. [14] where addition of
ZnO nanoparticles enhanced the compressive strengths of alloy by ~100 MPa. The
Mg−4Zn−3Gd−1Ca–ZnO [14] alloy nanocomposite samples display high strength
and good ductility: 0.2% compressive yield stress of 355 MPa, ultimate compressive
stress of 703MPa, and compressive failure strain of 10.6%. The significant enhance-
ment of compressive yield stress ismainly attributed to the grain refinement by adding
nanoparticles. The strength levels exceed that of commercial magnesium alloys (i.e.
WE43, WE54, ZK60, and ME21) and mild steels (i.e. S275 and S355), making

Table 1 Compressive
properties of magnesium
alloy matrix nanocomposites
[4]

Material Average compressive yield
strength (MPa)

Pure Mg 66

AZ31B 133

AZ31B/0.66Al2O3 172

AZ31B/1.11Al2O3 174

AZ31B/1.50Al2O3 176

ZK60A 93

ZK60A/1.5 vol.% Al2O3 89

AZ81 157

AZ81/1.5 vol.% Al2O3 146

Mg–3Al–2.5La [8] 141

Mg–3Al–2.5La–1.9Y2O3 156

Mg−4Zn−3Gd−1Ca–ZnO
[14]

355

Mg/0.92Al–0.22Bi2O3 140

Mg/0.92Al–0.66Bi2O3 143

Mg/0.92Al–1.11Bi2O3 115

Mg–3Al–0.1GNP 118

Mg–3Al–0.3GNP 134

Mg–3Al–0.5GNP 116

Mg–1.8Y 109

Mg–1.8Y–1.53ZnO [5] 160

Mg–1.8Y/1CaO [2] 111

Mg–1.8Y–1.5Y2O3 [15] 131

E21 92.4

E21-1AlN 88
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Table 2 Coefficient of
thermal expansion of
magnesium, commonly used
reinforcements [17] and a few
magnesium alloy
nanocomposites

Material Coefficient of thermal expansion
(μm/m.K)

Mg 25–27

ZnO 2.9

Y2O3 7.2

SiC 3.7

Al2O3 7.2

ZrO2 10.5

Mg–3Al–0.4Ce 25.52 ± 0.8

Mg–3Al–0.4Ce–1.5ZnO 22.03 ± 1.0

Mg−4Zn−3Gd−1Ca/2ZnO a very promising material for multiple engineering and
biomedical applications.

High Temperature-Related Properties

Coefficient of Thermal Expansion

A key feature in application of metal matrix nanocomposites in the automotive engi-
neering is dimensional stability over a predicted lifetime at ambient and elevated
temperatures. It is established that the dimensional stability is higher if the coeffi-
cient of thermal expansion of the material is lower [16]. Thermal expansion refers
to the tendency to change shape in response to a change in temperature, occur-
ring through heat transfer. The lesser the CTE value, the lesser the tendency for
the material to change shape when the temperature is increased. Thus, a material
with lower CTE values is a thermally stable material. Typically, magnesium and its
alloys exhibit a coefficient of thermal expansion of 25–27μm/m.K.With the addition
of nano-reinforcements, particularly ceramics, the coefficient of thermal expansion
alters significantly. Table 2 gives a list of values of commonly used ceramic reinforce-
ments formagnesium. Further, Table 1 also gives the coefficient of thermal expansion
values of magnesium alloy-based nanocomposites and it can be seen that just 1.5%
of ZnO significantly lowered the CTE of the nanocomposite thereby rendering it
more thermally stable.

Ignition Properties

With the synergistic effect of alloying and reinforcement additions, the ignition
behavior of the magnesium alloy nanaocomposites completely changes. The nano-
reinforcement (typically, ceramics) provides insulating effect that affects the thermal
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conductivity of the nanocomposite and reduces heat absorption of the reinforcement
that affects the specific heat of the nanocomposite. This aids in enhancing the ignition
temperature, however, it is to be noted that this enhancement in ignition temperature
is only to an extent. Another crucial factor for improving the resistance to ignition is
the nature of the oxide layer formed on the metal surface [18]. This is governed by
Pilling–Bedworth ratio [19] which is ratio of the volume of the elementary cell of a
metal oxide to the volume of the elementary cell of the corresponding metal (from
which the oxide is created) and is given by the following equation:

RPB = VMO

VM
(1)

where RPB is the Pilling–Bedworth ratio, V is the volume, MO corresponds to metal
oxide and M corresponds to metal.

When 1 < RPB < 2, the oxide coating is passivating and provides a protecting
effect against further surface oxidation. Metals like aluminium, titanium, chromium-
containing steels fall in this category. Magnesium has RPB < 1, which indicates that
the oxide coating layer is too thin, likely broken and provides limited protective
effect. When magnesium is exposed to air at elevated temperatures, due to its unsta-
ble oxides, the metal ignites rapidly even before reaching its melting temperature.
Hence, modification of this oxide layer is equally essential to get an improved igni-
tion behavior of magnesium [20]. The easiest method of modification of oxide layers
is through alloying. Alloying with metals with 1 < RPB < 2 such as Y [21], satisfy
the criteria of enhancing the ignition temperature due to the formation of a protective
and stable oxide layer adhering to the surface of the alloy. Thus, with the synergistic
effects of alloying and reinforcement with ceramic particles, a high ignition tem-
perature can be achieved in magnesium alloy nanocomposites. Figure 6 shows the
oxidation mechanism of a Mg−1.8Y/1CaO nanocomposite. The formation of such
protective oxides along with the presence of thermally insulating reinforcement led
to the ignition temperature beyond 1000 °C in the nanocomposite.

Performance and Potential Applications

Automobile Industry

In automotive industry, reducing the weight by 10% leads to an improvement in
fuel economy by 7% in a vehicle [22]. Besides being light in weight, magnesium
alloys also demonstrate superior specific strength and excellent castability with other
advantages given in Fig. 1, which make them promising materials for the automo-
tive industry. Using magnesium alloy nanocomposites as alternative to the currently
used materials, results in a weight reduction by 22–70%. Among several magne-
sium alloys, Mg–Al-based alloy series, i.e. the AZ and AM alloys, demonstrate good
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Fig. 6 Mechanism of
oxidation and ignition
beyond 1000 °C in a
Mg−1.8Y/1CaO
nanocomposite [2]
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strength and ductility at room temperature along with good resistance to corrosion
(salt-spray) and superior castability [23]. Hence, they are predominantly being used
in the automobile sector as sheets or even engine blocks and other automobile compo-
nents such as in steeringwheels, boot area, etc. For elevated-temperature applications
such as engine blocks, newly developed magnesium alloy nanocomposites can be
used as they demonstrate good thermal and dimensional stabilities.

Aerospace

With the primary advantage of weight saving, magnesium is a great candidate in
aerospace industry to substitute aluminum.Althoughmagnesiumwaswidely applied
in the past (1940s) in the commercial airplane construction as a structural material, it
was subsequently banned by the Federal Aviation Administration (FAA) to be used
due to its perceived easy ignition/flammability. Recently, FAA has lifted the ban
and allowed the application of magnesium in the interior of the aircraft. Magnesium
renders a weight saving of about 33% against Al and about 77% against steels. A
comparison of densities is given in Table 3 along with the distribution of materials
that are currently used in commercial aircrafts. Replacement of these heavy and
dense metals with magnesium translates to reduction in the consumption of fuel and
lowering of the aircraft weight coupled with the reduction in the CO2 emissions. An
aircraft with a greater number of seats has higher amount of weight and therefore
greater amount of fuel burnt per passenger. This shows the extremely critical role
weight plays in the aerospace sector. Of late, several magnesium alloy composites
have been investigated for their ignition temperatures and the enormous improvement
observed in the ignition temperatures of magnesium demonstrates the potential of
magnesium to be used in the aircraft industry [7]. It is to be noted that Elektron 21
and Elektron WE43 are already FAA approved to be used in the commercial aircraft
in cabin applications [2]. A few concerns still persist with respect to the corrosion
of magnesium which can be overcome by the adaptation of the coating technology.

Table 3 Density and distribution of materials used in commercial aircraft [24]

Material Density % Distribution in commercial aircraft

Boeing 777 Boeing 787 Airbus A380

Mg 1.74 – – –

Al 2.7 70 20 61

Ti 4.5 7 15 10

Steels 7.9 11 10 –

Composites 1.6–1.9 11 50 22

Others – 1 5 5
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Table 4 Average total
shielding effectiveness of
magnesium and aluminum
[1]

Sample SE in frequency range
of 0.5–6 GHz

SE in frequency range
of 7–13 GHz

Mg 65 ± 1 66 ± 4

Al 59 ± 1 65 ± 6

Electronics

In consumer electronic industries, plastic injection molding was revolutionary due
to the flexibility it offered in designing casings with complicated designs, colorful
appearance and texture. However, the shortcomings such as significantly high EMI
emissions and enormous scrap of electronic equipment that is very hard to recycle
were realized. Also, it can be added that plastics, generally exhibit poor stiffness
and thermal conductivity and bad damping capacity. These attributes are the reason
that makes magnesium alloy nanocomposites very lucrative as magnesium can be
re-melted, reused and recycled. Its electromagnetic shielding capacity is the same
or even superior to that of aluminum alloys as given in Table 4. A key requisite in
an electronic equipment that is portable is the ability to withstand elevated ambi-
ent/outdoor temperatures and also impact. Magnesium, with excellent stiffness and
the best specific damping capacities among known structural materials, is the most
viable alternative for these applications. Finally, magnesium also gives a solid look-
ing metallic touch, thereby giving an impression of a good quality and well-graded
product [25].

Biomedicine

In human bodies, metals have been used as implants for more than a century, in the
form of permanent or non-permanent implants. This is because metals exhibit good
mechanical properties (strength, ductility, fatigue resistance and fracture toughness)
which are far superior to that of polymers and ceramics. Titanium, steels and Co–Cr
alloys are commonly used metallic materials for implant (permanent) applications.
Co–Cr alloyswere regarded to be toxic and are being avoided currently. Titanium and
steels in general have a disadvantage for implant applications despite their excellent
mechanical properties as well non-toxicity due to their very high elastic modulus
that leads to stress shielding effects between bone and the implant. Magnesium, in
this regard, with its elastic/Young’s modulus (40–45 GPa) closest to that of the bone,
is considered to be one of most suitable lightweight bio-material. With bone being a
natural composite, magnesium composites stand a great potential in being suitable
in the human body. Further, the elastic matching between the bone and magnesium
metal minimizes the stress shielding effect to a great extent. The mechanical proper-
ties, i.e. strength and ductility of magnesium alloy nanocomposites can be tailored
to exceed that of bone which makes magnesium a mechanically suitable material for
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Fig. 7 a Advantages of magnesium-based materials in automobile industry; b electromagnetic
shielding cages that are currently in use in order to prevent electromagnetic pollution, a bag made
out of flexible metallic fabric to protect theft of digital data and enhance privacy [27];and c uses of
magnesium matrix nanocomposites (MMNC) in biomedicine reproduced from [28]

these applications. Human bodies need about 250–400 mg of magnesium/day (it is
to be noted that Mg is fourth most occurring ion in human body) and it assists in sev-
eral functions like aiding bone health, multiple metabolic processes in body besides
being anti-bacterial. Since magnesium is both biocompatible and biodegradable, it
is the best fit to be used in the body as a non-permanent biodegradable implant as
it (i) reduces patient trauma; (ii) requires no revision surgery; (iii) reduces doctor’s
time; and (d) reduces medical costs. Besides this, the corrosion susceptibilities of
magnesium can be used to our advantage. It reacts with simulated biofluids to form
localized magnesium ions, increased pH, formation of hydrogen bubbles and a Ca–P
layer [26]. With magnesium alloy composites, the reinforcements can be chosen to
be biocompatible such that there are no toxicity effects in the body caused due to
the reinforcements. Reinforcements like hydroxyapatite, calcium oxide, etc., help in
improving the bio-mechanical properties of the material as well as render the mate-
rial for better biocompatibility. To note here that the corrosion rate of magnesium
should be controlled to sync with the healing time of the injury to allow minimal
side effects of corrosion, if any. Successful human trials are already made for magne-
sium-based stents and compression screws while work is in progress for their use as
surgical clips and plates. Further efforts need to be made to bring magnesium alloy
nanocomposites into the real applications (Fig. 7).

Conclusions

The potential ofmagnesiumalloy-based nanocomposites in terms of their processing,
properties and performance are discussed in viewof their benefitswith respect to light
weighting. A snapshot of the diverse and multifaceted capabilities of magnesium-
based alloys and composites is provided, which renders magnesium alloy nanocom-
posites to be potentially dominating metallic materials in widespread engineering
and biomedical applications.
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Nanolayer Surface Phase Change
in Self-Healing Materials

Rahul Basu

Abstract The phase change problem in a semi-infinite medium where temperature
and concentration are coupled is solved for variable diffusivity. An integral technique
is used to solve for concentration and temperature penetration lengths and velocity
of change. Surface conditions are held constant whereas diffusivity is allowed to
vary slowly corresponding to phase change in the matrix. An analytic solution for
variable properties under these conditions is obtained using the Kirchhoff transfor-
mation. Penetration lengths are analytically evaluated. A perturbation analysis allows
the boundary layer lengths to be estimated, whence the two parameters can be com-
pared. Dimensions obtained by the simulation show that nanomaterial thicknesses
are attainable in the boundary layers. Application to phase change concepts relating
to self-healing materials is illustrated for porous surface layers.

Keywords Self-healing · Self-healing materials · Composite materials · Surface
layers · Porous materials

Nomenclature

a, b Parameters in the Kirchhoff transformation
c Concentration
cp Specific heat
B Constant
D Diffusion coefficient
L, H Latent heat
s, l Solid, liquid
n Power exponent in the approximate scheme
Ste Stefan number = latent heat/sensible heat
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Ti, To Initial, final temperature
U, V Transformed temperature, concentration in the Kirchhoff representation
1, 2 Labels for the interacting phases
λ Eigenvalue for interface velocity
μ Diffusivity variation for concentration
τ Time
θ Temperature (nondim)
θm Fusion temperature
η Similarity parameter
ε Recombination or dissolution, small perturbation parameter
� Penetration length (thermal slope is zero)
�1 Penetration length (concentration slope is zero)
δm Thermo-gradient parameter
ζ Position of the moving phase boundary
λ (τ) Phase change eigenvalue
α Thermal diffusivity
αm Diffusivity of permeating phase
αij Normalized diffusivity αi/αj
β(τ) Penetration length for thermal � = 2β t0.5

β1(t) Penetration length for concentration �1 = 2β1 t0.5

β0 Separation constant
γ Temperature-dependent constant for variable diffusivity
P 3.14159

Introduction

Self-healing materials along with so-called smart materials are now well-known
buzzwords. Smart materials appeared earlier utilizing the shape memory effect. By
contrast, self-healing materials appeared later after recent conflicts in the new Mil-
lenium spurred by Military research into such materials. Traditionally, “healing” in
materials involved the use of high temperature tomelt the affected part and allowflow
or diffusion to augment the repair process, sometimes under pressure. For instance,
some plastics can be repaired in this fashion. Thermo-sets typically cannot be soft-
ened and remolded for repair, whereas thermoplastics are capable of being softened
by heat and restored. This suggests that diffusion of heat and matter are involved.
However, there are very few papers dealing with diffusion and transport analyses
for material repair. This is probably because practitioners are mainly interested in
mechanical and physical properties shadowed by fracture analysis.

Healing has also been studied using the Pennes’ bioheat equation for wounds
and tissue damage [1] and with the Stefan approach for polymer capacitors, paints,
and self-healing polymer composites. Healing of materials may be of the mechan-
ical properties, homogeneity of the matrix, surface texture (as in car paints) and/or
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Fig. 1 Schematic of the phase change geometry

other combinations of properties. In the following, the coupling of heat and mass
diffusion is explored, leading to a coupled system of partial differential equations.
Simplifications allow one to tackle the problem.

There are two main methods by which the repair is carried out: (a) by heat which
softens the material above its glass point and allows cracks to rejoin under pressure;
(b) by mass diffusion aided chemical reaction and mass diffusion.

Earlier repair of fractured polymers was through plastic welding using the tran-
sition temperature of the material. Unfortunately, as in metals, the weld remains the
weakest point and constitutes a site for further future damage [2]. For laminate com-
posites, resin injection is often employed to repair damage in the formof delaminating
layers. Fiber breakage in laminated composites is treatable by patch reinforcement
to partially restore some material strength [3]. None of these methods of repair is
a permanent fix; however, they increase the cost by requiring periodic maintenance
and service (Fig. 1).

Properties Before and After a Reaction

Due to the mass flux and bonding with subsequent reactions and hardening, the
properties of the material after healing will not be the same as before. A time of
rest or curing may be needed as in natural healing of damaged tissue, be it animal
or plant tissue. The challenge is to formulate and design components that can sense
damage and allow in situ healing even during use. It is seen from nature that full
repair takes time, however, it has been claimed that for some polymer materials, the
repairedmass is as good as or better than the original. A review byWang [4] describes
the capsule and vascular based systems. It is claimed that for capsule systems, the
interlaminar fracture toughness can exceed 100% repair. The healing properties of
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vascular and capsule-based systems are quite different in that vascular systems can
repair continuously, whilst capsule systems cannot dispersemore fluid after a capsule
is ruptured and exhausted. The vascular systems with tubes and capillaries can be
refilledwhilst the internal capsules cannot.Vascular systemsmayuse inbuilt channels
or use sacrificial fibers that are dissolved after manufacture to yield hollow channels,
by melting, mechanical removal or change of pH.

Analysis

In this paper, three formulations are examined for rectilinear geometries: Exact
solutions for the diffusion equation

(a) With constant coefficients
(b) With variable coefficients
(c) Approximations using integral solutions

The coupled equations are given by the Luikov formulation, [5]

∂θ/∂t = α∂2 θ/∂x2 + εL/ρcp∂c/∂t (1)

∂c/∂t = αm∂2 c/∂x2 + δmαm∂2θ/∂x2 (2)

In addition, there is a thermal balance across the moving interface, given by (18).
In practice, δm is small and one can then decouple the equations using Z = θ +

β0 c, where βo is a decoupling constant, found to be (1–α/αm)/δm.
Subsequently, the decoupled equations in temperature and concentration are con-

sidered, more particularly the temperature equation. The concentration equation is
amenable to the same treatment for the moving boundary problem but has rarely
appeared in the literature.

Boundary Conditions

θ = c = 0@x = 0 (3)

θ = c = 1@x = ∞ (4)

For the variable properties case, linearly varying conductivity and thermal
diffusivity expressions are assumed in the energy and diffusion equations:

∂θ/∂t = ∂/∂x(α0(1 + γ θ))∂θ/∂x (5)
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∂c/∂t = ∂/∂x(αm0(1 + μc)∂c/∂x) + δm∂θ/∂x (6)

� = 2β(τ)0.5, ζ = 2λ(τ)0.5 (7)

where �, �1 are the positions of the temperature and concentration profiles where
the slope is zero. ζ is the phase change distance, where θ = θm, c= cm. The procedure
for the solution is to first solve for the temperature via the Goodman energy integral
technique applied to (6), then applying the temperature solution for the exact case,
following the same technique. Setting up the boundary conditions by using the values
� and ζ as above

Boundary Conditions

θ2(�, τ) = 1 τ > 0 x = �(τ) (8)

c(β, τ ) = 1 x = β(τ) (9)

∂θ2/∂x = 0 τ > 0 x = �(τ) (10)

∂c/∂x = 0, x = β(τ) (11)

(Note: This is an approximation for ease of computation since physically this
imposes an adiabatic condition.)

Now integrating Eq. (5) w.r.t. x from x = ζ to x = � (i.e. from position of phase
front to position where slope goes to zero), via the Leibniz rule [6],

−α(1 + γ θ)dθ/dx]�ζ + ∂�/∂τ − θSδζ/δτ = ∂/∂τ ζ

∫
�θdx (12)

Assuming a power law for the thermal and concentration profiles

Let θ = 1 − (1 − θm)[(� − x)/(� − ζ )]n (13)

similarly let

c = 1 − (1 − cm)[((�1 − x)/(�1 − ζ )]n (14)

In the references quoted, the exponent n has been taken as >= 2, in the present
simulation, it is also allowed to vary for all positive for n <= 2. Substitution of the
above relations in the integral form (12) and using (7) and canceling out the (t)0.5

terms, from Leibnitz’ rule

(1 + γ θm)(1 − θm)/(2(β − λ)) + λθm = 1 + (1 − θm)(β − λ)/(n + 1) (15)
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Collecting terms and simplifying leads to a quadratic equation in (β−λ), the
positive root given as

(β − λ) = (n + 1)/2
[
−λ/2 + {

λ2 + 2αn(1 + γ θm)/(n + 1)
}0.5]

(16)

Now, for the solid phase, the exact solution for the semi-infinite problem is taken
as in Carslaw Jaeger [7], since the conductivity and thermal diffusivity in the solid is
much higher than in the liquid, the variation in thermal properties in the expressions
above can be neglected, thereby

θ1 = θm erf(x/2(τ ))0.5/erf(λ) (17)

Solving for λ, by energy balance

∂θ1/∂x = k12∂θ2/∂x + H/cp(Ti − To)∂ζ/∂t (18)

Substituting for θ1 θ2 and ζ, simplification gives

θm ∗ exp
(−λ2

)
/
(
π0.5erf(λ)

)
+ n K12(1 − θm)/

{
(n + 1)

[
−λ + {

λ2 + 2αn(1 + γ θm)
}0.5]} = Ste λ

(19)

Results

The following parametric values are used α = 3.3, K = 0.5, γ = 0.1, Ste = 1, θm =
0.95. It is then easy to compute β, as λ is found from Eq. (16) and the profile (13)
(Fig. 2 and Table 1).

Following an analogous procedure for the concentration equations, with thermo-
gradient coupling taken as zero,

Fig. 2 Lamda (λ) versus
exponent ‘n’ (from Eq. 19)
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Table 1 Corresponding
Values of beta and lambda

Lambda Beta-lambda

0.1 0.03882

0.12 0.038465

0.15 0.037958

0.17 0.03765

0.2 0.03723

(β1 − λ) = (n + 1)/2[−λ/2 + {λ2 + 2α n(1 + μ cm)/(n + 1)}0.5] (20)

where β1 is the boundary layer (penetration distance)

�1 = 2β1(τ )0.5 (21)

Broadbridge et al. [8] have given exact solutions for certain functional depen-
dences of the variable diffusion coefficient. They mention that the reciprocal squared
linear diffusivity function transforms into the linear differential equation and has been
solved for several types of boundary conditions. A class of solutions with formal ana-
lytic solutionswhere the diffusion coefficient is inversely dependent on concentration
was described by Fujita [9].

Exact Solution for the Variable Property Diffusion Equation

Consider the diffusion equation with variable diffusivity:

∂θ/∂t = ∂/∂x[α0(1 + γ θ)∂θ/∂x] (22)

In similarity form, setting α0 = 1, this transforms to

(1 + γ θ)θ′′ + γ (θ′)2 + ηθ′/2 = 0 (23)

The solution of (23) by Wolfram [10] is attached in Appendix 1.
One way to make this amenable to a boundary layer type of analysis is to look

at the damping term (first-order derivative). Normalizing the equation by divid-
ing throughout by the coefficient of the second-order term, it is found to have the
coefficient

η/2[1 + γ θ] (24)

if γ is small we may take the liberty of replacing θ with the solution to the constant
property equation, with the same boundary conditions, which is known to be
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θmerf x/2 t
0.5/erf(λ) (25)

The damping coefficient is then of the form

η/2[1 + A erf(η)], (26)

where

A = γ θm/erf(λ) (27)

Converting the equation to standard normal form (by removing the first deriva-
tives) the transformed solution is premultiplied by

exp{−1/2γ
∫

η/2dη/(1 + B erf(η)), where B = γ θm/erf(λ) (28)

The boundary layer length may then be defined as that length where the integral
evaluates to 2, such that the pre-multiplier tends to 1/e.

Simplification may be attempted where the diffusion coefficient can be replaced
by the known solution to the exact constant properties diffusion equation, i.e., (1 +
γθ) = (1 + γ erf(η)/erf(λ)), with λ = 0.25 (Fig. 3).

The solution obtained by Wolfram [10] shows the following characteristics:

(1 + 0.1 erf(x))y′′(x) + 0.1y′(x)2 + 0.5xy′(x) = 0 (29)

Consider the simplified equation with a known solution in the pre-multiplier term
for the variable coefficient. Transforming this equation to standard form with the
damping term removed, one gets the pre-multiplier for the second-order term

Fig. 3 Plot for the variable diffusivity (solution from Eq. 29)
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[1 + γ θm erf(η)/erf(λ)] (30)

Hence, the damping term can be found by integration.
The integral has the form 0.5η/[1 + B erf(η)], where

B = γ θm/erf(λ) (31)

Assuming B < 1, this can be expanded as (to first order)

0.5 η[1 − B erf(η)] (32)

Then the pre-multiplier is exp −1/2 [ η2/4–B
∫

ηerf (η) dη].
From Abramowitz [11], the integral of erf(x) is

x erf(x) − exp(−x2)/π0.5 + const (33)

and from Wolfram [11]

∫
x erf(x)dx = 1

4

((
2x2 − 1

)
erf(x) + 2ex

2
x√

π

)
+ constant

{Integration by parts gives x2/2 erf x + x/2π1/2 exp(−x2/2) − erf(x)/2} (33a)

Evaluation of the pre-multiplier term gives

�2/4 − γ θm/erf(λ)[0.5�2 − 0.25 erf(�) + 0.5� exp(−�2)/π0.5] = 2 (34)

Taking typical values of γ = 0.1, λ = .0.25, θm = 1, lengths are obtained as in
Table 2 (Fig. 4).

Table 2 Attenuation distance
versus γ

Distance � γ

2.85381 0.01

2.87995 0.02

2.90689 0.03

2.93467 0.04

2.96332 0.05

3.12157 0.1

3.54196 0.2

4.21694 0.3

5.57467 0.4
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Fig. 4 Plots showing attenuation distance � versus γ (from Table 2)

Perturbation Analysis

According to Crank [12], very few perturbation analyses are available for the moving
boundary problem. In what follows, the method is outlined up to the second order.

Consider the equation (1 + γ θ)θ′′ + γ [θ′]2 + η θ/2 = 0 (35)

Taking the small parameter γ, an expansion is attempted as

θ = θ0 + γ θ1 + γ 2θ2 + · · · (36)

Expanding and collecting terms in γ

θ′′
0 + η/2θ′ = 0 (37)

θ1 = solution of θ1 + η/2θ′
1 = [θoθ′′

o − θ′2
0 ] (37a)

The solutions of Eq. (37) are error functions.
Hence, the first-order solution of the given nonlinear diffusion equation is (from

WOLFRAM [10])

θ0 = π0.5Const erf(η/2) + Constant (38)

From the B.C. θ = 0@ η = 0, Constant = 0 (39)

The exponential damping is as before
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Fig. 5 A solution to Eq. (41)

exp−1/2
∫

γ /(1 + γ θ)dη (40)

where θ is assumed for ease of computation.
The second-order solution involves the solution of the error function equation

with an RHS, thus

θ′′
2 + η/2θ′

2 = [
θoθ

′′
o − θ′2

0

]
(41)

where θ1’ involves the first derivative of the error function (Fig. 5).

Analytical Solutions by the Kirchhoff Transformation

In the particular case of the thermal property variation, transformations termed the
Kirchhoff transform Ozisik, [6] can be applied. Given the thermal and mass bal-
ance equations as before with variable thermal and mass diffusive coefficients, a
substitution is made

U = α(θ′)/α0dθ
′, V = β(c′)/β0dc

′ (42)

The transformed equations become

∂U/∂t = α∂2U/∂x2 (43)

∂V/∂t = αm∂2V/∂x2 + γ δm ∂2U∂/x2 (γ = a0 am2/a am0) (44)
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The form of the solution to Eqs. (436) and (44) is known from an earlier solution
to constant properties. Hence, the same solutions are used with α = α(θ), αm = αm(c).
Since the equations are in U, V, x and t and the diffusion constants are independent
of x, and t, but depend on T and c, known solutions can be used for the transformed
diffusion equations. The separation techniques used earlier can be applied if slowly
varying coefficients are assumed, i.e. dz/dt and da/dx = 0. Assuming a separation
constant β0, where Z = U + β0 V, β0 = (1−α/αm2)(α αm0)/(α0 δ α m2).

In the following, quadratic variations are assumed, i.e.,

U = T + a T2/2, V = c + b c2/2 (45)

For the interfacial balance, the following transforms are applied:

∂U/∂T = α(T)/α0, ∂T/∂x = ∂T/∂U/∂U/∂x (46)

K(T)∂T/∂x = Kα0/α(T)∂U/∂x (47)

Differentiating the known solutions in U and V for the solid and moisture regions,
the thermal balance at the interface can be written as before. A transcendental equa-
tion has to be solved again for the interface location. The analysis is capable of being
extended to the case where the interfacial temperature is unknown. In the present
analysis, this interfacial temperature is taken at a constant value.

To analyze the transformed equation, consider a similarity transformation η =
x/(t)5, which transforms t to the form

−η/2 ∂U/∂η = α′∂2U/∂η2 (48)

Consider the second term (damping), and the transformation to remove the second
term which is exp-1/2 [η2/4 α].

The boundary layer defined as before is

[8 α]0.5 (49)

Now since U = T + aT2/2 by the Kirchhoff transformation, T can be obtained by
solving for the roots of the quadratic, (48)

Substituting this in the transformed equation, and neglecting the product T dT/dη,
the damping terms are seen to be

∂2T/∂η2 + ∂T/∂η[+η/2α + (α′/2α)T0] = 0, (50)

Assume T = T0 + ε η + –, then the damping term is then seen to be modified as
the integral of the highlighted portion giving

+η2/4a + (α′/α)T0η (51)
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Fig. 6 Schematic of
polymer self healing in a
capacitor (from [15])

Equating (51) to 2 to give damping of 1/e, the length can be solved for and one
obtains:

−2α′ + / − sqrt[8α + 4T2
0(α

′)2] (52)

Hence, depending on the functional form of α with T, the length differs from
that in (49) obtained for the transformed variable U, whilst (52) gives the analogous
length for T (or θ).

The parameter of interest for the nano range is area/mass. Hence, the smaller the
mass per unit area, the smaller the ratio gets and one can assert that for a film this
is attainable. Soumya [13] illustrates diffusivity of the order 10−7 m2/s. From (49),
the boundary layer is of the order of 10−3 m to 10−4 m. The volume of the boundary
layer per area will vary as the layer thickness. For Carbon Aerogel, (nanometer size
carbon particles with porous structure), a ratio of 10−3 was measured [14], which is
consistent with the estimate for the ratio in the boundary layer above (Fig. 6).

Commercial Applications

Specific studies and description of commercially available self-healing composite
products are difficult to find in the open literature. Some reviews have appeared
describing self-healing polymers [16–19]. In contrast, there are several descriptions
of concrete with repair and self-healing mechanisms, where time factors have been
estimated for repair, as in [20]. A discussion of permeability and Darcy flow in fiber-
reinforced cement is available in [21]. Capacitors with the repair of polymer insulator
after high voltage breakdown have been designed by Panasonic Co.

Discussion

It is seen that there are two lengths (� and λ) differing by an order of magnitude.
The first is due to thermal conductivities and the second due to the moving boundary
which defines the transformation length, working with a similarity parameter com-
bining distance and time. Using the definition of the boundary layer as that length
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where the attenuation goes as 1/e, the first is closely connected to the Fourier number
(appearing as the coefficient of the damping term in the form of the similarity vari-
able), and the second related to the Stefan number (physical motion or transport of
heat by the moving boundary). It is found from the exact and approximate solutions
that a first-order approximation can be realized for the moving boundary portion.
The attenuation of the Fourier component shows various numbers which are higher
than the Moving Boundary component. The higher order approximations may no
doubt give closer correspondence; however, in the interest of space and time, these
have been left for further analyses. The time for permeation and diffusion especially
with a moving boundary can be estimated, at least to first order for engineering pur-
poses. In the area of wound healing, similar concepts with growth and dissolution
can be applied to the same type of equations using concentration since latent heat of
transformation may not be applicable [21–23]. For the concentration solution, sim-
ilar calculations apply with the inclusion of the thermo-gradient parameter. Actual
verification of these boundary length estimates may require microanalysis by EDX
or other methods. Verifications have appeared only for diffusivities by experimental
or inverse methods, [24–26]. Figures 7 and 8 give solutions for variable diffusion
properties.

Fig. 7 The second-order solution given by Eq. (43) [with RHS a constant]

Fig. 8 Contour plot of the solution of Eq. (43) near the origin
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Conclusions

1. The analysis and modeling of various self-healing mechanisms rely on inher-
ent properties of heat and mass flow down a gradient in porous media, which
automatically directs the flow of heat and liquid to the part with vacancies.

2. In the case of solid-state diffusion, the mechanism depends on the concentration
and thermal gradient and is described bymass and thermal diffusionmechanisms.

3. The time of availability of the repair materials depends on various inherent prop-
erties of the matrix, and it is possible to calculate the quantitative effects, and
thus anticipate the length and time for repair and transformation.

4. Depending on the thickness of the transformation layer, one may engineer
nanoparticles for various applications. One may increase the surface area to
volume ratio by increasing the number of particles, reducing the radii and/or
introducing porosity.

5. A design methodology for such self-repairing materials may thus be formulated
using these parameters and models.
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On the Role of Processing
on Microstructural Development
and Mechanical Response
of Magnesium-Based Nanocomposites

S. Sankaranarayanan, S. Jayalakshmi, Arvind Singh, T. S. Srivatsan
and Manoj Gupta

Abstract In this paper, an attempt is made to present and briefly elucidate and high-
light the intricacies specific to magnesium-based composites containing nanosized
particulates of boron nitride [BN]. The composite materials were engineered using
the techniques of solid-state processing and liquid-state processing. The solid-state
processingmethodwas based on use of the powdermetallurgy (PM) approach, which
essentially involved use of the technique of microwave-assisted bidirectional sinter-
ing. The liquid-state processing method involved the technique of disintegrated melt
deposition [DMD], which brings together the benefits of stir casting, bottom pouring
and spray deposition. The composite materials, in the as-synthesized condition, were
subsequently extruded. Samples of the as-extruded composites were characterized
for their microstructure and basic mechanical properties. The influence of processing
technique used on microstructural development and resultant mechanical properties
of the engineered composites is presented and briefly discussed.

Keywords Magnesium-based composites · Nanosized reinforcement ·
Processing ·Microstructure ·Mechanical properties

Introduction

Lightweight materials are important for energy-efficient and cleaner transportation
means. Since it takes less energy to accelerate a lighter vehicle, light-weighting of
both automotive components and aerospace components exerts an influence on fuel
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consumption for purposeof better fuel efficiency andenergy savings [1]. For example,
in a V6 cylinder car, replacement of a cast-iron engine block with magnesium (Mg)
reduced the weight from 86 to 30 kg, which in turn promoted noticeable savings in
fuel consumption and cost [2]. Similarly, BMWalso reduced the fuel consumption of
its model cars by as much as 30 pct. (from 1990 to 2007) using advanced lightweight
engine concept [3].

Of the metallic materials available, magnesium, aluminum and titanium with
their relatively low densities (in comparison to steel, nickel and copper.) qualifies
for applications requiring a reduction in weight [4]. While the metals and their alloy
counterparts have high specific mechanical strength (σ/ρ), their strength properties
can further be improved by engineering or synthesizing metal matrix composites,
i.e. through the addition of ceramic reinforcements of desired volume fraction to
a metal matrix. Extensive research is continuously being conducted in this regard
to develop new light metal alloys and their composites [5]. Titanium alloys and
composites possess very high tensile strength and toughness (at both high and low
temperatures) coupled with a combination of lightweight, extraordinary corrosion
resistance, and ability to withstand extreme temperatures. However, the high cost and
processing difficulties limits their use to selective critical engineering applications
[5]. So far, aluminum alloys and composites have been most successfully manufac-
tured and commercialized for various industrial applications and their behavior have
been widely studied and applied to different engineering structures [5, 6].

The magnesium alloys also exhibit mechanical properties that are comparable
with aluminum alloys. Hence, the research and development of magnesium-based
materials received an exponential interest since magnesium is ~35% lighter than alu-
minum. It also possesses excellent damping capacity, machinability and castability,
and can safely be considered as a prospective candidate material for future applica-
tions encompassing a wide range of engineering sectors [7]. While magnesium and
its alloys offer greater degree ofweight savings, the use ofmagnesium in its pure form
is often restricted in critical industrial and commercial applications due to their poor
elastic modulus, strength, toughness and ductility. To overcome these limitations, it
is conventionally alloyed with metallic elements such as aluminum (Al), zinc (Zn),
zirconium (Zr) and even the rare earth (RE) metals. Despite the development of new
alloys, most commercial alloys exhibit low thermal stability and are stable only up to
~150 °C. In this regard, the incorporation of hard and brittle ceramic reinforcements
into the magnesium matrix significantly improves the dimensional stability, elastic
modulus, strength, hardness andwear resistance. However, the ductility is often com-
promised. To minimize the loss in both ductility and toughness while concurrently
retaining strength at acceptable levels, the addition of nanoscale reinforcements is
promising [7, 8]. An efficient dispersion of the nanoscale reinforcements in a mag-
nesium or magnesium alloy metal matrix aids in enhancing dispersion strengthening
while concurrently activating non-basal slip for the purpose of achieving superior
strength and acceptable ductility.

In the present research study, nanosized boron nitride (BN) particleswere incorpo-
rated into a pure magnesium (Mg)-matrix using the techniques of solid-state powder
metallurgy and the liquid-state disintegrated melt deposition (DMD). Boron nitride
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(BN) is an interesting reinforcing material due to the unique combination of proper-
ties it offers to include the following: (i) a low density, (ii) high melting point, (iii)
high thermal conductivity, and (iv) high electrical resistivity. This makes it an ideal
candidate for selection as the reinforcing phase. The developed magnesium/boron
nitride [Mg/BN] nanocomposites were then extruded prior to being tested for their
physical properties, microstructural development and mechanical properties. The
influence of the boron nitride (BN) reinforcing phase and the processing technique
used on microstructural development and mechanical properties were established
using process-structure-property relationships.

Experimental

Materials

In this present study, while pure elemental magnesium turnings (purity >99.9%)
provided by ACROS organics [Morris Plains, NJ, USA] was used as the base metal
for the technique of DMD. The magnesium (Mg) powder [of purity: >98.5%] and
with a size range 60–300 μm, was provided by Merck (Darmstadt, Germany) and
used for the powder metallurgy (PM) method. Similarly, boron nitride (BN) powder
of size ~50 nm and purity >99.5% [provided by NaBond (Hong Kong, China)] was
used as the reinforcing phase.

Primary Processing

Pure Mg and the nano-BN particulate reinforced composites required for the current
study (details as provided in Table 1) were synthesized using the techniques of: (a)
solid-state powdermetallurgy (PM), and (b) liquid-state disintegratedmelt deposition
(DMD) and the details of chemical composition is listed in Table 1.

Table 1 Details of materials
developed in this study

Powder metallurgy Disintegrated melt deposition

Materials Vol.% of
nano-BN

Materials Vol.% of
nano-BN

Pure Mg 0 Pure Mg 0

Mg-0.3 BN 0.3 Mg-0.3 BN 0.3

Mg-0.9 BN 0.9 Mg-0.6 BN 0.6

Mg-1.4 BN 1.4 Mg-1.2 BN 1.2
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Blend-Press-Sinter Powder Metallurgy (PM) Method

The powder metallurgy process essentially involved blending pure magnesium pow-
der with the required amount of nanosized boron nitride (BN) powder in a mechan-
ical alloying machine [Model: RETSCH PM-400 (RETSCH, Hanna, Germany)] at
200 rpm for 1 h (60 min). No balls or process control agent was used during the
blending step. The blending process was carried out without any protective atmo-
sphere. The blended magnesium (Mg)-powder mixture was subsequently uniaxially
cold compacted using a pressure of 50 tons to get billets that measured 35 mm in
diameter and 40 mm in length. The compacted billets were then sintered using a
hybrid microwave-assisted two-directional sintering technique. The as-provided bil-
lets were heated for 14 min to a temperature near the melting point of magnesium
(Mg) in a 900W, 2.45 GHz microwave oven [Model: Sharp] using colloidal graphite
as the oxidation barrier layer [9].

Disintegration Melt Deposition (DMD) Method

The technique of disintegrated melt deposition [DMD] involved heating of the mag-
nesium turnings together with the required amount of nano-BN in a graphite crucible
in an environment of argon gas up to 800 °C. To facilitate a near-uniform distribution
of the reinforcing particulates, the superheated molten slurry was gently stirred at
460 revolutions per minute using a twin-blade (pitch 45°) mild steel impeller (coated
with Zirtex 25) for 8 min. The composite melt was subsequently bottom poured into
a steel mold followed by disintegration using two jets of argon gas that were oriented
normal to the melt stream. Following deposition, an ingot that measured 40 mm in
diameter was obtained. The synthesis of monolithic (pure) magnesium was carried
out using similar procedure except without the addition of reinforcements. The ingots
obtained using the technique of DMDwere subsequently machined to get billets that
had a diameter of 35 mm and a height of 40 mm [10].

Secondary Processing

For secondary processing, the billets that were prepared using the techniques of
powder metallurgy (PM) and disintegrated melt deposition (DMD) were coated with
colloidal graphite and soaked at 400 °C for full 60 min and then hot extruded at
350 °C using an extrusion ratio of 20.25:1, to obtain rods that had a diameter of 8mm.
Samples from the extruded rods were used for continued microstructure examination
and mechanical property characterization.
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Materials Characterization

Density Measurements
Based on Archimedes principle, the experimental densities of pure magnesium (Mg)
and Mg/BN nanocomposites fabricated using the techniques of powder metallurgy
(PM) and disintegrated melt deposition (DMD) were measured using the extruded
rods in the as-polished condition. For determining the porosity, the experimental
density values were compared with the theoretical values that were calculated using
the theory of rule-of-mixtures.

X-Ray Diffraction Studies
Samples taken from the extruded rods of pure Mg and Mg/BN nanocomposites
fabricated using the techniques of powder metallurgy (PM) and disintegrated melt
deposition (DMD) were exposed to Cu Kα radiation of wavelength λ = 1.54056
Å and at a scan speed of 2°/min by using an automated diffractometer [Model:
Shimadzu lab-X XRD-6000] (Kyoto, Japan). The Bragg angles and the values of
interplanar spacing (d) obtained were subsequently matched with the standard values
for magnesium (Mg), boron nitride (BN) and related phases. Further, the basal plane
orientation of the as-developed magnesium-based materials was analyzed based on
the X-ray diffraction (XRD) peaks obtained from: (i) the cross section and (ii) the
longitudinal section of the extruded rods.

Microstructural Characterization
Microstructural characterization studies were conducted on metallographically pol-
ished extruded samples in conjunction with a field emission scanning electronmicro-
scope (FESEM) (Model: Hitachi S-4300 (Tokyo, Japan)), an Olympus metallo-
graphic optical microscope (Tokyo, Japan) and Scion image analysis-based software
(Sacramento, CA, USA).

Tensile Test and Compressive Test
The smooth bar tensile and compressive properties of pureMg andMg/BNnanocom-
posites were determined at ambient temperature [27o C] as per procedures detailed
in the standards ASTM E8-11 and E9-05. The tensile tests were conducted on round
tension test specimens having a diameter of 5 mm and a gauge length of 25mm using
a fully automated servo-hydraulic mechanical testing machine [Model: MTS-810].
The crosshead speed was set to 0.254 mm/min. Similarly, the compressive tests were
conducted on round test specimens having a diameter of 7 mm and length of 10 mm
and the crosshead speed was maintained at 0.04 mm/min. For each composition, five
samples were tested to ensure repeatable values.
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Table 2 Results of density and porosity measurements

Material Processing method Theoretical density
(g/cc)

Experimental
density (g/cc)

Porosity (%)

Powder metallurgy method processed materials

Pure Mg PM 1.7400 1.7365 ± 0.0011 0.20

Mg-0.3BN PM 1.7436 1.7391 ± 0.0034 0.27

Mg-0.9BN PM 1.7506 1.7458 ± 0.0014 0.21

Mg-1.4BN PM 1.7579 1.7512 ± 0.0019 0.38

Disintegrated melt deposition method processed materials

Pure Mg DMD 1.7400 1.7380 ± 0.0006 0.11

Mg-0.3BN DMD 1.7436 1.7412 ± 0.0010 0.14

Mg-0.6BN DMD 1.7474 1.7446 ± 0.0013 0.16

Mg-1.2BN DMD 1.7548 1.7515 ± 0.0009 0.19

Results and Discussion

Density and Porosity

The experimental density of magnesium (Mg) materials measured utilizing
Archimedes principle (Table 2) was found to accord reasonably well with the cal-
culated theoretical density. With the addition of nano-BN particulate reinforcements
to the magnesium metal matrix, only a marginal increase in the density values of
pure magnesium was observed. The porosity value of pure magnesium was found to
increase with the addition of nano-BN reinforcements. On relative scale, the powder
metallurgy (solid phase) processed materials were found to possess more porosity
when compared to the disintegrated melt deposition (DMD) processed materials.

X-Ray Diffraction

Figure 1 shows the X-ray diffractograms of pure magnesium (Mg) and a represen-
tative Mg/BN nanocomposite sample that were synthesized using the techniques of
PM and DMD and obtained from both the transverse (T) and longitudinal (L) section
of the hot extruded samples. While the high-intensity magnesium peaks were promi-
nently seen, the peaks corresponding to boron nitride (BN) were not easily visible
in extruded Mg/BN nanocomposites. This is essentially due to their relatively low
volume fraction (<2.5 vol.%) in themagnesiummatrix, which remains undetected by
the technique of x-ray diffraction (XRD). However, the presence of these reinforce-
ments can be confirmed from a careful examination of the microstructure (details
provided in the following section).
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Fig. 1 X-ray diffractograms of a PM and bDMD processed pure Mg andMg/BN nanocomposites
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Fig. 2 Optical micrographs showing the grain characteristics of PM processed a pure Mg and
bMg-0.3BN, c Mg-0.9BN and d Mg-1.4BN

The results of X-ray analysis were used to interpret the effect of nano-BN addition
on the crystallographic orientation (specifically, the basal plane orientation) of the
Mg-matrix, since it is well known, that presence of the reinforcing phases does
contribute to a change in basal orientation (texture) of the Mg-crystal [11, 12]. The
peaks observed at 2θ = 32°, 34° and 36° diffraction pattern of the developed as-
extrudedMgmaterials correspond to the (1 0− 1 0) prism, (0 0 0 2) basal and (1 0–1
1) pyramidal planes of the HCP Mg-crystal. Along the cross section, the prismatic
plane intensity (2θ = 32°) was maximum in all the cases. This clearly indicates that
any of the prismatic planes are aligned in a direction, which is perpendicular to the
extrusion direction. Also, the basal plane intensity (2θ = 34°) was found to increase
following the addition of nano-boron nitride (BN) particulate reinforcements. This
provides evidence that most of the basal planes are aligned parallel to the extrusion
direction, indicating a strong basal texture, which is commonly observed in the
wrought magnesium materials [9].

Microstructure

The results of grain sizemeasurements conducted on the optical micrographs (Figs. 2
and 3) of the powder metallurgy (PM) processed and disintegrated melt deposition
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Fig. 3 Optical micrographs showing the grain characteristics of DMD processed a pure Mg and
bMg-0.3BN, c Mg-0.6BN and d Mg-1.2BN

(DMD) synthesized pure magnesium (Mg) and magnesium/boron nitride (Mg/BN)
nanocomposites are shown in Table 3. It revealed a unimodal distribution of grain
size, which indicates one maximum for the grain size distribution, i.e., maximum
grains of the same size. This reveals the occurrence of complete recrystallization
of the Mg-matrix during extrusion [13]. Although the average grain size of both
the DMD and PM synthesized hot extruded pure Mg decreased with the addition
of boron nitride (BN) nanoparticles, the difference is only marginal considering the
standard deviation.

Table 3 Results of grain size
measurements

Material Processing
method

Grain size
(μm)

Aspect ratio

Pure Mg PM 29 ± 6 1.61 ± 0.55

Mg-0.3BN PM 21 ± 3 1.54 ± 0.44

Mg-0.9BN PM 22 ± 1 1.67 ± 0.31

Mg-1.4BN PM 19 ± 4 1.56 ± 0.39

Pure Mg DMD 28 ± 11 1.82 ± 0.73

Mg-0.3BN DMD 18 ± 6 1.76 ± 0.49

Mg-0.6BN DMD 15 ± 6 1.63 ± 0.42

Mg-1.2BN DMD 9 ± 8 1.61 ± 0.37
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Fig. 4 Representative SEMmicrographs showing the distribution and interfacial characteristics in
PM and DMD processed Mg/BN nanocomposites

The results of microstructural characterization studies (Fig. 4) indicate a near-
uniform distribution of the nano-BN particulates both within the Mg-matrix and
near the grain boundaries of both the powder metallurgy (PM) and disintegrated melt
deposition (DMD) processed Mg/BN nanocomposites. This is essentially attributed
to the following two reasons:

(i) A close density value between the Mg-matrix (1.7 g/cc) and the BN reinforce-
ments (2.98 g/cc), that is favourable for the occurrence of less gravity-assisted
segregation problems during primary processing.

(ii) Suitable selection of both blending and stirring parameters used during PM
and DMD methods, and

(iii) An overall efficient extrusion process that can break down the agglomerates (if
any present and dispersed through the microstructure). Literature study reveals
that a homogeneous distribution of the reinforcing particulates can be achieved
in the case of extruded materials for a large deformation strain (extrusion ratio–
22.5:1), regardless of the size difference between thematrix and the reinforcing
particulates [14].



On the Role of Processing on Microstructural Development … 47

Table 4 Room temperature mechanical properties of PM and DMD processed pure Mg and
Mg/BN nanocomposites

S.
no.

Material Tensile properties Compressive properties

0.2 YS
[MPa]

UTS
[MPa]

Fracture
strain [%]

0.2 CYS
[MPa]

UCS
[MPa]

CFS [%]

Powder metallurgy method processed materials

1 Pure Mg 136 ± 8 170 ± 7 6.1 ± 1.2 70 ± 2 250 ± 7 24.5 ± 2.7

2 Mg-0.3BN 127 ± 6 192 ± 8 8.8 ± 1.9 88 ± 6 290 ± 9 20.9 ± 1.8

3 Mg-0.9BN 142 ± 4 200 ± 5 8.6 ± 0.5 108 ± 2 312 ± 8 17.1 ± 1.5

4 Mg-1.4BN 145 ± 3 217 ± 5 7.2 ± 0.8 115 ± 4 319 ± 4 17.6 ± 2.0

Disintegrated melt deposition method processed materials

1 Pure Mg 120 ± 9 169 ± 11 6.4 ± 0.7 70 ± 8 234 ± 8 20.7 ± 0.9

2 Mg-0.3BN 133 ± 4 193 ± 7 8.6 ± 0.8 84 ± 9 275 ± 12 18.9 ± 0.7

3 Mg-0.6BN 154 ± 2 223 ± 2 15.3 ± 0.6 97 ± 3 297 ± 8 19.9 ± 1.2

4 Mg-1.2BN 178 ± 5 255 ± 3 12.6 ± 1.3 109 ± 4 307 ± 6 19.7 ± 1.4

Tensile Properties

Room temperature tensile properties of Mg/BN nanocomposites synthesized using
the techniques of DMD and PM are provided in Table 4. The representative flow
curves are shown in Fig. 5. The results indicate a noticeable improvement in mechan-
ical properties in terms of strength and ductility due essentially to the addition of
nanosized BN. With respect to processing method, while increasing the amount of
nano-BN resulted in an improvement in ductility for the disintegratedmelt deposition
(DMD) processed materials, only a marginal increment in ductility was recorded for
the powder metallurgy (PM) processed materials. This can be attributed to the higher
porosity levels in the PM processed materials as shown in Table 2.

Compressive Properties

The room temperature compressive properties of PM and DMD processed Mg/BN
nanocomposites are listed in Table 4. In case of the extruded Mg materials having a
strong basal texture, the higher yield strength under tension and lower yield strength
in compression (as seen in Table 4) is common due to differences in the deforma-
tion modes and initial crystallographic orientation. While a higher yield strength
under tensile loading results from a difficulty in activation of basal slip coupled
with an inability of twinning in the case of strong fiber texture. The ease of ten-
sile twinning under compression loads results in lower compressive yield strength.
Further, the presence of dispersed reinforcing phase in the Mg/BN nanocompos-
ite would obstruct both twin nucleation and propagation, thereby restricting the
twinning process to contribute towards higher strengths and resultant poor failure
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Fig. 5 Engineering stress versus strain curves of the powder metallurgy (PM) processed and dis-
integrated melt deposition (DMD) processed pure magnesium (Mg) and Mg/BN nanocomposites
under tensile loading

strain. Between the powder metallurgy (PM) processed and disintegrationmelt depo-
sition (DMD) processed Mg/BN nanocomposites, no significant difference in prop-
erties was observed since the key differentiating factor, i.e. porosity does not play a
major role under compressive loading.

Conclusions

Magnesium (Mg) composites containing nanoscale BN particulates were success-
fully synthesized using both solid-state powder metallurgy and liquid-state disin-
tegrated melt deposition methods. Based on a careful study essentially involving
process-structure-property correlation, the following conclusions are drawn:
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(a) The addition of nanoscale BN reinforcements to pure magnesium through pow-
dermetallurgy (PM) and disintegratedmelt deposition (DMD)methods resulted
in a marginal reduction in the average grain size and CTE.

(b) XRD studies conducted on Mg/BN nanocomposites that were developed using
the techniques of PM and DMD showed strong basal texture, which is common
for wrought magnesium (Mg) materials.

(c) Under tensile and compressive loads, both the PM and DMD processed Mg/BN
nanocomposites revealed enhanced ultimate tensile strength and ductility. This
is attributed to the fine distribution of nanoscale boron nitride (BN) parti-
cles through the microstructure coupled with associated contribution through
dispersion strengthening.

(d) While the results of tensile testing indicated significant improvement in ductility
for the DMD processed materials, only a marginal difference in properties was
recorded under compressive loading.
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Aluminum Nanocomposites
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Abstract The concept of developing intelligent materials that has the innate capa-
bility of healing its damage has engineered considerable scientific and even techno-
logical interest due on account of its potential for selection and use in sectors span-
ning aerospace, automotive, and even commercial products. Aluminium (Al) with its
noteworthy properties, such as high specific strength (σ/ρ), low coefficient of thermal
expansion, high thermal conductivity and good wear resistance characteristics is an
ideal candidate for engineering the development of self-healing materials. In this
paper, shape memory alloy [Ni50Ti50 (NiTi)]-reinforced aluminummatrix nanocom-
posites [referred to henceforth through the text as SMA-AMNCs] were fabricated
using the technique of powder metallurgy followed by hybrid microwave sintering.
The intrinsic influence of addition of nanosized particles of the chosen alloy (NiTi)
on microstructural development, mechanical properties and even thermal properties
of the chosen aluminum are examined. With the addition of nanoparticles of the
shape memory alloy (NiTi), a noticeable improvement in hardness, ultimate com-
pression/tensile strength [σ UTS], yield strength [σYS], damping capacity (Q-1) and
damping loss rate (L) was observed, with a concurrent decrease in the values of fail-
ure strain (εf) and coefficient of thermal expansion (CTE). The observed increase in
properties of the engineered nanocomposite as a consequence of contributions from
intrinsic microstructural effects is neatly presented and briefly discussed.
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Introduction

A synergism of lightweight coupled with excellent specific mechanical properties of
the aluminum (Al)-based materials has over a substantial period engineered signifi-
cant attention and resultant action. With noticeable advances in technology coupled
with urgent need for lightweight materials for the purpose of both selection and use in
a spectrum of applications spanning the industries of automotive, aerospace and even
commercial products, the addition of ceramic reinforcements to an aluminummatrix
has been critically examined as a technically viable and economically affordable
approach to replace the commercial alloys for use in a spectrum of performance-
critical and even non-performance-critical applications. Ceramic particle-reinforced
aluminummetal matrix composites (AMMCs) have been chosen for use in these sec-
tors owing to their exceptional physical properties and mechanical properties, such
as (i) lightweight, (ii) low cost, (iii) high specific modulus (E/ρ), (iv) high specific
strength (σ/ρ) and (v) low coefficient of thermal expansion [1, 2]. Several ceramic
materials have been chosen for use as the reinforcing phase for the aluminum-based
composites, and a few of these include the following: (i) silicon carbide (SiC), (ii)
aluminum oxide (Al2O3), (iii) boron nitride (BN), and (iv) titanium carbide (TiC)
[3–5]. In an attempt to further enhance the mechanical properties, aluminum-based
materials have been incorporatedwith nanoparticles with the prime objective of engi-
neering a composite material. This has proven to simultaneously increase not only
the strength but also the ductility of aluminum.

Current research studies have focused their attention on examining the influence
of the addition of nanosized reinforcement particles on both thermal and mechanical
behaviors of aluminum-based composites [6–8]. The engineered nanocomposites
can be tailor-made to suit different applications by an appropriate selection of not
only the reinforcement but also the fabrication technique used. In the recent past,
metallic glass as the reinforcing phase was considerable importance from a tech-
nological perspective due on account of its high strength and hardness, enhanced
resistance to corrosion coupled with acceptable to good functionality [9]. Various
studies have convincingly shown that uniformly distributed metallic glass reinforce-
ment nanoparticles can simultaneously improve both the strength and ductility of the
aluminum-based composites [10, 11].

The Ni50Ti50 metallic glass alloy particles are a potential material for use as
nanoparticles due to essence to their shape memory effect, high damping capacity
coupled with super-elastic properties. A few of the earlier studies have attempted to
present noticeable achievements in the mechanical properties of NiTi shape memory
alloy-reinforced aluminum (Al) matrix, magnesium (Mg) matrix, and silver (Ag)
matrix composites [12–16]. For the time being, NiTi shape memory alloy-reinforced
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aluminum matrix composites have been prepared using the techniques of (i) fric-
tion stir processing, (ii) ultrasonic additive manufacturing, (iii) pressure infiltration
process, and (iv) spark plasma sintering [13–15, 17, 18]. Among the different syn-
thesis methods used for the aluminum-based composites, the technique of powder
metallurgy (PM) using an innovative, microwave sintering technique is particularly
suitable for the synthesis of composite materials as it provides an excellent con-
trol over particle size growth, intrinsic microstructural changes coupled with careful
control over volume fraction of the matrix and the reinforcement [19]. Microwave
sintering of a NiTi alloy-reinforced aluminum matrix composite has not as yet been
reported in the published literature.

To the best of our knowledge, no report has been published till date on aspects
specific to a study and/or an investigation of the mechanical, thermal, and damping
behaviors of Al–NiTi nanocomposite fabricated using the method of microwave
sintering followed by hot extrusion. Therefore, the aim of the present research study
was to investigate the microstructural evolution, mechanical, thermal, and damping
behavior of aluminum nanocomposite reinforced with Ni50Ti50 shape memory alloy
nanosized particles.

Experimental Procedure

Materials and Processing

Commercially available aluminum (Al) powder of size ~45μmand purity of >99.7%
[supplied by Merck (Darmstadt, Germany)] was used as the matrix material and the
Ni50Ti50 shape memory alloy nanoparticles having an average size of ~30–50 nm
with purity >99 + % [procured from nanostructured and amorphous materials, Inc.
Houston, TX, USA] were used as the reinforcement phase to develop the Al–NiTi
nanocomposites.

Details specific to the preparation process of the Al–NiTi nanocomposites have
been reported in our earlier study [8]. To produce the Al–NiTi nanocomposites, 1.5
volume pct. of NiTi alloy powder and pure aluminum were precision weighed in an
electronic balance and subsequently blended at 200 rpm for 2 h (120 min) using a
planetary ball mill [Model: Retsch PM400]. The blended composite powder was then
compacted into cylindrical billets that had a height of 40mmand a diameter of 35mm
at a pressure of 97 bars (50 tons). The compacted billets were then sintered using
microwave sintering at 550 °C under ambient conditions. Billets of the microwave
sintered aluminum and aluminum nanocomposite were homogenized at 400 °C for
1 h (60 min) prior to hot extrusion at a temperature of 350 °C at an extrusion ratio
of 20.25:1 on a 150-ton hydraulic press resulting in rods that measured 8 mm in
diameter. Samples of the as-synthesized composite sampleswere prepared for further
characterized in accordance with procedures detailed in the ASTM standards.
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Materials Characterization

X-ray diffraction (XRD) analysis was carried out on polished surfaces of the extruded
aluminum sample and the aluminum nanocomposite sample using an automated
diffractometer [Model: Shimadzu LAB-X XRD-6000]. Microstructural characteri-
zation of the extruded pure Al and Al–NiTi nanocomposite was made possible using
a scanning electron microscope [Model: FESEM-S4300, HITACHI LTD., Japan].

Microhardness measurements were performed on polished surfaces of the test
samples using an automatic digital Vickers microhardness (HV) tester. Hardness of
the test samples was determined using a load of 25 gf for a dwell time of 15 s. Room
temperature uniaxial compressive tests and tensile tests were performed on both the
pure aluminum and composite samples in accordance with procedures detailed in the
standards ASTM E9-89a and ASTM E8/E8 M-15a, using a Lloyd universal testing
machine (LR 50KN). The samples were deformed at a strain rate of 8.3 × 10−4/sec
for all tests.

The damping performance of pure Al and Al–NiTi nanocomposite was conducted
according to theASTMstandardE1876-09 and using a resonance frequency damping
analyzer [Model: RFDA, IMEC, Genk, Belgium]. Each sample used for this specific
study measured 60 mm in length and 8 mm in diameter.

The coefficient of thermal expansion (CTE) of the extruded aluminum and the
engineered composites was determined using a thermomechanical analyzer [Model:
SETARAM 92-16/18]. A heating rate of 5 °C/min was maintained with a flow rate
of argon gas at 0.1 L per minutes (lpm). With the aid of an alumina probe, the
displacement experienced by the test samples was precision measured as a function
of temperature.

Results and Discussion

Microstructure

Visual observation of the microwave sintered nanocomposite billet and the extruded
rods clearly revealed an absence of anymacroscopic surface defects. This confirms an
overall suitability of the processing parameters used during the processes of sintering
and extrusion. The intrinsic microstructural features of the developed pure aluminum
and Al–1.5 NiTi nanocomposite were studied in terms of the presence and distribu-
tion of the reinforcing NiTi nanoparticles through the microstructure. Figure 1 shows
the results of the Al–1.5 NiTi nanocomposite. It is observed that the NiTi particles
are homogeneously distributed through the aluminum matrix. Further, the extrusion
process provided for a suitable adhesion between the aluminum particles while con-
currently enabling the shapememory alloy particles to be distributed homogeneously
through the aluminum metal matrix, which made the secondary process much more
effective in engineering a near-uniform composite.
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Fig. 1 Distribution of NiTi nanoparticles in the Al–1.5 NiTi nanocomposite

Phase Analysis

X-ray diffraction is a material characterization technique that can be useful for the
purpose of analyzing any textural changes to the composite subsequent to secondary
processing. The X-ray diffraction (XRD) patterns of extruded pure Al and the Al–1.5
NiTi nanocomposite are shown in Fig. 2. The overall appearance of the reinforcing
NiTi particles in the aluminummatrix ismade possible. TheX-ray diffraction patterns
exhibit the peaks of aluminum to occur at 38o (111), 44o (200), 65o (220), 78o (311)
and 83o (222) and a few weak peaks of the reinforcing NiTi phase at 42o (110)
and 79o (211). These are the characteristic peaks and in agreement with the peaks
observed and reported by Czeppe and co-workers [20].

Microhardness Measurements

Results of hardness measurements of pure Al and Al–1.5 NiTi nanocomposite are
summarized in Table 1. It is observed that the Al–1.5 NiTi nanocomposite possesses
a high hardness value of 78± 5 HV, whereas the average hardness of pure Al is about
38 ± 4 Hv. The observed improvement in the hardness value can be attributed to the



56 M. Penchal Reddy et al.

Fig. 2 X-ray diffraction
pattern of a extruded pure
Aluminum, and b extruded
Al–1.5 NiTi nanocomposite
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Table 1 Results of
microhardness measurements

Sample Hardness (Hv)

Pure Al 38 ± 4

Al–1.5 vol.% NiTi 78 ± 5

conjoint and mutually interactive influences of the following phenomenon occurring
at the microscopic level [4]:
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Table 2 Compressive
properties of pure Al and
Al–NiTi nanocomposite

Sample Compressive properties

CYS (MPa) UCS (MPa) Failure strain
(%)

Pure Al 70 ± 3 263 ± 4 9.5 ± 0.2

Al–1.5 vol.%
NiTi

97 ± 4 385 ± 5 6.4 ± 0.4

(a) An incorporation of high hardness NiTi nanoparticles,
(b) Dispersion hardening effect provided by the nanoparticles in the soft and ductile

metal matrix, and
(c) Strengthening effect resulting from constricting the growth of the grains in pure

aluminum.

Compressive Behavior

Results of the compression test are summarized in Table 2. The compressive yield
strength (CYS) of pure aluminum increased from 70 ± 3 to 97 ± 4 MPa with the
addition of 1.5 vol. % NiTi nanoparticles.

The Al–1.5 NiTi nanocomposite exhibited an ultimate compressive strength
(UCS) of 385 ± 3 MPa, which is ~46% more than that of pure aluminum (263
± 4). However, fracture strain of the nanocomposite sample decreased to 6.4%when
compared one-on-onewith pure aluminum,which exhibited a fracture strain of 9.5%.
The observed increase in the 0.2% compressive yield strength (CYS) and ultimate
compressive strength (UCS) of the Al–NiTi nanocomposite can be attributed to the
conjoint and mutually interactive influences of the following mechanisms occurring
at the fine microscopic level:

(a) Presence of fairly dispersed NiTi particles [21],
(b) Effective transferring of load from the Al matrix to the reinforcing NiTi

nanoparticles [22],
(c) Mismatch in elastic modulus and coefficient of thermal expansion values of the

soft and ductile metal matrix and the hard and brittle reinforcement resulting in
the generation of dislocations [23], and

(d) An Orowan strengthening effect due to the presence of hard, brittle and
essentially elastically deforming reinforcing NiTi nanoparticles [23].

Tensile Behavior

The room temperature tensile properties of the Al and Al–NiTi nanocomposite are
provided in Table 3, and the stress–strain curves are shown in Fig. 3. An incorporation
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Table 3 Results of room
temperature tensile properties

Sample Tensile properties

TYS (MPa) UTS (MPa) Elongation (%)

Pure Al 106 ± 3 119 ± 3 10.8 ± 0.5

Al–1.5 vol.%
NiTi

154 ± 3 168 ± 5 5.5 ± 0.2
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Fig. 3 Room temperature tensile stress–strain curves of extruded pure Al and the engineered
composite

of the reinforcing NiTi nanoparticles into the pure Al metal matrix led to an improve-
ment in both the 0.2% tensile yield strength (TYS) and ultimate tensile strength
(UTS), whereas the tensile elongation decreased. The Al–1.5 NiTi nanocomposite
exhibited the maximum tensile yield strength (TYS) and ultimate tensile strength
(UTS) values of 154 ± 3 MPa and 168 ± 5 MPa, which is ~ 45% and 41% greater
than that of pure aluminum. The key factors contributing to the observed improve-
ment in strength could be due to the load transfermechanism coupledwith an increase
in dislocation density due to noticeable differences in the values of CTE and elastic
modulus between the pure, soft and ductile Al and the hard and brittle reinforcing
NiTi nanoparticles. As for the tensile failure strain (εf), a decrease in failure strain
with an incorporation of the NiTi nanoparticles was observed. These results are
quite consistent with the results of studies made on the following: (i) nanocompos-
ites synthesized using the powder metallurgy technique followed by conventional
hot extrusion, and (ii) spark plasma sintered aluminum matrix composites [17, 18].
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Table 4 Results of
coefficient of thermal
expansion

Sample CTE (×10−6/K)

Pure Al 23.65

Al–1.5 vol.% NiTi 22.8

Coefficient of Thermal Expansion

Results of coefficient of thermal expansion (CTE) measurements made on pure alu-
minium and nanocomposite sample is provided in Table 4. The CTE value for the
Al–1.5 NiTi nanocomposite is (22.8 × 10−6/K) lower than that of pure aluminum
(23.65 × 10−6/K). The test results reveal that the observed reduction in CTE of alu-
minium is a result of the addition and presence of nanosized particles of the shape
memory alloy.

Damping Behavior

The vibration damping capabilities of both pureAl and theAl–1.5NiTi nanocompos-
ite are shown in Fig. 4 and summarized in Table 5. An enhancement in the damping
capacity (Q−1) and damping loss rate (L) of the pure aluminum Al is observed with
the addition of NiTi nanoparticles. The Al–1.5 NiTi nanocomposite revealed the best

Fig. 4 Damping characteristics of pure Al and Al–1.5 vol.% NiTi nanocomposite

Table 5 Elastic modulus and
damping characteristics of the
extruded Al–NiTi
nanocomposites

Composition Damping
capacity (×
10−4)

Damping
loss rate

Elastic
modulus
(GPa)

Pure Al 5.33 ± 0.056 14.76 ± 0.09 71.65 ± 0.02

Al–1.5 vol.%
NiTi

6.15 ± 0.029
(↑15.4%)

17.15 ± 0.06
(↑16.2%)

75.93 ± 0.01
(↑6%)
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values of damping capacity and damping loss rate to be ~6.15 and ~17.15 × 10−4,
respectively. The damping capacity and damping loss rate for the nanocomposite
sample improved by ~15.4% and ~16.2% when compared one-on-one with that of
pure aluminum (Al).

Several damping-related mechanisms are responsible for the observed improve-
ment in the damping characteristics of pure aluminum (Al) with the addition of NiTi
nanoparticles and these include the following:

(a) Bulk texture modification,
(b) Enhanced damping at the interface binding the NiTi nanoparticles in the soft

aluminum (Al) matrix, and
(c) High number of dislocations owing to mismatch in the thermal expansion coef-

ficient of the soft and ductile aluminum (Al) matrix and the hard and brittle
reinforcing NiTi nanoparticles.

The damping response of aluminum-based materials can also be influenced by the
presence of microscopic defects and porosity. These mechanisms are primarily the
result of a combined interaction between these phenomena and not a characteristic
effect of each. Further, from Table 5, it is observed that the elastic modulus [E] of
the nanocomposite sample increased with the addition of NiTi nanoparticles. This is
consistent with the trend exhibited by aluminum (Al)-basedmetal matrix composites
[8] indicating a good interface between the reinforcing NiTi nanoparticles and the
soft and ductile Al matrix.

Conclusions

In this research study, pure aluminum (Al) and Al–1.5 vol.% NiTi nanocomposite
were fabricated using microwave sintering followed by hot extrusion process. The
microstructure, mechanical, thermal and damping performance were investigated.
The key finds are the following:

(a) Scanning electron microscopy (SEM) and X-ray diffraction (XRD) results indi-
cate that nano-NiTi alloy particles to be homogeneously distributed through the
Al metal matrix.

(b) The maximum hardness value obtained was 110% higher than that of pure Al
sample.

(c) Compression tests revealed an increase in the strength from 263 ± 4 MPa for
pure Al to 385 ± 5 MPa (~46%) for the Al–1.5 NiTi nanocomposite.

(d) Tensile strength of the samples was improved from 119 ± 3 MPa for pure Al to
168 ± 5 MPa (∼41%) for the Al–1.5 NiTi nanocomposite.

(e) The observed increase or enhancement in the mechanical properties can be
attributed to the conjoint influence of secondary processing, homogenously
distributed particles and dispersion strengthening effect.
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(f) Coefficient of thermal expansion showed a reverse trend indicating an increase
in thermal stability.

(g) The Al–1.5 NiTi nanocomposite showed the best damping (damping loss rate,
damping capacity and elastic modulus) response.

The technique of microwave sintering has potentially wider range of advantages
and applications in the preparation of aluminum (Al)-based nanocomposites tools
primarily because of the advantages associated with the heating mechanism.
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Electrical Performance of Bulk Al–ZrB2
Nanocomposites from 2 K to 300 K

Shuaihang Pan, Gongcheng Yao, Jie Yuan and Xiaochun Li

Abstract Electrical properties are of significance for metals/alloys and their appli-
cations. While nanoparticles can enhance mechanical performance of metals/alloys,
there is a strong need to understand how nanoparticles affect their electric behavior
at various temperatures. In this study, ZrB2 nanoparticles were synthesized in situ to
cast bulk Al–ZrB2 samples for electric characterizations. The electrical conductivity,
electron mobility, and electron concentration of Al–3 vol.% ZrB2 were measured in
the temperature range from 2K to 300 K. The effects of in situ ZrB2 nanoparticles on
theAlmatrixwere systematically studied in terms of its compositions,morphologies,
grain sizes, and nanophase sizes. It is discovered the Al–ZrB2 interfaces play a key
role in tuning structural and electrical performances. This mechanism is important to
better understand the electron behaviors in Al alloys containing in situ nanoparticles.
The in situ fabrication and electrical characterization methods can be readily applied
to other metallic nanocomposites.

Keywords Electrical conductivity · Aluminum · ZrB2 · Nanocomposites ·
Low-temperature measurement

Introduction

Metals and alloys have unique electrical properties due to a high concentration of
free electrons. In various electronic products [1, 2], thermalmanagement applications
[3], and conducting fields [4], the electrons dominate the performance of metals and
alloys [5]. Thus, understanding the electron behavior is critical for a rational design
of functional metallic systems.

S. Pan · X. Li (B)
SciFacturing Laboratory, School of Mechanical and Aerospace Engineering, University of
California, Los Angeles, CA 90095, USA
e-mail: xcli@seas.ucla.edu

G. Yao · J. Yuan · X. Li
School of Materials Science and Engineering, University of California, Los Angeles, CA 90095,
USA

© The Minerals, Metals & Materials Society 2019
T. S. Srivatsan and M. Gupta (eds.), Nanocomposites VI: Nanoscience
and Nanotechnology in Advanced Composites, The Minerals, Metals
& Materials Series, https://doi.org/10.1007/978-3-030-35790-0_5

63

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-35790-0_5&domain=pdf
mailto:xcli@seas.ucla.edu
https://doi.org/10.1007/978-3-030-35790-0_5


64 S. Pan et al.

Recently, metal matrix nanocomposites (MMNCs) are emerging as a novel class
of materials to offer metals and alloys supreme mechanical properties [6]. While the
strengthening [6, 7] and phase modification effects [8] from nanoparticles like ZrB2,
TiB2, and TiC are well studied, it remains unknown how the electrons affect the
electrical performance of these novel MMNCs. In this case, while expecting a good
combination of mechanical and electrical properties in MMNCs [9], it is important
to resolve the dilemma with systematic analyses into the electron behavior.

To achieve this goal, many studies of metal matrix nanocomposites consider Al as
a model system, because its alloys are widely used as electrical structural materials
[10–12] and wire conductors. It’s noticeable that many efforts have been devoted to
clarify the effects of nanophase percentage [7, 13] and size [14]. Thereafter, useful
theories including effective medium theory (EMT) have been developed to describe
the electron behavior [13, 14]. The main problem of these investigations resides
in the following several aspects: First, though nanophase percentage and size are
important for the depiction of collective electron behavior (e.g. room temperature
electrical conductivity), the true interaction between Al matrix with the nanophase
is not clear. Second, many experiments interpret the electrical performance from
configurational factors including dislocations, grain boundaries, etc. [9, 14, 15]; the
electronic parameters like electron mobility are not quantitatively discussed; and
the correlation between configurational and electronic factors is missing. Last but
not the least, experiments directly revealing the relationships between these elec-
tronic parameters have not been conducted and the temperature-dependence electri-
cal performance has not been studied in Al–MMNCs. Therefore, a wide temperature
scanning for Al–MMNC electrical properties and an investigation of inter-connected
electronic parameters are urgently needed.

In this paper, in situ synthesized 3 vol.% ZrB2 are used as the nanophase in Al
matrix. Microstructures including grain size and nanoparticle size are discussed to
separate their effects on electrical conductivity. By measuring the electrical conduc-
tivity from 2 K to 300 K, it is confirmed that the metallic characteristics of electrical
properties remained in the Al–3 vol.% ZrB2 nanocomposites. Bymeasuring the elec-
tron mobility and (apparent) free electron concentration, the electronic contribution
to the reduction of electrical conductivity in Al–3 vol.% ZrB2 is quantitatively ana-
lyzed. With configurational factors, a complete picture of how ZrB2 nanoparticles
affect thematrix electrical performance is obtained. This study is of great significance
to the design of Al–MMNCs for desired electronic applications.

Materials and Methods

The Al–3 vol.% ZrB2 nanocomposites were prepared via an in situ molten salt
assisted method following the following reaction route:

3K2ZrF6 + 6KBF4 + 10Al → 2KF + 10KAlF4+3ZrB2 (750°C, 20 min)
3 vol.% ZrB2 is selected for good castability of samples. The ZrB2 nanoparticle

size and distribution in Al were studied via scanning electron microscopy (SEM),
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and the result is shown in Fig. 1. It’s clear that the ZrB2 nanoparticles have a pseudo-
dispersion (Fig. 1 (a)) but without agglomeration or sintering (Fig. 1b) [6, 7]. The
diameter of the synthesized ZrB2 nanoparticles is ~112 nm on average. For the grain
size, the samples were etched by amixture of 50mL Poulton’s reagent, 25 mLHNO3

(aq), and 40 mL chromic acid (3 g/10 mL distilled water) as the dye for 5–10 s [16].
The etched surface with exposed grain sizes was analyzed under polarized light. As
shown in Fig. 2, with the incorporation of ZrB2 nanoparticles, the grain size of the
Al matrix decreases from ~1100 um in pure Al to about 179 um in the Al–3 vol.%
ZrB2 nanocomposite (Fig. 2c).

The sample for electrical conductivity measurement was machined by wire EDM
intoHall bar shapes with a thickness of ~100–150 um, and thenmeasured on physical
property measurement system (PPMS) to reveal the low-temperature electrical prop-
erties with a 50 mA current pump under 8 Hz. The temperature scanning starts from
2 K up to 300 K, covering the reported possible ZrB2 superconductivity transition
temperature [17]. The magnetic scanning in PPMS for the apparent carrier (i.e. free

Fig. 1 a The microstructure for Al–3 vol.% ZrB2 nanocomposites; b The ZrB2 nanoparticle size
distribution in the Al–3 vol.% ZrB2 nanocomposites

Fig. 2 The grain structure after etching for a pure Al and b Al–3 vol.% ZrB2 nanocomposites;
c The grain size comparison for pure Al and Al–3 vol.% ZrB2 nanocomposites
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Fig. 3 Electrical
conductivity in pure Al and
Al–3 vol.% ZrB2
nanocomposite from
2–300 K. (Inserted: The
detailed scanning for
electrical conductivity from
2 to 50 K)

Fig. 4 Electron
concentration of pure Al and
Al–3 vol.% ZrB2 at 2, 10,
and 300 K

electron) density and electron mobility is in the range of ± 6.0 T [18]. The results
are summarized in Figs. 3, 4 and 5 and Table 1, respectively.

Results and Discussion

The electrical conductivity of pure Al and Al–3 vol.% ZrB2 nanocomposites from 2
to 300 K is summarized in Fig. 3. At room temperature, the electrical resistivity of
Al–3 vol.% ZrB2 is 4.1 µ�·cm, larger than 2.6 µ�·cm in pure Al. However, Al–3
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Fig. 5 The electron mobility
of pure Al and Al–3 vol.%
ZrB2 at 2, 10, and 300 K

Table 1 Reported
superconductivity
temperature and measured
Bloch–Grueneisen factor for
Al and Al–3 vol.% ZrB2[17]

Materials Reported
superconductivity
temp. at 0T K

Bloch–Grueneisen
factor µ�·cm

Pure Al 1.2 4.26

Al–3 vol.% ZrB2 5.6 for ZrB2 6.33

vol.% ZrB2 still shows characteristic metallic electron behavior following Eq. 1, as
the electrical conductivity increases with the decreased temperature and saturates
when the temperature approaches 0 K.

�ρ(T ) ∝ T 5 ·
∫ Tθ

T

0

x5

(ex − 1) · (1 − e−x)
dx (1)

Moreover, when gauging the electron concentration at 2, 10, and 300 K, it’s found
that the electron concentration has little change in both pure Al (~12×1028m−3) and
Al–3 vol.% ZrB2 nanocomposites (~9 × 1028m−3). This confirms that the metallic
collective behavior of electrons in Al–3 vol.% ZrB2 is kept.

However, when the temperature is lower, the electron mobility is higher in both
pure A and the Al–3vol.%ZrB2 materials. Furthermore, for pure Al and Al–3 vol.%
ZrB2 at 2, 10, and 300 K, the electron mobilities are comparable, especially when
the temperature is high and when the phonon is not suppressed. Moreover, at 2 K, the
electronmobility does not suffer a steep drop due to the possible electron localization
in theAl–3vol.%ZrB2 nanocomposites, implying that the reported superconductivity
in ZrB2 plays little role in the nanocomposites.

When we calculated the Bloch–Grueneisen factor in terms of the tempera-
ture dependence of their electrical conductivity (See Table 1), the Al–3 vol.%
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ZrB2 nanocomposites have a higher value than pure Al, which indicates a larger
electron–phonon interaction after ZrB2 nanoparticles are introduced.

To separate the effects from configurational and electronic contributions, the elec-
trical resistivity from grain boundary and dislocation change is calculated for Al–3
vol.% ZrB2 nanocomposites via the following Eqs. 2 and 3: [19]

�ρGB
∼= 2

3
· αT · �Al−GB ·

(
2.37

D

)
(2)

�ρdi s = 6 · �Al−di s · f · �CT E · �T
r · b · (1 − f )

(3)

whereΩAl−GB andΩAl−dis refer to the grain boundary resistance (1.9×10−16 �·m2)
[20] and dislocation resistance (3.3×10−25 �·m2) [21]. f,D, r, and b are the volume
percentage of ZrB2, the grain size of Al, the radius of a ZrB2 nanoparticle, and
the Burgers vector for Al (0.2862 nm), respectively. �T refers to the temperature
difference between the in situ synthesis temperature and the compared temperature.

By the comparison shown in Fig. 6, it is clear that, with a low volume percentage
of ZrB2 nanoparticles in Al, the configurational contributions by changing grain
boundaries and dislocations are not directly correlatedwith the reduction of electrical
conductivity in the Al–3 vol.% ZrB2 nanocomposites. It could infer that the electrical
conductivity reduction is larger than that of the electron concentration. It indicates
that the electrical performance is affected via the indirect effect of the configurational
defects on the electron concentration and electron mobility.

Fig. 6 Comparison between
the factors contributing to
the reduction of electrical
conductivity in Al–3 vol.%
ZrB2 nanocomposites



Electrical Performance of Bulk Al–ZrB2 Nanocomposites from 2 K to 300 K 69

Conclusions

This study provides a quantitative study into the electrical behavior of Al–ZrB2

nanocomposites. The 3 vol.%ZrB2 nanoparticles are synthesized in situ in themolten
Al. The nanoparticles are pseudo-dispersed, and the Al grains are refined. After
obtaining the electrical conductivity, electron mobility, and electron concentration
via Hall measurement, the contributions to the reduced electrical conductivity from
configurational (i.e. grain boundary, and dislocation) and electronic (i.e. electron
mobility, and electron concentration) aspects are separated and quantitatively ana-
lyzed. It is confirmed that the altered grain boundaries and dislocations are not the
major reason for the reduction of electrical conductivity in the Al–3 vol.% ZrB2

nanocomposites. The major role of the incorporated ZrB2 nanoparticles is to intro-
duce the abovementioned defects that increase the phonon–electron interactions,
thus leading to a significant decrease in (apparent) free electron concentration [22].
This understanding can help eliminate the errors and inaccuracy from determining
MMNCelectrical conductivity purely by configurational considerations.Moreover, a
quantitative determination of electronic parameters in Al–ZrB2 can guide the rational
design in MMNC materials for electrical applications.
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Bioresorbable Nano-Hydroxyapatite
Reinforced Magnesium Alloplastic Bone
Substitute for Biomedical Applications:
A Study

Somasundaram Prasadh, Vyasaraj Manakari, Gururaj Parande,
T. S. Srivatsan, Raymond Wong and Manoj Gupta

Abstract Biodegradable magnesium, when reinforced with nanoparticles, displays
significant improvements in its mechanical strength, cell proliferation, and corrosion
resistance when compared to existing commercially available alloys. This inimitable
behavior of magnesium-based composites makes it a unique offering in orthope-
dic and mandibular reconstruction applications. Additionally, it displays mechanical
properties similar to the natural bone highlighting its huge potential as an ortho-
pedic implant material. The present study focuses on the influence of hydroxyap-
atite (HA) nanoparticles on mechanical, immersion and cytocompatibility proper-
ties of magnesium processed by powder metallurgy technique coupled with hybrid
microwave sintering. The inclusion ofHAnanoreinforcement restricted the growth of
grain size for Mg, thereby resulting in superior biodegradation and biocompatibility
properties. Mg–HA nanocomposites displayed excellent corrosion resistance com-
pared to its matrix counterpart showing a near-uniform degradation rate. MC3T3-E1
cells showed an increased cell viability percentage and subsequent low cytotoxicity
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levels. No obvious toxic effects were observed, which is consistent with the enhanced
corrosion resistance of Mg alloys resulting in better cell attachment and viability.
Structure–property correlations are drawn and analyzed.

Keywords Magnesium matrix composites · Corrosion · Biodegradability ·
Cytocompatibility · Orthopedic and mandibular reconstruction

Introduction

Metallic biomaterials have long found numerous applications in the biomedical
industry owing to their excellent mechanical properties, corrosion resistance, and
reasonable biocompatibility. These materials have been extensive as either perma-
nent implants (hip, knee, elbow, spinal disc replacement) or as temporary implants
like surgical screws, plates, pins, and clips in orthopedic fracture management. The
most commonly used metallic biomaterials are stainless steel, titanium, and Co–Cr
alloys [1–4]. Thesemetallic biomaterials are the gold standard for permanent fixtures
but come with a few drawbacks in temporary fracture management, namely, stress
shielding and non-bioresorbability. The Young’s modulus of the natural bone is 2–20
GPa. The metallic biomaterials like stainless steels (210 GPa), Co–Cr alloys (210
GPa), and titanium alloys (100 GPa) display a relatively higher Young’s modulus
values resulting in stress-shielding effects [5]. Hence, due to themismatch inYoung’s
modulus, during the implantation, the majority of the load is carried by the stiffer
metallic implants rather than being shared by the implant and the bone, ultimately
resulting in stress shielding of the surrounding bone [2, 6–8]. Literature dictates
the periprosthetic bone loss to have a multifactorial etiology that includes two main
causes: (i) stress shielding of bone that can trigger bone resorption as a result of
changes in its loading pattern after the implantation of the stiffer implant material in
the host bone tissue, eventually leading to complete bone fracture or implant loos-
ening, and (ii) osteolysis occurring due to accumulation of debris in the host bone
tissues, caused by excessive wear of implanted materials which may impede the new
bone formation [9–11]. In terms of bioresorbability, none of the commercially used
metallic implants is bioresorbable. These materials stay in the body for a long time
even after the bone has regrown. Inmost cases, revision surgery is required to remove
this implant from the human body. In certain cases, the implant is in the human body
forever. This approach not only induces severe physical and financial trauma but also
impedes the intrinsic mobility of the patient.

Biodegradable metals such as magnesium (Mg), Zinc (Zn), and iron (Fe) pro-
vide necessary structural support to host tissues, degrade gradually in vivo, and then
completely dissolve after fulfilling the missions of assisting tissue healing [4, 11].
Furthermore, owing to their non-toxicity and presence in the human body as essential
trace elements for performing various biological functions,Mg−, Fe−, and Zn-based
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alloys and composites are considered for a variety of biomedical applications.Magne-
sium, therefore, is a suitable replacement material considering the salient advantages
it possesses over the incumbent metallic implant players in the market. Magnesium
(Mg) is the lightest structural metal and is the sixth most abundant element in the
earth’s crust. Also, it is the fourth most abundant cation in the body responsible for
close to 300 enzymatic reactions [12]. However, the Achilles heel of the magnesium
research community is controlling its rapid degradation in physiological environ-
ments. In comparison to Mg, Zn does not generate gases on biodegradation and
displays superior corrosion resistance and excellent processability. Nevertheless, the
poor mechanical strength of pure Zn impedes its utilization as biodegradable implant
material [5]. On the other hand, when compared to Mg alloys, Fe-based materials
possess increased strength and superior mechanical properties but display a signif-
icantly slower degradation in the physiological environment [1, 4, 9]. Additionally,
the ferromagnetic characteristics of Fe-based materials adversely affect their com-
patibility for magnetic resonance imaging (MRI). The elastic modulus of Mg-based
materials ranges from 40–45 GPa, closer to that of natural bone (10–30 GPa) as com-
pared to biodegradable Zn-based alloys (90–100GPa) and Fe-based alloys (200GPa)
[5, 13]. Considering the aforementioned advantages, this class of metallic biomate-
rials was recognized as ‘revolutionizing metallic biomaterials’ for medical devices
and tissue engineering [14]. Over the past two decades, various attempts have been
made to control the degradation profile of magnesium-based materials in the physi-
ological environment of the human body. One of the commonly used techniques is
alloying which has proven to be effective in improving the mechanical properties
and controlling the corrosion rate. However, secondary phase formation in theMg-X
alloy systems can aid in the faster degradation of magnesium. Additionally, coating
technology has also been preferred by materials scientists to address the ability of
controlled degradation [3, 15, 16]. However, in case of a poorly coated magnesium,
the degradation is observably higher due to the galvanic corrosion. Hence, addition
of inexpensive biocompatible nanoreinforcements is a cost-effective, viable option
to alleviate these problems to obtain better corrosion and cytocompatibility results.
Several studies have been done using secondary nanoreinforcements and its effect on
the degradation and corrosion behavior of magnesium [17]. It was further understood
that better dispersion of nanoscale particles in Mg matrices led to strengthening of
theMgmatrices due to their inhibition of dislocation motions. For instance, the yield
strength of theMgalloywas seen to be enhancedwith the addition of alumina (Al2O3)
nanoparticles as reinforcements in AZ31B alloy [18]. Furthermore, the mechanical
properties of Mg matrices via synergistic strengthening mechanisms were greatly
improved by the addition of numerous nanoreinforcements in Mg matrices, such as
alumina (Al2O3), zirconia (ZrO2), yttria (Y2O3) [19], graphene nanoplatelets (GNPs)
[20], and calcium phosphate ceramic (CPC) [21, 22]. The enhanced property with the
presence of bioceramic nanoreinforcements like CPC is encouraging and paves way
for more studies to be conducted in this domain. As bone is a bionanocomposite of
collagen and hydroxyapatite, using hydroxyapatite as reinforcement in magnesium
can be an interesting approach.
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Accordingly, this paper extensively reviews the combined effect of HA nanorein-
forcement particles along with the Mg matrix on the microstructure, biodegradabil-
ity, and biocompatibility of MMNCs in the physiological environment. The effect of
refined microstructure on the corrosion resistance and biocompatibility of Mg–HA
nanocomposites is discussed.

Experimental Procedures

Materials and Synthesis

Pure magnesium and Magnesium–hydroxyapatite nanocomposite were synthesized
using the powder metallurgy technique followed by a hybrid microwave sintering
technique. This procedure is detailed in the following article [23]. The homogenized
billets were soaked at 400 °C for 1 h and then hot extruded at 350 °C to obtain
cylindrical rods of 8 mm. Samples cut from the rods were then characterized for
microstructural, corrosion and biocompatibility response.

Microstructure

Cylindrical samples having a diameter of 8 mm and length of 5 mm were ground,
finely polished, etched and observed using a LEICA-DM 2500 M metallographic
light microscope (Singapore). Three representative images were analyzed for each
composition to ensure high statistical conformance. The grain sizes were measured
using the standard ASTM technique.

Corrosion Properties

Cylindrical samples of (5 mm diameter and 5 mm length) were immersed for 7 days
in Hank’s balanced salt solution (HBSS) procured from Lonza Chemicals Pte Ltd.
Singapore. The setup was immersed in a water bath that was maintained at 37 °C to
simulate the temperature of the human body. The solution to the sample ratio was
maintained at 20 mL:1 cm2. Weight loss and pH measurements were measured after
every 24 h. A solution containing 20 g CrO3 and 1.9 g AgNO3 dissolved in 100 mL
of de-ionized water was used for removing the corrosion products.
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Biocompatibility

For the direct assay, 5 mm × 2 mm discs were used with direct seeding in 96 well
plates. MTS solutions (CellTiter 96® Aqueous Assay System from Promega) were
used for the cell proliferation assay. Direct seeding of MC3T3-E1 (8000 cells) on the
discs in 96 well plate with an incubation period for 1, 3 and 5 days was performed.
Post incubation, the sampleswith the cells werewashedwith PBS and 100μl of alpha
MEM media was added to the wells. 20 μl of MTS reagent was added to the wells
under a dark environment and incubated for 2 h at 37 °C in 5% CO2. Thereafter,
the well plate was read for optical density (OD) values in 96 well plate reader at
490 nm wavelength (p < 0.05; n = 4). OD values obtained from the well plate reader
were plotted, and the percentage of viable cells was calculated using the following
formula (Eq. 1):

Percentage of viable Cells = Experimental (OD) Values/Control (OD) values × 100
(1)

The lactate dehydrogenase (LDH) activity was used as an index of the cytotoxicity
in the culture media. Pure cell culture medium with cells was used for maximum
LDH release with CytoTox-ONE Reagent (Promega) used as the assay. The working
solution was prepared by adding 11 ml of assay buffer to 1 vial of substrate powder.
MC3T3-E1 (8000 cells) were seeded directly on the discs in 96 well plates and
incubated for 24 h at 37 °C in 5% CO2. Post incubation, the plates were allowed to
come to room temperature and 2μl of lysis solution was added to the well containing
the cells without the sample discs and used for maximum LDH release. 100 μl of
CytoTox-ONE reagent was added to all the wells containing the sample discs. The
plates were allowed to incubate at room temperature for 15 min, and the fluorescence
values were recorded with excitation of 560 nm and an emission wavelength of
590 nm. (p < 0.05; n= 4). The obtained values were used to calculate the percentage
of cytotoxicity using following formula (Eq. 2):

Percentage of Cytotoxicity = Experimental Data/Maximum LDH release × 100
(2)

Live–dead cell staining on the surfaces of the samples was performed using a
working solution containing 100μl propidium iodide (PI) (Dead cells) stock solution,
5 μl fluorescein diacetate (FDA) (green) (5 mg in 1 ml acetone) and 5 μl Hoechst
(Blue) in 5ml alphaMEMmediawithout FBSandP/S. Theworking solution (150μl)
was added to the samples placed in 96 well plates. After incubation for 15 min at
room temperature, samples were rinsed in PBS and were immediately examined
using an upright fluorescence microscope (Leica DMRB, Leitz).
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Fig. 1 SEMmicrographs of a HA distribution and b EDS mapping in Mg–0.5 HA nanocomposite

Results and Discussion

Microstructure

Visual observation of the microwave sintered nanocomposite billet and the extruded
rods clearly revealed an absence of any macroscopic surface defects. This confirms
the overall suitability of the processing parameters used during the processes of sin-
tering and extrusion. The intrinsic microstructural features of the developed pure
Mg and Mg–0.5 HA nanocomposite were studied in terms of the presence and dis-
tribution of the reinforcing HA nanoparticles through the microstructure. Figure 1
shows the results of the Mg–0.5 HA nanocomposite. It is observed that the HA par-
ticles are homogeneously distributed through the magnesium matrix. Further, the
extrusion process provided for a suitable adhesion between the magnesium particles
while concurrently enabling the HA nanoparticles to be distributed homogeneously
through the magnesiummetal matrix, which made the secondary process much more
effective in engineering a near-uniform composite.

Corrosion Properties

In order to target magnesium-based nanocomposites as a bioresorbable implant,
high corrosion resistance is crucial to retain the load-bearing strength with minimum
inflammatory behavior. The biocorrosion evaluation of the samples was conducted in
Hank’s balanced salt solution (HBSS). The HBSS was regularly changed to keep the
pH equivalent to the body fluid. The corrosion and pH measurements are shown in
Fig. 2. The pH values for both pure Mg and Mg–0.5 HA nanocomposites increased
drastically at the end of 24 h from 7.4 with the pH values being in the range of
~9.2–9.4. The high initial pH increase can be attributed to the interaction of Mg and
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Fig. 2 Corrosion behavior of pure Mg and Mg–HA nanocomposite: a Calculated corrosion rates
based on weight loss, and b pH measurements from immersion testing

Mg-based materials with physiological environments, wherein high interaction is
observed for the initial 12–24 h [12, 24]. This interaction leads to the anodic disso-
lution of Mg and Mg-based nanocomposites releasing Mg2+ ions into the solution.
The higher the rate of dissolution, the greater is the amount of Mg2+ released and
higher pH values are observed. However, pH values from day 2 to day 7 for both
pure Mg and Mg–0.5 HA nanocomposites reveal steady pH values, and no substan-
tial increase or decrease in the values was observed. The absolute pH values of the
nanocomposite were observed to be lesser than that of pure Mg. This suggests that
the uniform presence of the HA nanoparticles has resulted in enhanced dynamic
passivation of the composite samples from day 2 to day 7, thereby keeping the pH
increase/decrease in control.

The corrosion rates were calculated as per Eq. 4, where, time conversion coef-
ficient, K = 8.76 × 104, W is the change in weight pre- and post-immersion (g),
A is the surface area of the cylinder exposed to the immersive medium (cm2), T
is the time of immersion (h), and D is the experimental density of the material
(g·cm−3) [12].

Corrosion rate = K × W

(A × T × D)
(3)

The corrosion rate at the end of day 1 for pure Mg was ~3.9 mm/y. In com-
parison, the Mg–0.5 HA nanocomposite displayed a significantly lower corrosion
rate value of 1.29 mm/y (~67% improvement). The corrosion rates of the samples
decreased progressively for both pure Mg andMg–0.5 HA nanocomposites. Mg–0.5
HA nanocomposite displayed the best response with near-uniform corrosion rate
from day 2 to day 7. This improvement in the corrosion resistance can be attributed
to (a) smaller grain size and (b) formation of a protective film. As seen earlier, sig-
nificant grain refinement for the nanocomposite would enable the grain boundaries
to act as corrosion barriers, hence increasing the corrosion resistance [12]. Note that
the immersion process of the samples is governed by the ionic interactions among
Mg2+, Cl−, and OH− present in the HBSS as shown in equations [25].
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Mg → Mg2+ + 2e− Anodic reaction (4a)

2H2O + 2e− → H2 ↑ +2OH− Cathodic reaction (4b)

Mg2+ + 2OH− → Mg(OH)2 (4c)

Mg(OH)2 + Cl− → MgCl2 + 2OH−Chloride attack (4d)

10Ca2+ + 8OH− + 6HPO2−
4 → Ca10(PO4)6 + 6H2O Apatite biomineralization

(4e)

10Ca2+ + 2OH− + 6HPO2−
4 → Ca10(PO4)6

3Ca2+ + 2OH− + 2PO3−
4 → (Ca)3(PO4)2

Anodic dissolution of Mg into Mg2+ results in the increased corrosion rate and
pH values from day 0 to day 1. This anodic dissolution leads to the formation of
hydrogen gas pockets at the surface of the sample. pH of the solution and hydrogen
gas evolution has a close correlation and can provide a near accurate estimation of
the extent of gas pockets formed [26]. Further, a protective magnesium hydroxide
layer is formed due to the ionic interaction between Mg2+ and OH−. This results in a
decrease in the corrosion rate as the hydroxide layer forms a diffusion barrier between
the matrix and the solution. The low radius Cl− ions diffuse through the layer and
interacts with the surface resulting in localized pits and with the secondary phases
causing micro-galvanic corrosion [8]. Additionally, the nanocomposite degradation
releases Ca2+, PO4

3−, and HPO4
2− ions which react with the free OH− to form

(Ca)3(PO4)2 apatite layer. The primary reason for the growth of Ca10(PO4)6 and
(Ca)3(PO4)2 is the degree of supersaturation in the physiological environment. HA,
when compared to other calcium phosphates, is the most stable with the lowest
solubility [27]. Thus, the corrosion products formed are a combination of Mg (OH)2,
MgO and (Ca)3(PO4)2 compounds. To note that high pH andMg2+ concentration can
damage the cell viability in a culturemedium and therefore formation of the corrosion
products assists in cell attachment to the samples. The current study indicates that
the presence of HA nanoparticles can improve the biocompatibility of pure Mg [28].

Biocompatibility

The absorbance values are directly and precisely proportional to the amount of cell
proliferation. Figure 3a shows the results of MTS assay of pure Mg and Mg–0.5 HA
nanocomposite byMC3T3-E1 pre-osteoblast-like cells. The cell viability ofMC3T3-
E1 pre-osteoblast cells expressed as a percentage of the viability of cells cultured in
the negative control after incubation for 1, 3 and 5 days of the samples. As it is shown,
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Fig. 3 a Cell survival in percentage with respect to time, and b Cytotoxicity measurement using
LDH release assay for the developed materials

the pre-osteoblast cells can attach and proliferate on both the samples but there was
an increase in cell proliferation recorded for Mg–0.5%HA nanocomposites. Mg–0.5
HA nanocomposite samples improved and accelerated cell proliferation compared
to the cell growth on pure Mg after day 1, 3 and day 5 incubation. Nevertheless, after
3 and 5 days, cell proliferation on Mg–0.5 HA nanocomposites was considerably (P
< 0.05) higher in comparison to pure Mg. As per the ISO 10993–5:2009 standard
for MTT assay, if the cell viability percentage is greater than 70% of the negative
control, the material has zero cytotoxicity potential. This suggests that both the pure
Mg and HA nanocomposites exhibit satisfactory biosafety with regard to cellular
metabolism. This cytocompatibility response is consistent with the low corrosion
rates of the samples aiding in superior cell attachment and proliferation and high cell
survivability.

Cytotoxicity, indicated by the lactate dehydrogenase (LDH) activity in the culture
media after 24 h of incubation, was analyzed in MC3T3E1 cells cultured as shown
in Fig. 3b and was calculated by normalizing to maximum lysis (100% toxicity) and
spontaneous LDH release or 0% toxicity controls. Cytotoxicity values falling within
this specified range are considered nontoxic. The amount of LDH released from the
dead cells when lysedwith a diluted detergent is corresponding to themaximum lysis
control. LDH assay results (Fig. 3b) revealed a level 0 cytotoxicity (≤25% cell death)
for both pure Mg and Mg–0.5 HA nanocomposites samples after 24 h of exposure.
HA nanocomposite sample showed higher cytotoxicity compared to pure Mg but
it is within the maximum LDH release concentration of 100%. No latent cytotoxic
effects were observed in the current study.

Cell viability was evaluated using live and dead cell staining (Fig. 4). The results
show more live cells (green) and nucleus of live cells (blue) for Mg–HA nanocom-
posite compared to pure Mg. Cell proliferation and cell densities increased from
day 1 to day 5 for Mg–HA nanocomposite compared to pure Mg. Dead cells(red)
were more in pure Mg on day 3 incubation. Less density of dead cells was found
for Mg–HA nanocomposite samples. The cell distribution was overall better for the
Mg–HA nanocomposite as shown in Fig. 4.
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Fig. 4 Representative fluorescent microscopy images showing live/dead staining of primary
MC3T3-E1 pre-osteoblasts cultured on pure Mg and Mg–HA nanocomposite samples for day
3 (10 × magnification and the scale bar indicate 200 μm)

Conclusions

Motivated by the versatile properties of magnesium and its potential in orthope-
dic and mandibular reconstruction, magnesium-based hydroxyapatite nanocompos-
ites were synthesized in this study using powder metallurgy technique followed by
hybrid microwave sintering. The presence of hydroxyapatite assisted in superior
refinement of the microstructural features of magnesium. Enhanced corrosion pro-
tection and a near-uniform biodegradation rate were observed for the nanocomposite
when compared to the monolithic samples. Better cell viability was observed for the
nanocomposite, and little to no changewas observed in the cytotoxicity values of both
the samples. However, the nanocomposite showed slightly higher cytotoxic values,
still within level 0 cytotoxicity levels. Better cell attachment and proliferation were
observed in the nanocomposite owing to the combined effect of refined microstruc-
ture, improved corrosion resistance, and better cell viability, in comparison with
monolithic magnesium.
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Investigating and Understanding
the Mechanical and Tribological
Properties of a Magnesium Hybrid
Metal–Ceramic Nanocomposite

R. Arvind Singh, S. Jayalakshmi, S. Sankaranarayanan, Xizhang Chen,
S. Konovalov, T. S. Srivatsan and M. Gupta

Abstract Amajor limitation of magnesium-based materials is their low wear resis-
tance, which results in premature failure of components during service. In this
paper, the tribological behaviour ofMg–5Nbmetal–metal composite reinforced with
varying weight fractions of nano-sized silicon carbide nano-silicon carbide (SiCn)
ceramic particles is presented and briefly discussed. The compositesweremade using
the technique of disintegrated melt deposition (DMD) followed by hot extrusion.
Tribological test results showed improved wear resistance of the nanocomposites,
which can be attributed to the conjoint and mutually interactive influences of grain
refinement, presence of hard, brittle and elastically deforming SiCn particles, and
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the formation and presence of hard and brittle intermetallic phases. These in syner-
gism contribute to increasing the hardness of the nanocomposites with a concomi-
tant improvement in wear resistance. From a careful and comprehensive analysis of
the worn surface analysis, the governing wear mechanisms were identified for the
developed materials.

Keywords Pure magnesium ·Metallic reinforcement · Nano-silicon carbide ·
Hardness ·Wear · Friction

Introduction

Magnesium alloys and their composite counterparts, due to their low density and
high strength-to-weight (σ/ρ) ratio, have the potential to improve energy efficiency
and system performance in industries spanning aerospace, automobile, defense, and
even commercial products. In comparison with the magnesium (Mg) alloys, the
magnesium (Mg)-based composites provide an improvement in hardness, elastic
modulus, yield strength (σYS), ultimate tensile strength (σUTS) and elevated tem-
perature properties. However, ductility of the composites is severely impaired by
the addition and/or presence of micron-sized ceramic reinforcements in the metal
matrix [1, 2]. This results in poor toughness (work of fracture) of the composites.
In an attempt to improve the ductility of magnesium and its alloys, addition of
nano-sized reinforcements to the Mg-based nanocomposites (Mg–MMNCs) [3, 4]
is being both researched and examined. The nanocomposites reveal a noticeable
improvement in ductility when compared to the micron-size reinforced composites,
while concurrently possessing enhanced toughness [3, 4].

Amajor limitation of the magnesium-based materials is their lowwear resistance.
When twomaterials undergo relativemechanicalmotion, both friction andwear come
into force. Wear is often an undesirable loss of material that eventually culminates in
catastrophic failure. Magnesium-based materials are viable candidates for tribolog-
ical applications, such as (i) brakes, (ii) brake drums, and (iii) piston ring cylinder,
to name just a few. In these applications, it is important to control both the wear
and friction characteristics. A significant improvement in wear resistance has been
widely reported for Mg composites with micron-sized reinforcements [5, 6]. How-
ever, a major drawback of these Mg composites with micron-sized reinforcements
is the occurrence of counter-abrasion by the hard, brittle and essentially elastically
deforming ceramic particles [5, 6]. In this context, the tribological performance of
nanocomposites is of both scientific and technological interests.

In this innovative research study, Mg–5Nb is reinforced with varying weight
fractions of nano-silicon carbide (SiCn) ceramic particles made by the technique of
disintegratedmelt deposition (DMD). The engineered and/or synthesized composites
were then characterized for their microstructure, hardness, and slidingwear behavior.
The wear behavior and the operating wear mechanism of the nanocomposite were
studied in comparison to that of the Mg–5Nb.



Investigating and Understanding the Mechanical … 87

Experimental Details

Primary Processing

Pure magnesium was reinforced with 5 weight pct. niobium (Nb) and 0.25 weight
pct. and 2.0% (in weight pct.) nano-silicon carbide particulates (SiCn). The mag-
nesium turnings [provided by Acros Organics, Singapore], niobium powder with
an average particle size <10 μm [acquired from Prochem, Rockford Illinois] and
SiCn particles with an average particle size ~50 nm [acquired from Nanostructured
and Amorphous, USA] were used. The technique of Disintegrated Melt Deposition
(DMD), which employs bottom pouring of the melt, was used to produce the magne-
sium nanocomposites [3]. The DMD technique adopts a simultaneous vortex stirring
of the melt coupled with its disintegration in an atmosphere of argon (Ar) gas. The
argon gas was purged into the molten metal at about 3 L/min at a super-heat tem-
perature of 750 °C, with intermittent stirring for 5 min. The melt was then gradually
released through an orifice having a diameter of 10 mm, situated at the bottom of the
crucible, and disintegrated using two jets of argon gas maintained at a flow rate of
25 L/min (oriented in a direction normal to the melt stream) prior to its deposition
on to a steel mold.

Secondary Processing

The Mg-hybrid composites were machined to 36 mm diameter and then soaked at
400 °C for 60 min. Hot extrusion was carried out using a 150-ton hydraulic press
at 350 °C and an extrusion ratio of 20.25:1 to obtain rods that measured 8 mm in
diameter that were used for further characterization.

Materials Characterization

Microstructural characterization of the finely polished and etched samples were con-
ducted using a field emission scanning electronmicroscope (Hitachi FESEM-S4300)
coupled with an energy dispersive analysis (EDS). X-ray diffraction analyses were
conducted on the samples using an automated Shimadzu LAB-XRD-6000 X-ray
diffractometer (Cu Kα; α = 1.54056 Å) using a scanning speed of 2o min−1 to study
the formation of phases. Microhardness measurements were made on the polished
flat specimens using a Matsuzawa MXT 50 automatic digital microhardness tester
equipped with a Vickers indenter [load: 25 gf and dwell time: 15 s]. More than
10 measurements were made on each test specimen. The wear experiments were
conducted under dry sliding conditions at ambient temperature [27o C] using a pin-
on-disc machine. The experiments were conducted at a constant sliding speed of
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1 m/s, with varying applied normal loads (10 N, 30 N and 50 N). The experiments
were conducted against a hardened EN31 steel disc [hardness: 62 HRc, roughness:
30 μm]. Cylindrical pins of the developed magnesium materials, with a diameter of
6 mm, were used as the test specimens. The wear (in terms of loss in height) was
measured using a linear variable differential transformer (LVDT), which had a range
of 2000 μm with a resolution of ± 1 μm. The frictional force was measured using
a load cell capable of measuring up to 20 N. The experiments were repeated three
times, and the average values chosen for the purpose of graphical plots. Both height
loss and friction force were plotted as a function of sliding distance. From the gath-
ered test data, the wear rates (mm3/m) and coefficient of friction were determined.
Worn surface analysis was performed using a field emission scanning electronmicro-
scope (FESEM) [Model: Quanta 200] to help establish or identify the operating wear
mechanisms.

Results and Discussion

Microstructure

Table 1 summarizes the results of the microstructural investigations conducted on
the extruded magnesium materials. It can be seen that near-equiaxed grains were
observed in all the materials, with an average grain size <10 μm. The refined
microstructure is due to the presence of both niobium (Nb) and nano-silicon carbide
(SiCn) reinforcement particles, which act as heterogeneous sites for grain nucleation
[7]. Further, as the hot extrusion was carried out at 350 °C (>0.5 Tm), it facilitated in
the occurrence of recrystallization, thereby resulting in the formation and presence of
fine and nearly equiaxed shaped grains [3].When compared to theMg–5Nb, addition
of 0.25% SiCn did not contribute appreciably to a reduction in grain size. However,
for the 2.0 % SiCn addition resulted in an observable reduction in the grains size of
the engineered composite. This provides an indication that for 2.0%SiCn content, the
nanoparticles act as obstacles for grain growth [7], thereby resulting in a fine-grained
structure. Microstructures of the Mg–5Nb composite (Fig. 1a) and Mg–5Nb–SiCn
composites (Fig. 1b, c) are shown in Fig. 1.

Table 1 Grain size and morphology of Mg–5Nb and Mg–5Nb–SiCn composites

Material Grain Size/μm Aspect ratio Roundness/μm

Mg–5Nb 9.1 ± 3.2 1.8 ± 0.63 1.9 ± 0.6

Mg–5Nb–0.25% SiCn 9.9 ± 4.4 1.8 ± 0.5 1.6 ± 0.3

Mg–5Nb–2.0% SiCn 5.9 ± 2.6 1.8 ± 0.7 1.6 ± 0.4
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Fig. 1 Optical micrographs of the developed materials aMg5Nb, bMg–5Nb–0.25% SiCn, cMg–
5Nb–2.0%SiCn, and dSEMmicrograph showing agglomeration ofNbparticles inMg–5Nb–0.25%
SiCn

Figure 1d shows a scanning electron microscope (SEM) image of the Mg–5Nb–
SiCn composite that reveals a distribution of the niobium (Nb) particles in the mag-
nesium (Mg) metal matrix. It is seen that the Nb particles tend to form clusters and
are not uniformly distributed through the metal matrix. From EDS elemental dis-
tribution (not shown here), it was identified that the reinforcing nano-sized silicon
carbide (SiCn) particles are present within the Nb clusters. Particle clustering can
occur due to processing parameters, such as (i) improper melt stirring time and (ii)
insufficient melt super-heat temperature, or due to poor interfacial properties. Inter-
facial properties depend on wettability of the reinforcing particle with the matrix
and bonding between the matrix and the reinforcing particles. It should be noted that
based on the Mg–Nb phase diagram, Nb and Mg have no mutual solubility and do
not form an intermetallic phase [8]. Hence, the Nb particles will tend to agglomerate
during processing due to the relatively high density of Nb [8.57 g/cc] coupled with
the absence of chemical bonding between the Nb particles and the Mg matrix. XRD
analysis (Fig. 2) reveals the Mg and Nb peaks, along with very low-intensity Mg2Si
peak. However, the SiC phase is not visible, probably due to their very fine size and
low weight fraction of the particles.
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Fig. 2 Representative XRD
graph of Mg–5Nb–0.25%
SiCn composite. A very low
fraction of the Mg2Si phase
can be seen. The SiC peak is
not visible due to its small
particle size and low weight
fraction

Microhardness

The microhardness values of the developed Mg materials are summarized in Fig. 3.
The observed increase in microhardness values for both the composites when com-
pared to the Mg–5Nb can be attributed to the presence of relatively hard reinforce-
ments in the metal matrix [3]. Among the composites, the Mg–5Nb–2.0% SiCn
composite showed the highest hardness value that was twice higher than the Mg–
5Nb metal–metal composite. A high hardness value of the nanocomposite is due to
the conjoint andmutually interactive influences of the following: (i) grain refinement,
(ii) increased SiCn content, and (iii) an increase in the formation and presence of the
Mg2Si.

Fig. 3 Microhardness of the
developed Mg–Nb–SiCn
composites
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Wear and Friction Behavior

The volumetric wear rate and coefficient of friction of Mg–5Nb, Mg–5Nb–0.25%
SiCn and Mg–5Nb–2.0% SiCn at applied normal loads of 10 N, 30 N and 50 N
are shown in Fig. 4a, b, respectively. It is seen that the wear rate increases with an
increase in load for all the test samples. At all applied normal loads, the wear rate
decreases with an increase in the addition of reinforcing SiC nanoparticles, except for
the Mg–5Nb–0.25% SiCn composite at 50 N. The coefficient of friction decreases
with an increase in applied load for all the test samples.

The nanocomposites have better wear resistance than Mg–5Nb (except for Mg–
5Nb–0.25% SiCn at 50 N). Their wear behavior is consistent with the Archard’s
equation for wear, which states that wear of a material is inversely related to its
hardness [9]. This wear equation provides a relation between volumetric wear and
hardness of a material to be Q= kW/H [where Q is the volume worn per unit sliding
distance, W is the applied load, H is the hardness and k is the wear coefficient] [9].

Fig. 4 a Volumetric wear
rate, and b coefficient of
friction of the developed
materials, as a function of
applied normal load
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The nanocomposites showed better wear resistance thanMg–5Nb, due to their higher
hardness. Among the nanocomposites, the Mg–5Nb–2.0% SiCn composite showed
the best wear resistance. The high wear rate of Mg–5Nb–0.25% SiCn composite at
50 N can be attributed to a severe agglomeration of the Nb particles, which tends to
lower the load-bearing capacitywhile concurrently promoting easy crackpropagation
at higher loads [10].

The coefficient of friction of the nanocomposites decreases with an increase in the
addition of reinforcing SiC nanoparticles, which lowers the adhesion (i.e. stickiness)
between the contacting surfaces due to the presence of nano-ceramic particles. The
best tribological characteristics, i.e. low wear rate and low coefficient of friction of
the Mg–2.0% SiCn composite is attributed to the following [11]:

(a) An increased weight fraction of SiCn particles,
(b) Uniform distribution of SiC and Nb particles,
(c) Presence of optimal amount of reinforcement required for improvement in wear

resistance,
(d) Refined grain size, and
(e) Increased hardness.

The worn surfaces of the developed materials were observed using a SEM to both
identify and establish the operating wear mechanisms. Representative SEM images
of theworn surfaces ofMg–5Nb andMg–5Nb–2.0%SiCn are shown in Figs. 5 and 6,
respectively. The SEM images reveal wear mechanisms of abrasion and plastic flow
for the Mg–5Nb and its nanocomposites. Further, it can be understood that

(i) At low load (10 N) abrasion occurs in both theMg–5Nb and its nanocomposites
(Figs. 5a, 6a).

(ii) At high load (50 N) plastic flow occurs in bothMg–5Nb and its nanocomposites
(Figs. 5b and 6b).

The intensity of wear mechanisms, namely, abrasion and plastic flow, are severe
for theMg–5Nb when compared to the engineered nanocomposites. Therefore, wear

Fig. 5 Representativeworn surfaces ofMg–5Nb showing a abrasion at low load (10N) and b plastic
flow at high load (50 N)
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Fig. 6 Representative worn surfaces of Mg–5Nb–2.0% SiCn showing a less abrasion at low load
(10 N) and b less plastic flow at high load (50 N)

rate of the Mg–5Nb is higher than that of the nanocomposites, the exception being
Mg–5Nb–0.25% SiCn at 50 N.

It is important to note that the Mg–MMCs contain micron-sized reinforcements,
and third body effect is prominent. Third body effect indicates counter-abrasion of
the surfaces by wear debris containing hard micro-reinforcements, which is a major
drawback for theMg–MMCs having micron-sized reinforcements [5, 6]. In contrast,
nano-sized reinforcements do not induce severe counter-abrasion due essentially to
their small size and low content.

Conclusions

Mg–5Nb–SiCn nanocomposites with varying SiCn weight fractions were produced
by the technique of disintegrated melt deposition (DMD) followed by hot extrusion.
The tribological behaviour of the nanocomposites was investigated and following
are the key conclusions that can be drawn from this innovative research study.

1. Wear rate of the Mg–5Nb–SiCn-based nanocomposites increased with an
increase in load, whereas their coefficient of friction decreased with an increase
in load.

2. For all the testmaterials, at low load,wear occurs by abrasion.At high load, plastic
deformation, i.e. flow, causes wear. The wear mechanisms are less intense in the
nanocomposites when compared to Mg–5Nb material.

3. The content of silicon carbide nanoparticles and the uniform distribution
of Nb+SiCn particles does exert an influence on the wear behavior of the
nanocomposites significantly.

4. The Mg–5Nb–2SiCn showed the best wear resistance and lowest coefficient of
friction. The excellent wear resistance of the composite is attributed to its high
hardness caused by the conjoint influence of the following: (i) higher content
of SiCn, (ii) grain refinement and (iii) presence of hard Mg2Si formed during
processing.
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Fabrication of Silver–Rhodium
Nanomaterials for Chemical Sensing
Applications

Simona E. Hunyadi Murph and K. J. Coopersmith

Abstract We report a novel class of silver–rhodium (Ag–Rh) nanomaterials that can
be used as surface-enhanced Raman scattering (SERS) substrates. Ag–Rh nanomate-
rials were prepared via the co-reduction of the metal precursors by polyol at elevated
temperature. Nanomaterials were characterized by scanning electron microscopy,
UV–Visible spectroscopy, and energy-dispersive X-ray analysis (EDS), and they
were evaluated for their ability to promote surface-enhanced Raman scattering of a
model analyte.

Keywords Silver–rhodium nanoparticles · SERS · Raman

Introduction

Detection of trace quantities of analytes is critical in virtually every scientific dis-
cipline, ranging from part per billion analyses of pollutants in sub-surface water
to analysis of cancer treatment drugs in blood serum [1–3]. There is a constant
need in designing sensors with substantially smaller size, lower weight, faster detec-
tion, greater sensitivity, better specificity and with more modest power require-
ments. Sensors find applications in many industries, among them transportation,
communications, medicine, safety, forensic, and national security.

Nanotechnology enables the creation of innovative and functional materials,
devices, and systems by controlling matter at the atomic and molecular scales [1–6].
Nanoparticles interact strongly with light waves, even though the wavelength of the
light may be much larger than the particle. They are quite different from the same
materials in the bulk, which do not exhibit quantum effects. In metal nanoparticles,
particularly gold and silver, “plasma oscillations” driven by external electromagnetic
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fields are localized and lead to strong resonances at specific wavelengths that are
dependent on the particle size, shape and the local dielectric environment [1–4].
In addition, particles with sharp features are expected to behave as optical antenna
by concentrating the local field into a small volume [5, 6]. Plasmonic properties of
metallic nanoparticles have potential application in plasmon-enhanced spectroscopy,
near-field imaging, sensing and nanophotonic devices [1–6]. By exploiting these
novel properties and phenomena at the nanoscale, novel and improved detection
technologies can be produced.

Over the years, a great deal of interest has been directed toward the develop-
ment of active substrates for surface-enhanced Raman scattering (SERS) experi-
ments. Surface-Enhanced Raman Spectroscopy (SERS) is a surface-sensitive ana-
lytical technique that enhances Raman scattering of chemical species adsorbed on
rough surfaces or nanoscale structures. It provides s a structural fingerprint by which
molecules can be identified. The Raman vibrations of molecules are in general very
weak. However, the Raman signature of molecules that are near metal nanoscale
surfaces is greatly enhanced in intensity compared to the molecules alone [1, 5,
6]. The most commonly metal nanoscale surfaces are silver and gold which allow
chemical detection of analytes at very low concentration with the potential for single-
molecule detection. The enhancement effects observed in the SERS are the results
of two different effects: (a) the electromagnetic (EM) effect, enhancement of the
local electromagnetic field incident on an adsorbed molecule at a metallic surface,
(b) and the chemical effect, due to the electronic resonance/charge transfer between
a molecule and a metal surface, which leads to an increase in the polarizability of
the molecule [1, 5, 6].

More recently, silver [1, 5, 6] and rhodium nanoparticles [7] (NPs) have been
investigated for sensing via surface-enhanced Raman (SERS) scattering technique.
Bulk Rh–Ag alloys are thermodynamically unstable and therefore do not mix. At the
nano level, however, bottom-up manufacturing makes it possible to mix immiscible
metals such as Rh and Ag. Nanoparticles also have higher surface-to-volume ratios
compared to bulk metals, leading to an increase in reactivity. Rh–Ag nanoparticle
alloys were synthesized via the co-reduction of the metal precursors and the ratio of
the two metals was altered to vary the final Rh–Ag composition. Rh–Ag NPs also
have a plasmon band that stretches into the UV region. As a result, these NPs can also
be used for UV plasmonic applications, including the destruction of toxic molecules
or label-free detection of biomolecules [7].

In this paper, we show that silver–rhodium bimetallic nanoalloy particles can be
prepared by a simple polyol approach via the co-reduction of the metal precursors
at elevated temperature. These hybrid nanomaterials were evaluated for their ability
to serve as substrates for surface-enhanced Raman scattering.
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Experimental

Materials

Allmaterials such as polyvinyl pyrrolidone (PVP,MW=40K), ethyleneglycol (EG),
rhodium (II) acetate, rhodium (III) acetate, silver nitrate, 4-mercaptophenol (4 mPh),
acetonewere purchased fromSigma–Aldrich and used as received.All glasswarewas
cleaned with aqua regia and thoroughly rinsed with deionized ultra-filtered water.

Nanoparticle Synthesis

Rh–Ag NPs

In a 50mLErlenmeyerflask, 111mgpolyvinylpyrrolidone (PVP) and10mLethylene
glycol (EG) were mixed and heated to 150–170 °C. In a separate vial, 13 mg Rh(III)
acetate and 19 mg AgNO3 (for 50/50 Rh/Ag) were dissolved in 1 mL water. The
aqueous Rh/Ag mixture was swiftly added to the PVP/EG mixture at 150–170 °C.
Once the solution turned black, indicating the formation of Rh–Ag particles, the
solution was removed from the heat and cooled to room temperature. 5 mL Rh–Ag
and 10 mL acetone were added to a falcon tube and centrifuged at 6000 rpm for
30 min. The supernatant was removed, and the particles were resuspended in water.
The purification procedure was repeated 1–2 more times, and the Rh–Ag particles
were re-suspended in water.

RhNPs

7–20 mg Rh (III) acetate was dissolved in water. In a separate 50 mL Erlenmeyer
flask, 111 mg PVP and 10 mL ethylene glycol were heated to 140 °C before the Rh
(III) acetate solution was added. The solution was cooled to room temperature and
cleaned using acetone. The final RhNPs were re-suspended in water.

AgNPs

111mgPVPwas dissolved in 10mLethylene glycol and heated to 170 °C, afterwhich
25 mg AgNO3 in 1 mL water was quickly added. The solution was removed from
the heat after it turned yellow. AgNPs were purified with acetone 2 × at 6000 rpm
for 60 min and resuspended in water.
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Nanomaterials Characterization

The morphologies of the nanoparticles were monitored by scanning electron
microscopy (SEM, Hitachi SU8200). The chemical compositions were analyzed
using energy-dispersiveX-ray analysis (EDS,Oxford Instruments). The optical prop-
erties of the nanoparticle solutions were measured using UV–Visible–near-infrared
spectroscopy (UV–Vis—NIR, Tec5 MultiSpec).

RAMAN Studies

Surface-enhanced Raman spectra were collected using a laser with an adjustable out-
put and awavelengthλ=532nm (DelMar Photonics,DMPV-532−1, beamdiameter
focused to ~20μm), where the beam path is directed onto the top surface of the solu-
tion contained in the methacrylate cuvette. The SERS analyte, 4-mercaptophenol,
was added to the nanoparticle solutions and allowed several hours for incubation.
Different concentrations of 4MPh were investigated: 0.05, 5, 50, and 1000 uM.

Results and Discussion

Synthesis and Characterization of Rh–Ag

RhNPs, AgNPs and Rh–Ag alloy NPs were synthesized using the polyol synthesis
[8, 9]. Specifically, nanomaterials were prepared via the co-reduction of the metal
precursors by polyol at elevated temperature. In this reaction, the polyol serves as
both: reducing and capping reagent. Polyols have high boiling points which allow
the synthesis of nanoparticles at high temperatures without the need of using other
extraneous experimental parameters, such as high pressure. The metal precursors
are often readily soluble in the polyol which makes this a simple and versatile pro-
cedure for mono- and bimetallic nanomaterial preparation. Careful selection of the
ratio between reactants introduced in the reaction pot and reaction’s temperature can
be used for tailoring nanomaterial’s final size and morphology. It is expected that
higher temperature would make this reaction more thermodynamically favorable. As
shown in Fig. 1, aqueous metal precursor solutions are added to a hot solution of
poly(vinylpyrrolidone) (PVP) and ethylene glycol (EG), which leads to the forma-
tion of nanoparticles via the reduction of the metals by PVP and EG. In the case
of Rh–Ag NPs, the co-reduction of the two metals leads to creation of bimetallic
nanoparticles. This synthesis was also performed with just Rh or Ag precursors to
create RhNPs and AgNPs, respectively.
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Fig. 1 Polyol synthesis of Rh–Ag alloy NPs

The Rh–Ag NPs display a plasmon band around 410 nm, as shown in Fig. 2. The
UV–Vis spectra of the bimetallic nanostructures differ not just from the monometal-
lic nanomaterials but are also highly dependent on the bimetallic composition. If
bimetallic Ag–Rh NPs are formed instead of monometallic NPs, then the usual
expectation is that the plasmon band will be intermediate between those for the
pure metals [5, 6]. Rh NPs do not display plasmon bands in the Vis region of the
spectrum. The plasmon band of silver nanospheres is at around 420 nm (data not
shown) [1, 5, 6]. This blueshift of the plasmon band suggests that nanomaterials
formed are bimetallic and not individual monometallic colloids. Scanning electron
microscopy shows that AgRh nanoparticles are spherical with dimension of 21 ±
4 nm in diameter. Figure 2b shows a fairly uniform distribution in size.

The bimetallic nanomaterial composition can be tailored through the precise con-
trol of the starting reactants by simply changing themolar ratio of [Rh]/[Ag] precursor
solutions. As shown in Fig. 3, the final Rh/Ag weight percent ratio was measured
through EDS. For this sample, the nominal Rh–Ag weight percent added in the syn-
thesis was 25% Rh–75% Ag, but the EDS recorded 8% Rh–92% Ag, indicating that
the AgNO3 is more easily reduced compared to the Rh (III) acetate. The EDS map-
ping data also shows that the final product is a hybrid nanomaterial and not a mixture
of individual Au and Rh NPs. This agrees with the UV–Vis data reported above.

Fig. 2 a UV–Vis and b SEM of Rh–Ag alloy NPs (dRh–Ag = 21 ± 4 nm)
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Fig. 3 (top) EDS and (bottom) EDS mapping of Rh–Ag alloy NPs; a AgRh EDS map, b Rh EDS
map and c Ag EDS map

Surface-Enhanced Raman Spectroscopy with Rh–Ag Alloys

Here, we used 4-mercaptophenol (4-mPh) as a model analyte for surface-enhanced
Raman spectroscopy (SERS) studies. 4-mPh molecules are attached on the metal
surface as a monolayer via metal–S bond. As shown in Fig. 4, all the spectra show
the characteristic peaks of the 4-mPh spectrum. The peak at 1080 cm−1 is the ring
breathing mode n1 (Wilson notation), and the other peaks at 391, 635, 824, 1009,
1173, 1494 and 1596 cm−1 correspond to the ring vibration mode of 7a, 12a, 6a, 18a,
9a, 19a, and 8a of MPh, respectively [5, 6].

For a concentration of 1.4 mM 4-mercaptophenol (4-mPh), no Raman signal was
recorded. However, when the same concentration of 4-mPh was used while attached
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Fig. 4 a Raman of Rh–Ag NPs with/without 4-mPh; b structure of 4-mercaptophenol

on the Rh-Ag bimetallic nanostructures, a Raman enhanced response was recorded.
The Raman peaks of the SERS-enhanced signal were also slightly blueshifted com-
pared to the native solution. This is probably due to the presence of defects and lattice
mismatch between Ag and Rh [10].

In Fig. 4, theRaman frequency for the in-plane ring vibrationalmode at 1103 cm−1

for 4-mercaptophenol is also blueshifted ~20 cm−1 when attached to Rh–Ag NPs.
This has been reported by others and is attributed to charge transfer or local bonding
effects that affect the energies of the vibrational and electronic modes of Raman [10,
11]. For example, gold nanoparticles (AuNPs) have been found to transfer charge
with aromatic thiol ligands, such as phenylthiol, where the covalent bond between the
ligand and the AuNP leads to an increase in the surface electrons that are responsible
for the plasmon band [12]. This is one possible explanation for the observed Raman
frequency shift. The peak at 1008 cm−1 doesn’t shift but becomes more intense in the
SERS sample. The analytical SERS enhancement factor (EF) was calculated based
on Eq. 1 [1, 5, 6, 13].

EF = ISERS/cSERS
IR/cR

(1)

where ISERS and cSERS are the intensity and concentration of the sample with the
NPs, and IR and cr are the intensity and concentrations in the absence of the NPs,
respectively. For the Rh–Ag NPs in Fig. 4, the EF was calculated as 19.

The effect of Rh–Ag NPs concentration on the SERS was investigated. As
expected, as the concentration of Rh–Ag NPs increased, the intensity for the ring
vibration of 4-mercaptophenol also enhanced. A linear enhancement response was
demonstrated (data not shown). This suggests that a monolayer of 4-mPh is achieved
and the solutions are sufficiently diluted and does not generate uncontrolled Raman
enhancement due to molecule resigning in nanoparticles junctions and aggregates
[5].

The SERS response of the 4-mPh concentration from 0.05 to 1000 uMwas further
examined. As shown in Fig. 5, the lower 4-mPh concentrations have a greater Raman



102 S. E. Hunyadi Murph and K. J. Coopersmith

Fig. 5 SERS for different [4 mPh]; Inset: scatter plot of ratio of I(1080 cm−1)/I(1008 cm−1) as a
function of [4 mPh]

enhancement, but below 5μM, aRaman signal was not observed. This suggests that a
concentration of 5–50 uM leads a monolayer formation on the nanoparticle’s surface
and is suffice for a recordable SERS response.

For comparison, the SERS response of the control nanoparticles, AgNPs and
RhNPs was recorded. As shown in Fig. 6, SERS enhancements were recorded
when AgNPs were used. The AgNPs themselves provide a five-order magnitude

Fig. 6 a Raman of AgNPs with 4-mPh; b SEM of 25 nm AgNPs
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enhancement. Our group has previously reported surface-enhanced Raman scatter-
ing of 107 compared to silver nanowires when evaluated against the analyte alone,
which depended on the composition of the substrate [1, 5, 6]. This is not surprising as
nanoparticle’s shape, such as rods, triangles, etc., can improve the enhancement factor
of SERS by two orders of magnitude compared to spheres. No response was recorded
with the RhNPs alone. In our study, the enhancement factors of 5–19 orders of mag-
nitude compared to the Raman spectrum of pure solid 4-MPh were recorded for the
bimetallic nanostructures. TheEF for theAgNPswas 5,whereas for Rh–Ag itwas 19,
demonstrating that the bimetallic nanostructures are better SERS-responsive nano-
materials. This is due to the possible formation of pinholes in the lattice mismatch
which could function as SERS “hotspots” leading to enhanced response.

Conclusions

Rh–Ag bimetallic NPs were successfully prepared via the co-reduction of the metal
precursors by polyol at elevated temperature and characterized via SEM, UV–Vis,
EDS and EDSmapping. The Rh–Ag bimetallic nanoparticles demonstrated success-
ful SERS scattering effects, with an enhancement factor almost four times higher
than for AgNPs. This suggests that, for measuring low concentrations of analyte by
SERS, AgRh NPs provide an additional advantage compared to AgNPs or RhNps.
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New Electron-Beam Equipment
and Technologies for the Production
of Advanced Materials Using Vacuum
Melting and Evaporation Methods
Developed at SPE [“Eletekhmash”]

N. I. Grechanyuk, P. P. Kucherenko, A. G. Melnik, I. N. Grechanyuk,
Yu. A. Smashnyuk, V. G. Grechanyuk and A. Manulyk

Abstract We present the results of the electron-beam equipment and technologies
developed to produce materials and coatings, performed in Scientific and Production
Enterprise “Eltekhmash” (Ukraine) in the period from 2005 to 2017. The presenta-
tion is about result analysis of developments of a new generation of electron-beam
equipment and technologies in this company over more than 10 years. The company
is intensively developing such directions of electron-beam technology:

– Production of electric contacts;
– Gas turbine blades protective coating manufacturing;
– Development of a variety of laboratory and production electron-beam equipment
with different functional capabilities, which are currently realized in L-2 unit,
allows saving time andmoney for the development of a new technological process.

This unit is capable of realizing four types of different technological processes:

– Coating depositions of numerous ingredients on the turbine blades;
– Production of composition materials from the vapor phases including porous and
microlaminate types of materials;

– Production dispersed metals, ceramic, and composite powders.

The company is also manufacturing different types of equipment based on
mentioned development or equipment according to customer design and goals.
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Introduction

Advanced material design needs a variety of properties, lower cost, and non-
limitation for development. The building of the necessary compositions from ele-
ments on micro- and nanolevels, like atoms/molecular condensation in a vacuum
on the substrates more and more, occupies material development. The simplicity of
the creation of functional parts for airspace, automotive, medicine in the form of
coatings or bulk constructed parts through evaporation of components is evident.
Another advantage of the proposed methods is a combination polarity of properties
in the bulk or coating products.

HEEBPVD quick evaporation by electron beam guns discharge e-guns
(HEEBPVD) along with a plasma sintering process of new compositions in vapor
clouds is part of the philosophy and allows for the production of a wide specter of the
newmaterials for different industries. The goal of newly created production/research
enterprise is a production of a variety of materials in the form of a coating or thin
bulk plates of different compositions and sizes, which will be used in a variety of
industrial applications.

Growing material demands create more opportunities for future companies. The
proposed product of new thick coating with a variety of properties such as high
corrosion, erosion, and oxidation resistance along with an ability to get same com-
positions in a bulk form satisfies customer demands with same product prices with
higher qualities and high production rates.

Main Milestones of SPE “Eltekhmasch”

In this work, we present results of the development of electron-beam equipment
and technologies for producing materials and coatings made in scientific-production
enterprise “ELETEKHMASH” in the last decade. The company is intensively
developing such direction of electron-beam technology:

– Design and mounting laboratory and industrial equipment for melting of metals
and alloys, production of protective coatings, production of composite materials
condensed from a vacuum phase;

– Production of high purity Ni–W alloys used as seeds in growing single-crystal
blades;

– Production of titanium alloys for biomedical applications;
– Master alloy production;
– Production of high-quality ingots from a scrap of high-temperature alloys IS26-VI
and JS32;

– Manufacturing tubular billets-cathodes fromNi–Cr–Al–Y, Ni–Co–Cr–Al–Y heat-
resistant alloys for ion-plasma coating deposition;

– Production of metal powders for thermo-spray and cold-spray depositions;
– Production of electrical contacts;
– Production of protective coatings on gas turbine blades.
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Fig. 1 Unit L-2 (From The Paton Welding Journal, No. 5–6, 2016. Used with permission)

Many years’ experience opens a possibility to design and build multi-functional
electron-beam machine, which can perform a lot of technological processes in one
technological chamber and allows to save time and money for the new development
of materials and technological processes. Recently, a new semi-production/semi-
experimental unit L-2 was proposed to the market, see Fig. 1.

This unit allows the realization of four types of different technological processes.
The first of them is the coating deposition on various parts in tribune blades, Fig. 2.
Three independent water-cooled crucibles with diameters of 70 mm make evapo-
rations independently (simultaneously) of three different materials according to the
programmed process. Such a design with strict control gives an ability to get heat-
resistant, metal, ceramic, single-layer, and multilayer graded coatings. There is a
two-chamber variant design for better vacuum keeping. Loaded and unloaded parts
in the chamber are performed without vacuum breaking due to the separation of the
chamber in two chambers: loading/unloading chamber and technological chamber.

Microlaminated, dispersion-strengthened, and microporous types of composite
materials produced from the vapor phase allow the unit to perform the second task.
At the evaporation from three independent crucibles, the vapor flow is deposited on
stationary or rotated substrates with 500 mm in the diameter, Fig. 3. The thickness of
the coating can reach up to 20 mm. For easy separation of coated (sintered) material
substrate is covered and advanced with thin non-diffusion composition. Standard
composition thickness is between 1 and 7 mm (Table 1).

Fig. 2 Schematic of coating deposition on gas turbine blades a side view, b front view (From The
Paton Welding Journal, No. 5–6, 2016. Used with permission)
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Fig. 3 Schematic of production composite materials condensed from vapor phase a top view;
b front view (From The Paton Welding Journal, No. 5–6, 2016. Used with permission)

The new technological process developed in the L-2 is dispersed metal, ceramic
composites, and composite powders.

At present much attention is given to the development of thermo-barrier coatings
(TBC) on the blades. SPEElteckmash designed and built new electron-beam unit L-8
for TBC deposition on turbine blades. Figure 4 and schematic of the technological
process in Fig. 5 L-8 unit are loaded with gas discharge e-guns, and operating life
of them is up to 1000 h, and they apply for the deposition of any types of protective
coatings: metal, ceramics, composites, with a single layer, multilayers, graded layers.
All complex compositions of TBC layers can be formed in one processing circles.
There are two loading/reloading lock chambers supplied with ion cleaning of blades
before coating deposition in these chambers’ blades can be preheated as well. Here
as well, the formation of barrier microlayers with inner heat-resistant layer and outer
ceramic layer for diffusion slow down in interfaces also takes place. For controlling
coating thickness, there is a sensor mounted on the technological chamber wall along
with sighting tube and viewing window for contactless measurements of the item’s
temperature. For that purpose, high-temperature infrared pyrometer is mounted on
the working chamber rear wall. The unit also supports partial technological gas
ionization and metal vapors by applying a negative bias to the parts (up to 2 kV) for
better adhesion of the coating and its quality improvement.

Production of Electrical Contacts

The company commercialized new material, Cu–Zr–Y–W and Cu–Zr–Y–Cr, for
electrical contacts:

This material provides high reliability of contacts operation, and the maximum
value of the switched current is up to 1200 A;

– It is properly processed by cutting, punching, grinding, and drilling, and it is easy
to solder for any of well-knownways of the soldering using standard silver-consist
and not silver-consist solders;
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Table 1 Specification of EB unit L-2 (From The Paton Welding Journal No. 5–6, 2016. Used with
permission)

Specification name Parameter value

Dimensions of evaporated billets melted from the upper mechanism, mm

Diameter
Length

80
390

Detentions of condensed surfaces, mm

Rectangular
Round

350 × 350
400

Cylindrical

Diameter
Length

200
350

Distance from evaporation surface to condensation surface, mm 200–325

Number of crucibles, pcs 3

Speed of evaporation, ingot displacement, mm/min 1–350

Speed of displacement of billets melted from the top, mm/min 5–350

Speed of substrate holder rotation on a horizontal shaft, rpm 3–25

Speed of substrate holder rotation on a vertical shaft, rpm 5–70

Number and power (kW) of electron-beam guns (thermal cathode guns with strip cathode):

– for material evaporation from the crucibles
– for heating from above
– for heating from below

3 × 60
2 × 60
1 × 60

Consumed power, kW, not more than

High voltage power source
The power source of an ion cleaning device
Rated accelerated voltage, kV

250
30
20

Working vacuum in the chamber, Pa (mm Hg) 6 × 10−3

1 × 10−2

5 × 10−3

1 × 10−4

Dimensions of the unit, mm, not more than

Length
Width
Height
Unit weight, tons

4300
6200
3300
16.5

– Contacts have had high radiation stability, thermal stability, friction resistance,
have high heat and electrical conductivity;

– Material is not supporting arc burning;
– Punching, grinding, drilling of the material are easy as well to solder by using
standard silver-consist and not silver-consist solders.

A company manufactured around 1.6 million electrical contacts of different sizes
for national and international economy applications.
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Fig. 4 TBC electron-beam unit L-8 (From The Paton Welding Journal, No. 5–6, 2016. Used with
permission)

Fig. 5 Schematic of TBC technological process in unit L-8 a cross-section view, b longitudinal
view, 1-holder with blades, 2-crucible, 3-evaporator gate valves, 4-lock gates valves, 5-electron-
beam gun, 6-viewing system, 7-load cell, 8-process gas leak valve, 9-ball lead for pyrometer
mounting (From The Paton Welding Journal, No. 5–6, 2016. Used with permission)

Coating Depositions of Gas Turbine Blades

Scientific ProductionEnterprise “ELTECHMASH” ismanufacturing coatings on tur-
bines blades obtained by electron-beam evaporation of alloys like MeCrAlY (where
Me is Ni, Co, Fe), MeCrAlYHfSiZr and ceramic on the ZrO2 base, stabilized by
Y2O3 with further steam phase condensation on the surface of gas turbine blades.

Three classes of coatings are developed:

– One-layer metal coatings such as MeCrAlY and MeCrAlHfSiZr;
– One-layer composite types such as with alternation of layers
MeCrAlY/(MeCrAlYHfSiZr) MeCrAlY/(MeCrAlYHfSiZr)+MeO, (where
MeO is Al2O3 or ZrO2 + 6–8% Y2O3);
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Table 2 Specification of EB unit L-8 (From The Paton Welding Journal No. 5–6, 2016. Used with
permission)

Dimensions of the cylindrical cassette with parts, mm, not more than

Diameter
Length

250
500

Speed of item rotation on a horizontal shaft, rpm 05–50

The number of evaporators, ps. 4

Crucible inner diameter, mm 70

Length of evaporators ingots, mm, not more than 500

Ingot feed rate, mm/min 05–350

Distance from the upper edge to cassette rotation axis or
condensation plane, mm

350

Number of nominal power (kW) of electron-beam guns

For material evaporation from the crucible
For item heating

4 × 100
2 × 60

Type of electron-beam guns—axial guns with the cold cathode (based on high voltage gloving
discharge)

Consumed power, kW, not more than

High voltage power sources
Auxiliary equipment

520
80

Rated accelerated voltage, kV 30

Working vacuum in the chamber, Pa (mm Hg) 6 × 10−3 6 × 6 × 10−2

5 × 10−3

5 × 10−4

Unit overall dimensions, mm, not more than

Length
Width
Height

10,500
9500
4300

Weight of the unit (with power source) not more than tone 25

– Two-layer coatings with internal metal MeCrAlY/(MeCrAlYHfSiZr) and external
ceramic (ZrO2–Y2O3);

– Two-layer coatings with internal composite MeCrAlY/(MeCrAlYHfSiZr)+MeO
dispersion-hardening or microlayer types and external ceramic (ZrO2–Y2O3)
layers;

– Three-layer coating with internal and intermediate metal layers on the
MeCrAlY/(MeCrAlYHfSiZr) and external ceramic (ZrO2–Y2O3);

– Three-layer coating with internal metal MeCrAlY, (MeCrAlYHfSiZr) intermedi-
ate composite MeCrAlY/(MeCrAlYHfSiZr)/MeO.

Company Eltekhmash successfully established a close cycle of coating deposition
on gas turbine blades, which included melting and purification of all types of Ni- and
Co-based alloys [1] in the form of ingots, manufacture of ZrO2–Y2O3 ceramic billets,
following the deposition of obtained materials on gas turbine blades. The company
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Table 3 Electron-beam equipment supplied to the customers from 2005 through 2014 (From The
Paton Welding Journal No. 5–6, 2016. Used with permission)

Unit name Application Year Customer country

Electron-beam unit L-1 Deposition of protective
coatings from the vapor
phase in vacuum

2005 Ukraine

Electron-beam unit L4 Refining and melting of
metals and alloys in vacuum

2006 Armenia

Two power units with
HVGD-based guns of
220 kW each

Commercial production of
“solar silicon” from
metallurgical silicon

2007 Japan

Power unit with
HVGD-based guns of
30 kW and 100 kW of power

Upgrading of the customer
machines for metallurgical
silicon refining

2008 Taiwan

Power unit with
HVGD-based gun of
100 kW of power

Unit upgrading for refining
and melting noble metal
alloys

2010 Russia

Electron-beam unit L2 Deposition of protective
coating from the vapor
phase in vacuum

2012–2013 Ukraine, China

Electron-beam unit L8 Deposition of protective
coatings on gas turbine parts

2014 Russia

can produce deposition materials for the customers manufacturing thermo-barrier
coating (TBC) on their equipment [1–4] (Table 2).

Manufacturing of Industrial Electron-Beam Equipment

In Table 3, it is possible to see electron-beam equipment supplied to the different
countries in the period of 2005–2014. The enterprise supplies production and exper-
imental types of equipment as well as separate parts and block according to the
customer demands or design. Complete set of the machines allows realizing techno-
logical processes of coating, compositionmaterials production from the vapor phase,
and manufacturing of casting high-quality alloys

Conclusions

1. SPE Eltehmash is expanding its business and looking for partners and customers
around the world.

2. We are ready for your challenges and interests in new material development and
manufacturing.
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3. Our specialists are working in different countries, promoting our products and
technologies.

4. Our common product can be the next generation ofmaterial for growing customer
demands.
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Role of Rare Earth Oxide Reinforcements
in Enhancing the Mechanical, Damping
and Ignition Resistance of Magnesium
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Abstract Magnesium based nanocomposites, on account of their excellent dimen-
sional stability coupled with mechanical integrity, have provided the much-needed
impetus for utilization in both aerospace-related and automobile-related applications.
However, the perceived easy ignition and flammability of magnesium alloys create
a detrimental safety feature that hinders the aerospace application opportunities.
Incorporation of rare earth metal oxides into magnesium matrix can induce ‘reac-
tive element effect’ (REE), due to their strong rare earth–oxygen interactions. Along
with enhancing the protective characteristics of oxides on many metals and alloys,
the addition of such rare earth oxides also helps in realizing a refined microstructure
and good strength–ductility combination in the composites. Thismanuscript presents
the mechanical properties, damping and ignition resistance characteristics of the new
and improved composite materials engineered by reinforcing magnesium with rare
earth oxide nanoparticle. Rationale for the observed properties is discussed while
concurrently establishing the relationship between microstructure of the engineered
composites and resultant mechanical properties.
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Introduction

The alarming rate of depletion of crude oil coupled with the increasing norms placed
on emissions has in more recent years provided the necessary impetus for light-
weight materials for selection and use in a spectrum of applications in the industries
of automobile and aerospace. Being the sixth most abundant element in the earth’s
crust, magnesium with its low density and high specific strength [σ/ρ] promises to
be befitting for selection and use in the high-performance industries. However, mag-
nesium does possess a few serious limitations, such as (i) low elastic modulus and
(ii) low ductility. In the aviation industry, the low auto-ignition temperature of mag-
nesium is an impediment to its selection for use in key and potential applications
[1]. Owing to the recent lift of ban on using magnesium in aircraft interiors, usage
of magnesium in an aircraft may significantly increase provided the ignition tem-
perature can be increased [2]. Currently, around 43 pct. of the weight of a seat in
an aircraft is comprised of aluminum alloys. Replacing the alloys of aluminum with
magnesium offers a reduction in weight as high as 30 pct. In an attempt to overcome
these limitations coupled with the need to further enhance mechanical properties,
magnesium has been incorporated with nanoparticles, thereby engineering a com-
posite material. This has proven to simultaneously increase both the strength and
ductility of magnesium [1].

Nanocomposites can be tailor-made to suit different applications by an appropriate
selection of the magnesium alloy, the reinforcement, and fabrication technique used.
Such inclusion of alloying elements and nanoparticles in pure Mg has improved the
surface reactivity alongwith themechanical propertieswithout adversely affecting its
ductility by grain size strengthening and solid solution strengthening mechanism [3].
The drawback with the alloying elements is that they impose extra weight, thereby
increasing the overall density of the material and certain elements such as rare earth
elements and aluminium induce a certain level of toxicity in pure Mg [4, 5]. This
limitation can be overcome by incorporating nanoparticles at lower amounts in the
base matrix. Studies show that metallic ceramic oxides like Al2O3, Y2O3, TiO2,
ZrO2, ZnO, SiO2 when reinforced in Mg matrix display significant improvement in
the strength properties aswell as ductility [6]. Incorporation of rare earthmetal oxides
(REOs) including those of the lanthanum series as well as yttrium and scandium into
metallic matrices can induce ‘reactive element effect’ (REE), due to their strong rare
earth–oxygen interactions [7]. Along with enhancing the protective characteristics of
oxides on many metals and alloys, the addition of such REOs also helps in realizing
a refined microstructure and good strength–ductility combination in the composites
[7, 8]. Further, REOs are thermally stable reinforcements and hence can be used
in extremely high-temperature applications [9]. Compared to other metallic oxide
reinforcements, REOs offer unique advantages in enhancing the performance of Mg
composites which may not be realized otherwise.

The currentwork focuses on the synthesis ofMg–Sm2O3 andMg–CeO2 nanocom-
posites by powdermetallurgy technique followed by hybridmicrowave sintering. The
environmentally friendly approach of hybrid microwave sintering helps in achieving
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better end-application propertieswithmassive reduction in processing time and costs.
Further, it does not require additional inert protection gas for sintering. Accordingly,
this paper presents the effect of presence of REOs on microstructural, mechanical,
damping and ignition properties of pureMg.Also, the structure–property correlations
have been drawn and analyzed.

Experimental Procedure

Materials and Processing

The size of Mg powder procured from Merck, (Darmstadt, Germany) was 60–
300 μm with 98.5% purity. Size of Sm2O3 and CeO2 nanoparticles procured from
US Research Nanomaterials, Inc., USA was 20–30 nm for both, respectively.

Details specific to the preparation process of the Mg–REO nanocomposites have
been reported in our earlier study [10, 11]. To produce theMg–REOnanocomposites,
1.5 vol.% of Sm2O3 and CeO2 nanoparticles and pure magnesium were precision
weighed in an electronic balance and subsequently blended at 200 rpm for full 2 h
(120min) using a planetary ballmill [Model: Retsch PM400]. The blended composite
powder was then compacted into cylindrical billets that had a height of 40 mm and
a diameter of 35 mm at a pressure of 97 bars (50 tons). The compacted billets
were then sintered using microwave sintering at 630 °C under ambient conditions.
Billets of the microwave sintered magnesium and magnesium nanocomposite were
homogenized at 450 °C for 2 h (120 min) prior to hot extrusion at a temperature of
400 °C at an extrusion ratio of 20.25:1 on a 150-ton hydraulic press resulting in rods
that measured 8 mm in diameter. Samples of the as-synthesized composites were
prepared for further characterization in accordance with procedures detailed in the
ASTM standards.

Materials Characterization

To investigate the average matrix grain size, REOs nanoparticle distribution in the
Mg matrix and interfacial integrity between the nanoparticles and the Mg matrix,
microstructural characterization studies of both pure magnesium and Mg-1.5 vol.%
Sm2O3 and Mg-1.5 vol.% CeO2 nanocomposites were conducted on metallograph-
ically polished extruded samples using an Olympus metallographic optical micro-
scope (Tokyo, Japan), a Scion image analysis software (Sacramento, CA, USA) and
a Hitachi S-4300 Field Emission Scanning Electron Microscope (FESEM) (Tokyo,
Japan). For each polished sample, five micrographs [20 grains each] were carefully
analyzed for an accurate estimation of the grain size.
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The CTE values of the synthesized materials were analysed using a LINESIS
TMA PT 1000LT thermo-mechanical analyser (Tokyo, Japan). The argon flow was
maintained at 0.1 litres per min (lpm) while heating rate was set to 5 °C/min. The
displacement of the samples was measured using an alumina probe in a temperature
range of 50–400 °C.

The ignition temperatures of the synthesized materials were determined using a
thermo-gravimetric analyzer (TGA). Samples of dimensions 2 × 2 × 2 mm were
heated from 30 to 750 °C at a heating rate of 10 °C min−1 in the purified air with a
flow rate of 50 mL min−1.

The room temperature compressive properties of both extruded pure Mg sam-
ple, Mg-1.5 vol.% Sm2O3 and Mg-1.5 vol.% CeO2, were determined in confor-
mance with ASTM E9-89a using an MTS-810 testing machine and a strain rate of
10−4 s−1. The test specimens measured 8-mm diameter and 8-mm in length. For each
composition, five specimens were tested to ensure repeatability of the results.

The damping performance of pure Mg and Mg–REO nanocomposites was con-
ducted according to the ASTM standard E1876-09 and using a resonance frequency
damping analyzer [Model: RFDA, IMEC, Genk, Belgium]. Each sample used for
this specific study measured 60 mm in length and 8 mm in diameter.

Results and Discussion

Microstructure

Visual observation of the microwave sintered nanocomposite billets and the extruded
rods clearly revealed an absence of any macroscopic surface defects. This confirms
an overall suitability of the processing parameters used during the processes of sin-
tering and extrusion. The intrinsic microstructural features of the developed pure
magnesium, Mg-1.5 vol.% Sm2O3 and Mg-1.5 vol.% CeO2 nanocomposites were
studied in terms of the presence and distribution of the reinforcing REOs nanopar-
ticles through the microstructure. Figure 1 shows the inclusion of Sm2O3 and CeO2

nanoparticles as reinforcements in pure Mg and are seen to be distributed homoge-
neously throughout the matrix. Careful selection of blending, high extrusion ratio
and sintering parameters was capable enough in breaking down the agglomerates
and dispersing them in the matrix, although some amount of agglomeration can be
still noticed for Mg-1.5 vol.% Sm2O3 nanocomposites.

The tabulated form of grain size is provided in Table 1. The grain size of the hot
extruded pure Mg was observed to decrease with the addition of REO nanoparticles.
Further, the grains were predominantly equiaxed in shape for both the cases. The
Mg-1.5 vol.% Sm2O3 andMg-1.5 vol.%CeO2 nanocomposites exhibited a grain size
of ~12.9 and 10.5μm, which is ~49.8 and 59.1% lower than that of pure magnesium,
respectively. The reason for reduction in the grain size can be attributed to the ability
of ultrafine REO nanoparticles to pin the grain boundaries [12].
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Fig. 1 SEM images for (a) Mg-1.5 vol.% Sm2O3 and (b) Mg-1.5 vol.% CeO2 showing the
distribution of nanoparticles in the Mg matrix taken from [10, 11]

Table 1 Results of grain size
measurements

Sample Grain size (μm)

Pure Mg 25.7 ± 2.6

Mg-1.5 vol.% Sm2O3 12.9 ± 2.2

Mg-1.5 vol.% CeO2 10.5 ± 1.8

Coefficient of Thermal Expansion (CTE)

Results of coefficient of thermal expansion (CTE) measurements made on pure mag-
nesium and nanocomposite samples are provided in Table 2. There was reduction
in the coefficient of thermal expansion values for Mg-1.5 vol.% Sm2O3 (24.11 ×
10−6/K) and Mg-1.5 vol.% CeO2 (22.42 × 10−6/K) nanocomposites in comparison
to pure Mg (26.27 × 10−6/K) as seen in Table 2. The CTE values were reduced by
8.22% and 14% for Mg-1.5 vol.% Sm2O3 and Mg-1.5 vol.% CeO2 when compared
to pure Mg. The difference in the thermal expansion coefficient of Sm2O3 (10.6 ×
10−6/K) and CeO2 (8.5 × 10−6/K) nanoparticles with respect to pure Mg (27.1 ×
10−6/K) led to lower values of thermal expansion values for the nanocomposites. The
addition of thermally stable rare earth oxide nanoparticles in pure Mg contributes in
maintaining the dimensional stability of the material [10, 11].

Table 2 Results of
coefficient of thermal
expansion of the synthesized
materials

Sample CTE (×10−6/K)

Pure Mg 26.27

Mg-1.5 vol.% Sm2O3 24.11

Mg-1.5 vol.% CeO2 22.42
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Ignition Properties

According to the FAA, ignition is the point where the white flame appears and starts
to propagate [13]. Although the reaction of magnesium with oxygen is exothermic
in nature, and releases substantial heat, ignition may not lead to burning if enough
heat is removed [13]. The ignition testing here focuses on the temperature at which
the material starts to burn. Table 3 reports the ignition temperature for pure Mg,
Mg-1.5 vol.% Sm2O3 and Mg-1.5 vol.% CeO2 which is 581 °C, 650 °C and 610 °C,
respectively. The thermally stable rare earth oxide, Sm2O3 and CeO2, nanoparticles
were able to improve the ignition temperature of pure Mg by 69 °C and 26 °C,
respectively [10, 11]. This improvement in the ignition property can be attributed to

(a) the ability of the rare earth oxides to provide a non-conductive interface for heat
transfer,

(b) formation of protective oxide layer at high temperatures owing to the addition
of rare earth oxides which modify the surface of Mg and

(c) insulation offered by thermally stable oxides on the surface of Mg.

It can be inferred that ignition is governed by oxidative mechanisms [14]. At
440 °C or above, Mg evaporates and reacts with oxygen and forms MgO at the
surface of the nanocomposite. This MgO film has pilling–bedworth ratio (PBR) of
0.81 and isn’t strong enough to form a protective barrier and would enable formation
of oxide nodules [15]. With the addition of Sm2O3 and CeO2 nanoparticles having
pilling–bedworth ratio (PBR) of 1.02 and 1.07, respectively, may result in the change
of intrinsic chemistry of the base matrix, hence allowing the formation of rich rare
earth oxide layer beneath theMgOfilm in pureMg [15]. This rich protective rare earth
oxide layer would suppress oxide diffusivity characteristics and would prolong the

Table 3 Results of ignition temperature and thermal conductivity for synthesized materials

Material Ignition
temperature (°C)

Thermal conductivity (W/m-k)

Pure Mg 581 135

Mg-1.5 vol.% Sm2O3 650 132.97

Mg-1.5 vol.% CeO2 610 133.151

AM60 525

AZ61 559

ZK60A 499

AZ91 600

AM50 585

AZ63 573

ZK51A 552

ZK40A 500
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material from igniting early. Also, by incorporating lower thermal expansion coef-
ficient of Sm2O3 (10.6 × 10−6/K) and CeO2 (8.5 × 10−6/K) nanoparticles would
provide an insulating effect throughout the matrix [10, 11]. The ignition property
can also be correlated with thermal conductivity. The thermal conductivity at 400 °C
for pure Mg, Mg-1.5 vol.% Sm2O3 and Mg-1.5 vol.% CeO2 is 135 (W/m-k), 132.97
(W/m-k) and 133.151 (W/m-k), respectively, when calculated theoretically by rule
of mixtures [10, 11]. Incorporation of REO reinforcements with lower CTE values
decreased the CTE values of the nanocomposites as seen in Table 3 in turn offer-
ing better thermal and dimensional stability, thus improving the ignition resistance
[11]. With the decrease in the thermal conductivity values, there is a rise in ignition
temperature as seen in Table 3. It can be suggested that the thermal conductivity
of the nanocomposites is directly related to the amount of reinforcement added to
the matrix, and in view of the ability of the reinforcement to reduce the availability
of the matrix for ignition [10]. Additionally, the fair dispersion of rare earth oxide
nanoparticles would delay the ignition by not allowing the heat transfer to take in the
matrix across the nanoparticles. The ignition temperature of Mg-1.5 vol.% Sm2O3

(650 °C) and Mg-1.5 vol.% CeO2 (610 °C) nanocomposite is higher than most of
the commercially available alloys like AM60 (525 °C), AZ61 (559 °C), ZK60A
(499 °C), AZ91 (600 °C), AM50 (585 °C), AZ63 (573 °C), ZK51A (552 °C) and
ZK40A (500 °C) [10] and is, hence, suitable for aerospace applications.

Compressive Behavior

The room temperature compression properties of the developed materials are shown
inTable 4. The incorporation of Sm2O3 andCeO2 NPs into pureMgmatrix resulted in
significant improvement of both 0.2%compressive yield strength (CYS) and ultimate
compressive strength (UCS) values. The CYS values of pure Mg improved with
the addition of Sm2O3 and CeO2 nanoparticles by ~73% and ~50%, respectively
(Table 4). Similarly, the UCS values for Mg-1.5 vol% Sm2O3 and Mg-1.5 vol.%
CeO2 nanocomposites enhanced by ~58.63% and ~32.12% compared to pure Mg
(Table 4). This significant enhancement in the strengths under compressive loading
of nanocomposite can be attributed to synergistic effects of

Table 4 Compressive properties of pure Mg and Mg–REO nanocomposites

Sample Compressive properties

CYS (MPa) UCS (MPa) Failure strain (%)

Pure Mg 74 ± 3 249 ± 6 17.4 ± 0.3

Mg-1.5 vol% Sm2O3 128 ± 5 395 ± 7 17.2 ± 0.5

Mg-1.5 vol.% CeO2 111 ± 2 329 ± 7 19.7 ± 0.8
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(a) superior refinement of grains by REOs addition (Table 1), promoting the Hall–
Petch strengthening mechanism,

(b) uniform dispersion of REONPs which act as obstacles to dislocation movement
through the Orowan strengthening mechanism,

(c) combined effects of texture randomization and deformation twinning creating
additional barriers to the crack path leading to enhanced compressive strengths
and

(d) effective load transfer from the matrix to the reinforcement, owing to their good
interfacial bonding [9].

Further, fracture strain values remained similar to pure Mg in case of Mg-1.5
vol.% Sm2O3 nanocomposite, whereas Mg-1.5 vol.% CeO2 exhibited values of
19.7% which are ~13.3% improved compared to pure Mg. Inclusion of REOs would
promote grain alignment, aiding slip as well as deformation twinning. The REO
reinforcements assist in hindering the twinning by activation of new slip/twin defor-
mation modes by change in the crystallographic texture in the base matrix, hence
improving the fracture strain [10]. Additionally, nanoscale buckling of ceria nanopar-
ticles in Mg matrix aids in dispersing localized stored energy during compressive
deformation, hence increasing fracture strain values [11].

Damping Behavior

The vibration damping capabilities of pure Mg and the Mg-1.5 vol.% Sm2O3 and
Mg-1.5 vol.% CeO2 nanocomposite are summarized in Table 5. An enhancement
in the damping capacity (Q−1) and damping loss rate (L) of the pure magnesium is
observed with the addition of Sm2O3 and CeO2 nanoparticles. The Mg-1.5 vol.%
CeO2 nanocomposite revealed the best values of damping capacity and damping
loss rate to be ~18.97 × 10−4 and 40.9, which is ~381% and 387% enhancement
compared to pure Mg, respectively. The damping capacity and damping loss rate for
the Mg-1.5 vol.% Sm2O3 nanocomposite sample improved by ~189% and ~346%
when compared one-on-one with that of pure magnesium (Mg).

Several damping-related mechanisms are responsible for the observed improve-
ment in the damping characteristics of pure magnesium (Mg) with the addition of
REO nanoparticles and these include the following:

Table 5 Elastic modulus and damping characteristics of extruded Mg–REO nanocomposites

Sample Damping capacity (×
10−4)

Damping loss rate Elastic modulus (GPa)

Pure Mg 3.94 ± 0.21 8.2 ± 0.2 42.3 ± 0.14

Mg-1.5 vol.% Sm2O3 11.39 ± 0.8 36.65 ± 0.9 44.9 ± 0.2

Mg-1.5 vol.% CeO2 18.97 ± 1.2 40.9 ± 2.7 43.9 ± 0.02
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(a) Bulk texture modification.
(b) Enhanced damping at the interface binding the REO nanoparticles in the

magnesium (Mg) matrix, and
(c) High number of dislocations owing to mismatch in the thermal expansion coef-

ficient of the soft and ductile magnesium (Mg) matrix and the reinforcing REO
nanoparticles.

The damping response of magnesium-based materials can also be influenced by
the presence of microscopic defects and porosity. These mechanisms are primarily
the result of a combined interaction between these phenomena and not a characteris-
tic effect of each. Further, from Table 5, it is observed that the elastic modulus [E] of
the nanocomposite sample increased with the addition of REO nanoparticles. This
is consistent with the trend exhibited by magnesium (Mg)-based metal matrix com-
posites [16] indicating a good interface between the reinforcing REO nanoparticles
and the Mg matrix.

Conclusions

In this research study, pure magnesium (Mg) and Mg-1.5vol.% (Sm2O3 and CeO2)
nanocompositeswere fabricated usingmicrowave sintering followed by hot extrusion
process. The microstructure, mechanical, thermal and damping performance were
investigated. The key findings are the following:

(a) Scanning electron microscopy (SEM) results indicate that REO nanoparticles
are homogeneously distributed throughout the Mg metal matrix.

(b) Compression tests revealed an increase in the strength from 249 ± 6 MPa for
pure Mg to 395 ± 7 MPa for Mg-1.5 vol.% Sm2O3 and 329 ± 5 MPa for the
Mg-1.5 vol.% CeO2 nanocomposite.

(c) The observed increase or enhancement in the mechanical properties can be
attributed to the conjoint influence of secondary processing, homogenously
distributed particles and dispersion strengthening effect.

(d) Coefficient of thermal expansion showed a reverse trend indicating an increase
in thermal stability.

(e) The ignition temperature of Mg-1.5 vol.% Sm2O3 showed the highest resis-
tance to ignition (enhancement by ~69 °C) indicating superior thermal and
dimensional stability.

(f) The Mg-1.5 vol.% CeO2 nanocomposite showed the best damping (damping
loss rate, damping capacity and elastic modulus) response.

The technique of microwave sintering has potentially wider range of advantages
and applications in the preparation of magnesium (Mg)-based nanocomposites tools
primarily because of the advantages associated with the heating mechanism.
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Ordered Colloidal Crystals Fabrication
and Studies on the Properties of Poly
(Styrene–Butyl Acrylate–Acrylic Acid)
and Polystyrene Latexes

I. H. Ifijen, E. U. Ikhuoria, S. O. Omorogbe and A. I. Aigbodion

Abstract Monodisperse poly(styrene–butyl acrylate–acrylic acid) (P(St–BA–AA))
and polystyrene (PS) colloidal suspensions were prepared using emulsion polymer-
ization techniquewith a view to study their variation in properties. TheP(St–BA–AA)
latex had a slightly lower glass transition temperature (Tg) (106 °C) compared to the
PS microspheres (104 °C). TEM analysis revealed a core-shell morphology in the
P(St–BA–AA) latex particles, as compared to the PS particles. The synthesized latex
suspensions were used to fabricate mono- and binary-sized colloidal crystals via the
evaporation-induced self-assembly approach. SEM/AFM analyses showed spheri-
cally shaped particles that readily assemble into a closely-packed three dimensional
highly periodic pattern with hexagonal symmetry. Also, the smaller sized P(St–BA–
AA) particles (197.3 nm) in the binary crystals arranged themselves in awell-ordered
manner around the larger sized PS particles (404.9 nm). The results showed that the
modification made on the functional group of PS by polymerizing with butyl acry-
late and acrylic acid produced P(St–BA–AA) latex with more improved properties
compared to the as-synthesized PS.

Keywords Poly(styrene–butyl acrylate–acrylic acid) · Butyl acrylate · Acrylic
acid · Colloidal crystals, binary colloidal crystal

Introduction

Polymeric colloidal spheres have been widely investigated as a prospect for the
fabrication of colloidal crystal films for utilization in varieties of optical applications,
such as bioassays, sensors, displays, colour, lasers and solar energy [1–3]. For the
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majority of these applications, narrow size distribution, size control, morphology,
shape, copolymer composition, cost and surface electrical properties are of great
importance [3–7]. In recent years, a myriad of procedures like emulsion, suspension,
precipitation and dispersion polymerization has been demonstrated for synthesizing
controlled polymeric microspheres with specific desire properties [3, 8–10] with
emulsion polymerization among the most widely used.

Several techniques like gravity sedimentation, vertical deposition, spin coating,
electrophoresis, among other techniques have been proven to be very useful for
attaining self-assembly of polymer colloidal spheres with vertical deposition tech-
nique being the most extensively used. Among the myriad of polymers that have
been previously used for the fabrications of colloidal crystals with compact periodic
monodisperse colloidal particles, polystyrene (PS) is considered to be very valuable
due to excellent properties like lowwater absorbing property, rigidity, low production
cost, etc. [11–13]. Many practical applications have been achieved in the industry
using this polymer [14, 15]. However, the presence of non-polar functional groups
in its chemical structures can limit its usefulness in some practical applications that
require the generation of photonic crystals with strong bonding strength with its
substrate, among others. Depending on the nature of application that requires the
utilization of polystyrene microspheres, functional groups can be incorporated into
its structures to suit the required application. For example, Yao Meng et al. [16]
generated colloidal crystal coloured films with improved mechanical properties and
hydrophobicity from PS spheres by incorporating it with polyacrylate. Also, Jingxia
Wang et al. [7] also improved the mechanical strength between the inter-phase of
colloidal photonic crystals and its substrate by using hard core PS latex with elas-
tomeric methyl acrylate and acrylic acid shell. Colloidal crystal films with a special
FCC structure and tough mechanical strength were simply fabricated using latex
spheres with a hard PS core and an elastometric PMMA/PAA shell. In an attempt to
improve the properties of polystyrene, butyl acrylate and acrylic acid were incorpo-
rated into styrene monomers. This is the first time a correlative study on the influence
of butyl acrylate (BA) and acrylic acid (AA) on PS in P(St–BA–AA) latex and that
of the conventional PS latex has been studied.

In this study, the impact of incorporating butyl acrylate and acrylic acid into
the structure of PS microspheres via emulsion polymerization was evaluated by
characterizing the as-synthesized PS and P(St–BA–AA) latexes for the fabrication
of mono-sized and binary-sized colloidal crystals.

Experimental

Materials

All reagents like butyl acrylate (BA), styrene, acrylic acid (AA), sodium
hydroxide, acrylamide (AAm), sodium dodecyl benzenesulfonate (SDBS),
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N, N-methylenebisacrylamide (99%) (BIS), ethylene glycol, N, N-
methylenebisacrylamide (99%) (BIS), ammonium bicarbonate, (EG), potas-
sium per-sulfate (KPS), pure nitrogen gas, ammonium per-sulphate (APS) and
dimethoxy-acetophenone (DMAP) are of analytical grade.

Experimental Procedure

Surfactant-free emulsion polymerization method was used to prepare colloidal
polystyrene (PS) spheres as described by Yohanala et al. [14]. Inhibitor present in
the styrene was removed by washing with 1 M sodium hydroxide solution. Styrene
(1.36 g) was transferred to a two-neck reaction flask containing 15 g of distilled
water, and thereafter agitation was carried out with the aid of a magnetic stirrer
(700 rpm). A temperature of 80 °C was maintained in the reaction vessel. The reac-
tion was carried out in an inert atmosphere by continuously injecting nitrogen into
the system. After 15 min, 0.05 g of potassium per-sulphate was introduced into the
reaction mixture to initiate polymerization reaction. The reaction was stopped after
7 h. Centrifugation process was thereafter used to collect the prepared latex which
was thoroughly washed with distilled water.

Preparation of Monodispersed P(St–BA–AA) Latex Spheres

Emulsion polymerization method was employed in the synthesis of poly (styrene–
butyl acrylate–acrylic acid) [P(St–BA–AA)] colloidal latex as described byMinghui
et al. [17] with modification. The styrene was washed with 1 M sodium hydrox-
ide solution to remove the inhibitor present. Acrylic acid and Butyl acrylate were
used without purification [14]. A double step polymerization method was preferred
over the one-pot synthetic procedure described by Minghui et al. [17] because butyl
acrylate undergoes polymerization in the presence of heat. In a routine experimental
procedure, ammonium bicarbonate (0.085 g), acrylic acid (AA) (0.720 g), styrene
(St) (3.190 g) and sodium dodecyl benzene sulphonate (SDBS) (0.005 g) were trans-
ferred into a 50 ml flask with distilled water (16.5 g). The mixture was agitated at
410 rpm with a magnetic stirrer in an inert environment for a period of about 30 min
and temperature of 90°C. This was immediately followed by transferring amixture of
butyl acrylate (BA) (0.735 g) monomer and APS initiator (0.091 g) into the reaction
flask. The reaction was allowed to stand for 13 h.
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Characterization Techniques

Transmission electron micrographs of the PS and P(St–BA–AA) colloidal particles
were viewed using FEI Tecnai 30 G2S-TWIN-TEM at an accelerating voltage of
300kV.Atomic forcemicrographswere captured usingMulti-Mode8AFMequipped
with NanoScope V controller (Bruker, Santa Barbara, CA, USA). Scanning electron
micrographs were taken using a scanning electron microscope (JEOL-JSM 5600
LV). Olympus BX51 polarized optical microscope was used to examine the mor-
phology of the fabricated colloidal crystal films. Perkin-Elmer Series Spectrum Two
FT-IR spectrometer was used to determine the functional in the polymer samples.
PANalytical EMPYREAN instrument equipped with reference radiation of Cu Kα

(λ = 1.54 Å) at an operating voltage of 45 kV was used to capture the powder X-ray
diffraction pattern of both polymer samples. The thermal stability of the polymer
samples was evaluated using a thermo-gravimetric analyzer TA Q50 at a heating
rate of 10 °C/min under a nitrogen gas atmosphere. Dynamic light scattering (DLS)
(Nano-Zetasizer,Malvern Instruments) was used to examine the polydispersity index
(PDI) and particle diameters of the as-synthesized polymer samples at 25 °C under
the scattering angle of 173° at 6333 nmwavelength. The glass transition temperature
(Tg) was obtained using a DSC 2920 module in conjunction with the TA Instruments
5100 system at a scan rate of 10 °C/min under a nitrogen atmosphere.

Results and Discussion

Figure 1a shows bands of infrared spectra corresponding to the functional groups
of PS and P(St–BA–AA) latexes. Some of the absorbance peaks in the prepared
polymer samples were observed to be similar due to the existence of the polystyrene
core in both as-synthesized polymeric samples. The peaks at 696 and 762 cm−1

were observed to be common to both prepared PS and P(St–BA–AA) samples and
can be attributed to C–H out-of-plane bending vibration in methylene and benzene
groups, respectively. A broad peak ranging from 1443 to 1505 cm−1 corresponding
to aromatic C = C–C stretching vibration was observed in the spectrum of PS [18].
A similar absorbance peak was also seen in an equivalent position for P(St–BA–
AA) latex, although the peak is split into two. The observed peak corresponding to
1599 cm−1 in the spectra of both PS and P(St–BA–AA) samples is due to aromatic
C = C–C stretching vibration [18]. The similar peaks at 2915 cm−1 and 3037 cm−1

observed in the spectra of the synthesized samples are due to methylene and aromatic
C–H groups, respectively [18]. The emergence of absorbance peaks at 1162 cm−1

and 1725 cm−1 in the spectrum of P(St–BA–AA) could be ascribed to C–O stretch-
ing vibration (ester bond) [19–21] and carboxylic acid (C = O stretch) [21–23],
respectively. These peaks were not observed in the spectrum of PS. The presence of
completely new peaks in the spectrum of P(St–BA–AA) as opposed to that of the
as-synthesized PS sample could be due to the modification made on PSmicrospheres
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Fig. 1 a FTIR, b TGA, c XRD and d DSC patterns of PS and P(St–BA–AA) microspheres

during the synthetic stages of P(St–BA–AA), by incorporating butyl acrylate (BA)
and acrylic acid (AA) into its structure.

Figure 1b shows the TGA results generated on samples of PS and P(St–BA–AA)
at a heating rate of 10 °C/min. The spectrum of PS showed a fairly constant rate
of degradation from 0 to 382 °C, whereas there was a slight decrease in the weight
of P(St–BA–AA) between the temperature of 226 and 382 °C. This could be due
to the loss of carbon (IV) oxide and water from the acrylate and ester portion of
the terpolymer. As the temperature of 382 °C exceeds, there was a rapid decrease
in the spectra of both samples until the temperature reached 382 °C. 14.2% loss in
weight was observed during this period. Again, as the heating temperature increased
beyond 382 °C, the rate of degradation for both samples further increased until the
temperature reached 455 °C. The total weight loss during this period is 84.8%. The
TGA analysis, therefore, showed that both samples were completely degraded at
455 °C.

Figure 1c revealed the XRD spectra of the as-synthesized PS and P(St–BA–AA)
samples. Despite the fact that the chemical composition of both samples differs,
equivalent absorption peaks with broad nature at position 2θ equal to 20° were
observed for both samples. Both synthesized samples were concluded to be amor-
phous in nature because of the broad nature of their peaks. The obtained result is
consistent with the observation of previous publications [23–25].
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Figure 1d revealed the spectral of PS and P(St–BA–AA) obtained fromDSC anal-
ysis. The glass transition temperatures (Tg) of the prepared samples were also evalu-
ated because of the usefulness of thermal stability in determining feasible applications
for polymer colloidal latexes. The acquired result sets the Tg of the as-synthesized PS
andP(St–BA–AA)microspheres at about 106 °Cand104 °C, respectively. The results
showed that the prepared P(St–BA–AA) sample has a slightly lower Tg (104 °C)
when compared to the polystyrene latex (106 °C). The reduction in glass transition
temperature from 106 to 104 °Cmay be due to the incorporation of the butyl acrylate
(BA) unit to polystyrene chain during the formation of P(St–BA–AA) latex. The
incorporation of BA to PS has been shown to decrease the Tg value of PS because
polybutyl acrylate has a much lower glass transition temperature than polystyrene
[26]. These temperature values indicate that the glassy and rigid nature of the syn-
thesized PS and P(St–BA–AA) latexes will habitually be conserved whenever they
are applied within 102 °C and 110 °C, respectively. However, their glassy and rigid
nature becomes rubbery like or viscous when their glass transition temperature (Tg)
is surpassed.

Table 1 shows the particle diameters, polydispersity indexes and zeta potentials
of the synthesized PS and P(St–BA–AA) latexes. Average particle diameter, poly-
dispersity index and zeta potential of about 197.5 nm, 0.051 and −31.90 mV were,
respectively, obtained for PS and 404.9 nm, 0.027 and−37.40mV for P(St–BA–AA)
latex using dynamic light scattering (DLS) analysis (Table 1). The results showed
that the synthesized PS and P(St–BA–AA) latex particles are monodispersed and of
a good stable colloidal dispersion. However, the crystal films obtained using P(St–
BA–AA)microspheres showed a slightly higher degree of monodispersity compared
to the film obtained via self-assembly of PS.

Figure 2 shows the scheme of structure and transmission electron micrographs
of as-prepared P(St–BA–AA) and PS latexes. The TEM micrograph of P(St–BA–
AA) (Fig. 2b) revealed a distinct light and thick layer which signified a core-shell
morphology. This observation was quite different from that of PS as no layer was
observed in its TEM micrograph (PS) (Fig. 2c). The outermost layer (shell) of the
latex sphere of the prepared P(St–BA–AA) latex (Fig. 2b) is made up of poly(butyl
acrylate–acrylic acid) polar groups containing monomers (2a) while the inner layer
(core) (Fig. 2b) is made up of non-polar monomer polystyrene group (PS) (Fig. 2a)
[27].

Ordered microstructures were generated by subjecting the as-synthesized PS
and P(St–BA–AA) latexes to vertical deposition technique at 55 °C to facilitate
evaporation-induced self-assembly of the polymer colloidal particles. Figure 3 shows

Table 1 Particle diameter,
polydispersity index and zeta
potential of PS and
P(St–BA–AA) latexes

PS P(St–BA–AA)

Average particle diameter (nm) 197.3 404.9

Polydispersity index (PDI) 0.051 0.027

Zeta potential (mV) −31.90 −37.40
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Fig. 3 Scanning electron micrographs of the prepared a PS and b P(St–BA–AA) with insets of
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the scanning electron micrographs of colloidal crystal films generated from the as-
synthesized PS andP(St–BA–AA) colloidal particleswith insets showingwidermag-
nification images of the crystal film captured by an optical microscope. The results
revealed periodic hexagonal alignment of latex spherical particles. However, P(St–
BA–AA) particles (Fig. 3b) resulted in a slightly more compact morphology than the
PS films (Fig. 3a). The arrangement of particles from both samples is in line with the
polydispersity results shown in Table 1. The observed compact nature of the PS and
P(St–BA–AA) crystal film particles has nothing to do with their chemical composi-
tion but may be attributed to the reaction conditions used during the synthetic stages
of these polymer samples [21]. Polar carboxylic and acrylate groups have been shown
by a previous study to have the capacity of improving the bonding strength existing
between the interface of polymer colloidal particles and glass substrates [19]. As
such, the bonding of the as-synthesized P(St–BA–AA) colloidal particles with glass
substrates was expected to be higher than that of PS latex because of the presence of
polar carboxylic and acrylate groups in its structure. The hydrophilic property of the
as-synthesized P(St–BA–AA) latex may have also increased the hydrogen bond con-
nections on the carboxylic (COOH) groups in the colloidal latex surface compared
with the generated PS colloidal crystals [19]. The insets in Fig. 2a, b is a top surface
view of an area in both colloidal crystal films viewed by a wide magnification optical
microscope. The parallel lines revealed that there are few defects on the surfaces of
the films. This could be attributed to solvent evaporation during the growth stage of
the colloidal crystals.

Figure 4 shows three dimensional images (3D) of PS and P(St–BA–AA) colloidal
crystal films. The AFMmicrographs revealed uniform spherical particles that readily
assemble into a highly periodic patternwith hexagonal symmetry. The observedmor-
phology is in agreement with the morphology shown by the scanning electron micro-
graphs (Fig. 3). The average particle diameter, particle height and surface roughness

Fig. 4 Three dimensional images (3D) of PS and P(St–BA–AA) colloidal crystal films
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Fig. 5 Binary colloidal crystals fabricated from the as-synthesized PS and P(St–BA–AA)
microspheres

of the fabricated films were estimated to be about 192.5 nm, 37 nm and 9.71 nm for
PS and 401.6 nm, 41.5 nm and 9.61 nm for P(St–BA–AA), respectively.

Binary colloidal crystals have attracted great attention due to its fascinating poten-
tial formanipulatingmaterial properties towards utilization in, for instance, semicon-
ductors, spintronics and photonics due to the fact that they permit the arrangements
of particles with quite varied properties on a lattice [2].

Figure 5 shows binary colloidal crystal films fabricated using the as-synthesized
PS and P(St–BA–AA) colloidal microspheres. Colloidal solutions of the PS
(197.3 nm) and P(St–BA–AA) (404.9 nm) mixtures were prepared and thereafter
subjected to vertical deposition procedure at 55 °C for the assembly of colloidal
particles on the surface of a glass slide. SEMmicrographs revealed that the colloidal
particles readily assemble into an ordered periodic arrangement in such a way that
the small size PS colloidal crystal spheres are assembled round the larger size P(St–
BA–AA) particles in a well-ordered periodic manner. However, the numbers of small
size particles were observed to be far more than the larger particles, and as such too
many small particles were assembled around them. The formation of high-quality
binary crystals may have been hindered by the fact that the colloidal particles used
for this fabrication are micrometer-sized colloids as a previous study has established
gravity and slow crystallization rates to be responsible for the hindered formation
of micro-size high-quality binary crystals [2]. It could also be that the PS and P(St–
BA–AA) mixing ratio used during the preparation of the colloidal particles did not
meet the required mixing ratio that could generate binary colloidal crystals with the
best possible qualities.
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Conclusion

This study has demonstrated the synthesis of monodispersed (P(St–BA–AA) and
PS latexes. Experimental results showed that the as-synthesized P(St–BA–AA) latex
wasmore thermally stable than the preparedPSmicrospheres. Furthermore, spherical
shaped particles that are readily assembled into a closely-packed three dimensional
highly periodic pattern with hexagonal symmetry were generated using both col-
loidal latexes. Also, the fabrication of binary colloidal crystals with ordered particles
was successfully carried out. The results disclosed that the improvement made on
the functional groups of PS by incorporating with butyl acrylate (BA) and acrylic
acid (AA) generated P(St–BA–AA) latex with a slightly more enhanced properties
compared to the as-synthesized PS. This modified polystyrene may be useful in opti-
cal devices and decorative materials, such as high-performance reflectors, chemical
sensors and environmentally friendly colour coatings.
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Polymer and Other Nanocomposites



Effect of Graphene Nanosheets
Reinforcement on the Mechanical
Properties of Rubber Seed Oil Based
Polyurethane Nanocomposites

E. O. Obazee and F. E. Okieimen

Abstract Graphene-reinforced polyurethane nanocomposites were prepared by cat-
alytic reaction of dispersion of exfoliated graphene nanosheet/rubber seed oil polyol
(Gr–RSOP) hybrid and polyisocyanates (hexamethylene diisocyanate, HMDI, and
4,4’-methylene-bis(phenylisocyanate, MDI), at equimolar reactant ratios (NCO/OH
ratio of 1.0), to give samples Gr–PUH and Gr–PUM, respectively. The structure and
morphology of the obtained nanocomposites were analyzed using X-ray diffraction,
atomic force microscopy (AFM) and FT–IR, respectively, while the mechanical and
thermal properties were determined using nanoindenter, universal testing machine
and thermogravimetric analyzer. The X-ray pattern revealed exfoliated graphene
nanosheets in the nanocomposites, while the structures of the neat polyurethanes
and nanocomposites showed great similarity. The hardness, tensile strength, young
modulus, and thermal stability showed varied improvement and a corresponding
reduction in elongation attributed to graphene incorporation.

Keywords Graphene · Rubber seed oil · Polyol · Polyurethane ·
Nanocomposites · Property

Introduction

The high crystalline nature of graphite hinders large polymer molecules from fill-
ing the inter-layer space of its unit graphene sheets, thus making it unsuitable in
polymer reinforcement, and hence the need for its modification to graphene. This
can run from expanding graphite (by several oxidizing agents) [1, 2] to its exfolia-
tion. Notable exfoliation techniques are micromechanical exfoliation, liquid-phase
exfoliation, epitaxial growth on SiC and chemical vapor deposition (CVD) growth

E. O. Obazee (B)
Rubber Research Institute of Nigeria, P. M. B 1049 Benin City, Nigeria
e-mail: efosaosagie@yahoo.cco.uk

F. E. Okieimen
Department of Chemistry and Center for Biomaterials Research, University of Benin, Benin City,
Nigeria

© The Minerals, Metals & Materials Society 2019
T. S. Srivatsan and M. Gupta (eds.), Nanocomposites VI: Nanoscience
and Nanotechnology in Advanced Composites, The Minerals, Metals
& Materials Series, https://doi.org/10.1007/978-3-030-35790-0_12

139

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-35790-0_12&domain=pdf
mailto:efosaosagie@yahoo.cco.uk
https://doi.org/10.1007/978-3-030-35790-0_12


140 E. O. Obazee and F. E. Okieimen

[3–9]. Graphene is a two-dimensional or single-layer graphite packed in a honey-
comb lattice [9–13] with a thickness of one single atom [14], which is thought to
be the stiffest [3, 15] and strongest material in the world [16]. Intrinsic graphene
is a semi-metal or zero-based gap semi-conductor [9] with unique properties that
vary significantly from the bulk graphite and have greatly influenced its incorpora-
tion in new technologies [17]. Pristine graphene has amazing mechanical, electrical,
chemical and thermal properties (high thermal conductivity approx. 5000 Wm−1

K−1), an ultra-high intrinsic carrier mobility (~200, 000 cm2V−1S−1), large theoret-
ical surface area (~2630 m2 g−1), and high theoretical transmittance (97.7%). All
these qualities of pristine graphene make it promise in many applications [9], such
as in transparent conductive films, transistors, super capacitors, sensors, and catalyst
support [14, 18–23].

A major encumbrance in the use of pristine graphene material is the difficulty
in obtaining the unmodified form and insolubility in all organic solvents, as the
modified graphene does not retain the structural quality and exceptional properties
(e.g., as electron mobility) found in the single-layer graphene [18, 24]. Graphite
oxidation to graphene oxide (GO), via modified Hummers method, and the reduction
of the obtained GO to reduced graphene oxide (rGO) is the commonest method
used to produce graphene, but with distorted structure that cannot be fully restored
[24, 25]. Also, rGO is susceptible to aggregation and requires surfactant or strong
capping agent to improve dispersion due to its hydrophobicity, and thereby introduces
impurity and thus disrupts the electrical structure of pristine graphene as the surfactant
is difficult to remove [26–29].

Without significant modification, exfoliation of graphene from graphite in the
liquid phase can be achieved using both aqueous and non-aqueous systems, in rea-
sonable quantities for research purpose that can be scaled up. Unlike the non-aqueous
system, the aqueous system of liquid-phase exfoliation of graphene is cheap, safer
and environmentally friendly from the use of water, only requiring the addition of
surfactant in order to get the best interfacial tension range for efficient exfoliation.
Matching the cohesive energy of liquid phase to the cohesive energy of graphite pro-
motes the separation of graphitic and graphene sheets under shear [30]. Liu et al. [15]
and co-worker demonstrated that graphite flakes can be exfoliated to give graphene
sheets that are well dispersed in ethanol/water mixture and stable for years without
addition of any surfactants.

Though there are several nanoparticles that are currently used in the synthesis of
polymer nanocomposites (PCN), such as clays, carbon nanotubes, silica nanopar-
ticles, nanofibers, etc., graphene is outstanding. Graphene sheets can be used in
hydrophobic and hydrophilic polymers and can furnish most of the possible merit of
nanorange sized fillers [31–33]. The low cost, natural availability, combined with its
good mechanical, thermal, and barrier properties makes graphene a choice nanopar-
ticle for use in polymer nanocomposites that can offer possibilities for new material
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development. Various methods that can be employed for the preparation of polymer
graphene nanocomposites include solution blending [31, 34], exfoliation–adsorption
[35], in situ intercalative polymerization [36] and melt intercalation [37].

There are some reports on expanded graphite or exfoliated GO, rGO, function-
alized rGO, and nanocomposites based on a range of polymers [38–41] but there
appear to be few reports on pristine graphene–polyurethane nanocomposites, and to
the best of our knowledge, no report on rubber seed oil polyol based polyurethane
nanocomposite. In this study, we report the preparation of rubber seed oil polyol
(RSOP) based graphene-reinforced polyurethane nanocomposites.

Experimental

Materials and Methods

Mechanically expressed rubber seed oil (RSO) was obtained from Rubber Research
Institute of Nigeria and used as received in the preparation of rubber seed oil polyol
[42], physico-chemical properties given in Table 1. Laboratory grade graphite pow-
der, −20–80 mesh, 99.9% (metal basis), was obtained from Alfa Aesar, USA. Hex-
amethylene diisocyanates (HMDI), 4,4’-methylene-bis(phenylisocyanate) (MDI),
toluene, ethanol, dichloromethane, and dibutyltindilaurate (DBTDL) were obtained
from Sigma Aldrich, India.

Table 1 Physico-chemical
properties of RSOP

Properties RSOP

Color Orange-yellow

Density 1.019

AV (mgKOHg−1) 14.733

SV (mgKOHg−1) 239.17

IV (gI2100 g−1) 9.240

HV (mgKOHg−1) 203.47

Oxirane content (%) 0.402

Mn (g mol−1) 1014.68

Functionality 3.7524
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Characterization Techniques

Structural and Morphological Analyses

Structural studies of the Polyurethane and nanocomposites samples were recorded
using Agilent Technologies Cary 660 FTIR spectroscopy attached with attenuated
total reflectance (ATR). Rigaku Smart lab Wide Angle X-ray Diffraction (WAXD)
machine using CuKa radiation (at λ= 1.54068 A°) and a Bragg–Brentano geometry,
equipped with X-ray generator set at 45kV tension and 100 mA current, a point
proportional detector, and a curve quartz monochromator, a goniometer radius circle
of 250 mm were used for examining the crystalline and morphology of the samples.
A scanning rate of 0.02o/s over range of 2θ (2–50o) for one-dimensional X-ray
diffraction (XRD) pattern on oriental samples suspended on a glass slide was used
for the X-ray studies. Also, the Bruker Dimension ICON ScanAsyst Atomic Force
Microscopy (AFM) was used for the surface morphology, using the tapping mode.

Physico-Mechanical Properties of Polyurethanes and Nanocomposites

Tinius Olsen H50KS Universal Testing Machine (using ASTM 6287-09 method,
50KN force at a speed of 50 mm/min and gauge length of 12.04) and Hystron TI
950 Triboindenter, with a standard diamond indenter probe, using ASTM E2546-
07, were used for determining the tensile properties and hardness, respectively. The
thermal stability of the samples was carried out with the Netzsch STA 449 FI Jupiter
analyzer at a heating rate of 10 °C/min, to a temperature of 600 °C, using sample
weight between 10 and 14 mg at 10 k/min in nitrogen. The degree of swelling of the
polymers was carried out by immersing cut-and-weighed size pieces into a solution
of toluene and taking the weight at interval at ambient temperature until a constant
weight was obtained. At this point, the sample was blotted dry with a dry cloth and
weighed. Duplicate experiment was carried out for each sample and the average was
taken as the final weight [43].

Preparation of Graphene-Reinforced Polyurethane
Nanocomposites

Exfoliation of Graphene Nanosheets

The method of Liu et al. [15]was used in the preparation of the mono- or few layered
graphene (Gr), by sonication of graphite powder in ethanol/water solution. In a
typical experiment, 1 g of graphite powder, −20–80 mesh and 99.9% metal basis,
was weighed into a vial, and 40 ml solution of 70/30 ethanol/water solution was
poured in. The mixture was shaken for about a minute and placed in an ultrasonic
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Fig. 1 aCentrifuged and sonicated graphite/graphene dispersion in ethanol–water.bRSOP. c Pipet-
ted upper layer supernatant graphene dispersion (middle vial is ethanol–water reference). dMixture
of pipette graphene layer in ethanol–water and RSOP

water bath, at 25 °C, and dispersed for about 3 h, after which it was centrifuged for
60 min at 500 rpm. The supernatant upper layer graphene was pipetted off, using a
micro-pipette, into a pre-weighed reactor flask, see Fig. 1a, c.

Preparation of Graphene–Rubber Seed Oil Polyol (RSOP) Hybrid

A calculated amount of rubber seed oil polyol (RSOP) (required in preparing
polyurethanes atNCO/OH ratio 1.0)was added to the flask containing the as-obtained
graphene dispersed in ethanol/water described above. The flask was swirled to dis-
solve the RSOP and to ensure proper mixing and placed in a rotary evaporator to
remove the ethanol/water solution, first at 40 °C, and then at 80 °C, in a total of about
24 h, until the graphene–rubber seed oil polyol (Gr-RSOP) hybrid so obtained was
solvent and moisture free.

Preparation of Polyurethanes and Graphene-Reinforced Polyurethane
Nanocomposites

Into two quick-fit flasks containing Gr-RSOP hybrid obtained above and RSOP,
respectively, under reflux and fitted with nitrogen gas inlet and was charged the
required amount of DBTDL catalyst and toluene, and stirred to enable proper mix-
ing in an inert atmosphere. Then the calculated amount of HMDI required to give an
NCO/OH ratio of 1.0 was calculated (see recipe on Table 2), and was charged into the
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Table 2 Recipe of
graphene-reinforced
polyurethanes
nanocomposites

Samples Ingredients Graphene content (%)

PUH RSOP—HMDI
(NCO/OH ratio 1.0)

0

Gr–PUH RSOP—HMDI
(NCO/OH ratio 1.0)

0.13

PUM RSOP—MDI
(NCO/OH ratio 1.0)

0

Gr–PUM RSOP—MDI
(NCO/OH ratio 1.0)

0.13

Fig. 2 Preparation of graphene-reinforced polyurethane nanocomposites

flasks, and the mixture was stirred and de-gassed, and then poured into a pre-greased
mold to give graphene-reinforced polyurethane (Gr–PUH) and neat polyurethane
(PUH) samples. The samples (Gr–PUH and PUH) were cured for about 2 h at 60 °C,
and finally for about 12 h at 100 °C. This process was repeated using MDI as the
polyisocyanate to give Gr–PUMand PUM samples. Figure 2 is a schematic represen-
tation of the reaction processes. The graphene loading per nanocomposites prepared
was about 0.13%, based on the content of polyol.

Results and Discussion

Morphology of polyurethane nanocomposites
Insight into the degree of nanodispersion of the polyurethane nanocomposites was
evaluated withWAXD. From the XRD diffraction patterns of the nanocomposite and
neat polyurethanes (Fig. 3), the amorphous nature of the polyurethane nanocompos-
ites (Gr–PUH andGr–PUM)with little crystallinity, similar to the neat polyurethanes
(PUHandPUM), is revealed. Thus, themolecules of the polyurethanes and nanocom-
posites are mainly irregularly packed with disordered orientation. This is due to the
fact that polymers are composed of low atomic number elements with small atomic
scattering factors and have only small content of crystal present [38]. For compar-
ison, the XRD pattern of graphite (G), graphene oxide (GO), graphene nanosheet
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Fig. 3 X-ray diffractions of graphite, graphene nanosheets, graphene oxide, HMDI and MDI
polyurethanes and their graphene-reinforced nanocomposites

(GNS), and Gr-PUs are shown with their characteristic peaks. The absence of the
sharp planar (hexagonal arrangement of carbons) peak of graphite at about 27.4o in
the 2θ degree of the Gr–PU XRD is an indication of the absence of graphite. Suffice
to say also that it affirms to the fact that graphite was not oxidized to its oxide (GO) in
the processing stage, nor did it remains in the graphite state. This could only point to
the fact that there was successful dispersion (exfoliation) of graphite in ethanol/water
mixture to single and few layered graphene nanosheets according to the technique
reported by Liu et al. [15], neither did it restack or agglomerate back to graphite in
the course of its dispersion into RSOP, nor in the preparation of the polyurethane
nanocomposites. This is further confirmed by the XRD of the exfoliated graphene,
which shows no prominent peak, except a very little hump (23–27°) subsumed in the
halo peaks of the polyurethanes. And there are no other visible peaks in this region
in the XRD of the nanocomposites that suggest otherwise.

The tapping mode AFM technique was also used in the morphological study
of the samples. In Fig. 4a, b are shown the soft (dark) and hard (bright) domain
segments of pristine polyurethanes elastomeric PUH and the rigid PUM surfaces,
which are typical with polyurethanes. Detailed information on the nature and dimen-
sion of the dispersed phase on the continuous matrix phase, as seen in Fig. 4c, was
not possible due to confusion with the characteristic segmentation domains of the
polyurethanes and absence of SEM and TEM analysis of samples. However, the sur-
face roughness as average Root Mean Square (Rq) values of Gr–PUH (10.13 nm)
and Gr–PUM1 (21.8 nm) which are higher than those of the pristine polyurethanes
(PUH and PUM), with an average Root Mean Square (Rq) values of 7.125 nm and
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Fig. 4 a AFM of PUH and PUM showing the segment, b AFM of Gr–PUH

19.25 nm, respectively, was obtained with the AFM. This increase in surface rough-
ness of the graphene-reinforced polyurethane nanocomposites could be attributed to
the inclusion of the graphene nanosheet fillers.

The FTIR is a vital instrument used in the structural elucidation of polyurethane,
as it gives very vital information of two major band regions, namely, the urethane
linkage-NH region and the carbonyl (−C = O) region of the polymer. The FTIR
spectra of the polyurethanes and their nanocomposites (Gr–PUH and Gr–PUM) are
shown in Fig. 5a, b and are observed to be very similar with their respective pristine
polymer. The spectra show the typical donor N-H and acceptor C = O stretching
absorption bands of polyurethane at 3300–3360 cm−1 and 16950–1735 cm−1, respec-
tively, the asymmetric and symmetric stretching absorption bands of CH (2865–297)
and present in the MDI derivatives are the C = C in-plane aromatic peaks. In the
carbonyl region, the presence of the associated and non-associated stretching bands,
which represents the level of H-bonding and free or non-hydrogen bondingwithin the
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Fig. 5 FTIR of a HMDI polyurethane, PUH, and graphene polyurethane nanocomposite (Gr–
PUH). b IR of MDI polyurethane (PUM) and graphene polyurethane nanocomposite (GrPUM)

urethanes structures, is visible. It is observed that the peaks of theH-bondedC=Oare
more intense and broad, which also reflects the level of inter-molecular activities in
the network. There is an exceptional little shoulder around 1785–1800 cm−1, present
in the two nanocomposites spectra, absent in those of the pristine polyurethanes.

Mechanical Properties

Pristine graphene is reported to have the highest theoretical strength of all recorded
known materials [44], and it is expected that this will greatly impart on physico-
mechanical properties of the polyurethanes, such as hardness (ability to resist inden-
tation), strength and modulus, thermal stability, etc., where there is proper mixing
and exfoliation (Table 3).

Table 3 Physico-mechanical properties of polymer and nanocomposites

Sample Young’s
modulus
(GPa)

Average
hardness
(Mpa)

Tensile
strength
(Mpa)

Total
elongation
(MPa)

Ultimate
true
stress
(MPa)

Yield
stress
(MPa)

Swelling
@30° C
(%)

PUH 0.016 ± 001 1.399 ± 001 2.09 187 5.93 2.09 1. 58

Gr–PUH 0.020 ± 002 1.580 ± 003 2.12 83.9 3.92 1.75 1.54

PUM 1.963 ± 001 60.50 ± 001 5.17 161 12.6 5.17 1.51

Gr–PUM 2.967 ± 001 136.92 ± 001 8.56 113 9.08 7.68 1.46
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Fig. 6 Loading–unloading curves of polyurethanes and nanocomposites

Hardness

The loading–unloading curves of the polyurethanes (PUH and PUM), which are
soft and rigid, respectively, and the nanocomposites (Gr–PUH and Gr–PUM), which
are both rigid, are shown in Fig. 6 GR–PUH and Gr–PUM with about 12.9% and
126.2%, respectively, from the pristine PUH and PUM. The relatively high level
of improvement recorded in Gr–PUM compared to Gr–PUH could be due to the
combinative effect of graphene’s hardness, brought to fore by good dispersion and
interaction at the interphase, and the rigid nature of the pristine aromatic polyurethane
facilitated by Van der Waals forces and hydrogen-bond interactions [44].

Tensile Strength and Modulus

The stress–strain curves of PH, PUM, Gr–PUH and Gr–PUM are shown in Fig. 7,
and it is seen that there is an increase in the tensile strength of the nanocomposites
relative to the unfilled polyurethanes, which led to 1.4 and 65.57% increase in Gr–
PUH and Gr–PUM, respectively. The comparatively lesser improvement in Gr–PUH
could be due to the inability of the graphene nanosheet and the polyurethane matrix
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Fig. 7 Stress–strain curves of polyurethanes and nanocomposites

to have an optimized intereactivity at the interphases, resulting in the very low force
of intimacy or homogeneity. This explanation is supported by the drastic reduction in
its elongation at break, which is 83.9% (about 55.1% reduction from PUH), however.
There was no sign of graphene stacking, as evidenced in the lack of the graphitic
peak in the Gr–PUs X-ray diffractions. The relatively high increment in Gr–PUM
could be due to relatively good dispersion and interaction at the interphases of the
graphene sheets and polymer matrix, in addition to the rigid nature of the aromatic
diisocyanate based polyurethane, resulting from higher H-bonding content, the effect
of the aromatic ring, and higher crosslink in the network.

The Young’s modulus is observed to increase by 25 and 51.1% in Gr–PUH and
Gr–PUM. However, these increments in hardness and strength were followed by
a corresponding decrease in elongation at break. As stated earlier, the unprece-
dented reduction in the elongation in Gr–PUH could be due to the failure at the
interfacial region which did not have optimum interaction at the interphase of the
graphene nanosheet and matrix of the polymer. Also, there is a reduction in the ulti-
mate true stress in Gr–PUH and Gr–PUM, while yield stress increased in Gr–PUM
and decreased in Gr–PUH. There is generally some improvement in the mechanical
property of the polyurethane nancomposites (see Fig. 8), which could be ascribed to
the impact of the presence of graphene reinforcement.
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Fig. 8 Thermograms of polyurethanes and nanocomposites

Thermal Stability

The TGA results of the nanocomposites are listed in Table 4, while the respective
thermograms are shown in Fig. 8.

The onset of degradationwas at 250 °C forGr–PUHandGr–PUMeach, represent-
ing an increment of about 23.7% and 219%, respectively, compared to the pristine
polyurethanes. There is an increase in the temperature of the first step of degradation
from 298°C to 297°C in PUH and PUM, to 310 °C, in Gr–PUH and Gr–PUM, i.e.,
about 4.0% and 4.1% increase, respectively. However, it was observed that unlike
the pristine PUH, Gr–PUH thermogram had three steps, with the middle step not
as pronounced, showing some level of stability at about 419 °C, which could be
ascribed to the aromatic rings present in graphene.

This same step is seen in the thermograms of PUM and Gr–PUM, which is the
middle or second degradation step, also due to degradation of the aromatic ring from
the MDI aromatic ring, occurring at temperature of 430 °C.

Table 4 Thermal properties of Polyurethanes

Sample Onset (oC) First step (oC) Second step (oC) Third step (oC)

PUH1 202 298 515 –

Gr–PUH 255 310 420 530

PUM1 205 297 430 520

Gr–PUM 255 310 430 510
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Conclusions

1. Graphene (mono- and few layered) sheets prepared by the method of Liu et al.
[15], via aqueous liquid-phase technique, were successfully dispersed in RSOP
co-monomer without re-aggregation, and used to prepare RSO polyol based
graphene–polyurethane nanocomposites.

2. The inclusion of graphene brought about improvement in some of the properties
of the nanocomposites.

3. It is quite impressive to note that at filler level of about 0.13% there is
improvement in some properties of polyurethane nanocomposites.

4. This inclusion must satisfy certain conditions, such as good dispersion and/or
optimized interactions at the interphases, for significant improvement to be
obtained, as seen in Gr–PUH and Gr–PUM.
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Continuous Flow Process for Removal
and Recovery of Water Contaminants
with Magnetic Nanocomposites

Teagan Leitzke, Jerome P. Downey, David Hutchins and Brian St. Clair

Abstract Many natural water sources and industrial wastewaters contain low con-
centrations of metals and other contaminants. Therefore, an efficient and economical
method for low-level contaminant removal and recovery is needed. The purpose of the
research is to improve and modify a newly developed continuous flow ion exchange
process for expansion to a variety of non-industrial applications, including removal
of metal ions from the Upper Clark Fork River Watershed. The process involves
a dual column reactor designed to capture metal ions using 90–105 μm spherical,
functionalized silica gel coated magnetite particles, targeting copper ions with future
expansion to additional metals, such as manganese and zinc. The optimization of
nanoparticle synthesis and dispersion is ongoing with variables that include pH,
metal ion concentration, nanoparticle concentration, and temperature. Additional
focus involves maximizing contaminant capture, with current values of 0.19 mmol
Cu/g Fe3O4 for magnetite and 0.25 mmol Cu/g Fe3O4 for silica-coated magnetite.

Keywords Magnetite nanoparticles · Nanocomposites ·Wastewater treatment ·
Ion exchange · Adsorption

Introduction

Waste contamination can leave unacceptable concentrations of heavymetals in water
sources, creating environmental and health concerns. The U.S. Environmental Pro-
tection Agency (EPA) and Montana Department of Environmental Quality (DEQ)
have developed water standards to address these concerns. Three major elements
often found in contaminated mine wastewaters are copper, manganese, and zinc,
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which have water quality standards of 1.3 mg/L, 1.6 mg/L, and 2.0 mg/L, respec-
tively [1, 2]. Removing these contaminants in an efficient and cost-effective manner
is important for local and industrial-scale use.

Nanoparticles are of increasing interest due to their unique properties and com-
patibility with other materials. Applications of nanoparticles cross a variety of fields
including biomedicine, with targeted drug delivery, and thermodynamics, with use
in thermoelectric oxygen sensors [3–5]. Additionally, nanoparticles have been used
in environmental engineering applications. The magnetic properties of magnetite
nanoparticles can be exploited for use in metal contamination removal from wastew-
aters. Silica-coated magnetite nanoparticles have been synthesized and employed to
remove heavy metals from solution [6–8]. The current research effort is engaged in
developing and modifying reactors and synthesis methods in order to optimize the
process of removal and recovery of metal ions in wastewater.

Experimental Procedure

Nanoparticle Synthesis

Magnetite nanoparticles with diameters ranging from 20 to 30 nm were purchased
from SkySpring Nanomaterials, Inc. The nanocomposites were synthesized using a
procedure developed by Dr. Edward Rosenberg at the University of Montana [7].
The synthesis involves silica coating and two surface functionalization steps. The
image at left in Fig. 1 depicts the synthesis apparatus. There are four components
to the setup: the mixing arm, three-neck round-bottom flask, sonicator, and nitrogen

Fig. 1 Overall setup for the first step of nanoparticle synthesis (left); close up of the mixing
apparatus (right)
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tank, where a nitrogen atmosphere is required for the silica coating step. The image
at right in Fig. 1 shows a closer view of a three-neck, round-bottom flask used for
mixing and sonication of the nanoparticles throughout the process.

The first step uses tetraethyl orthosilicate (TEOS) as the source of silica for the
coating and is done under a nitrogen atmosphere to prevent oxidation of the mag-
netite to maghemite, which could be caused by the addition of ammonium hydrox-
ide to the nanoparticle suspension. The first surface functionalization step utilizes
methyltrimethoxysilane (MTMS) and 3-chloropropyltrimethoxysilane (CPTMS),
and the second functionalization step involves a poly(allylamine) (PAA) solution.
PAA functionalization of the silica surface adds adsorption sites to the surface,
with future work aiming to target specific metal ions using other resins and func-
tional groups. Each step involves several hours of mixing, washes with toluene or
2-proponal or deionized (DI) water and acetone, and complete drying of the nanopar-
ticles before beginning of the next step. The drying of the nanoparticles occurs using
an air stream for evaporating asmuch acetone as possible before placing the nanopar-
ticles into a vacuum chamber. Depending on the size of the container and how often
the vacuum is pumped, 1 week or longer may be required to fully dry the nanoparti-
cles. Further details can be found in Continuous Flow Process for Recovery of Metal
Contaminants from Industrial Wastewaters with Magnetic Nanocomposites [7].

Adsorption

Adsorption experiments were performed on magnetite and synthesized magnetite
nanocomposites to compare the effectiveness of synthesized nanoparticles versus
natural magnetite. Each adsorption experiment was completed over a 24-hour period
to determine total loading capacities. The loading capacity, q, was calculated using
Eq. (1) as follows:

q =
(
Ci − C f

)
V

m
(1)

where Ci and Cf are the initial and final concentrations, V is the total volume of
solution, and m is the mass of magnetite.

The nanoparticles were suspended in a mixture of methanol (to wet the nanopar-
ticles) and DI water. The mixture was then sonicated under vacuum to improve
dispersion and remove the methanol. A separate solution was made by dissolving
copper sulfate pentahydrate in DI water. After sonication, the copper solution was
added and the slurry was promptly placed on a shaker table to be agitated for 24 h.
Each experiment used a total volume of 250 mL and was carried out in 1000 mL
flasks to allow for sufficient contact between the copper ions and the nanoparticles.
After 24 h, the slurry was filtered and final copper concentration measurements were
made with a Hach DR3900 spectrophotometer.
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Reactor Systems

Two reactor designs, the third and fourth generation reactors, have been the focus
of the research over the past year; these are shown in Figs. 2 and 3. The third gen-
eration reactor was built at pilot scale with two vertical columns. The system is
operated by manual control, but an automation system capable of valve and magnet
control, as well as pH and magnet temperature-data logging, has been developed.
The automation system will be adapted to the fourth generation design as well. The
fourth generation design features a more compact in-line electromagnet for particle
collection.

The third generation design, shown at right in Fig. 2, is a dual column PVC reactor.
The process outlined in the flow sheet, shown at left in Fig. 2, begins with the mixing
of the nanoparticle slurry and metal bearing solution at the top and down the vertical
column. The column contains static mixers which aid in maximizing contact of the
metal ions with the synthesized nanoparticles. At the first branch, the slurry goes to
two wye collection modules. Each module has an in-line electromagnet with core
wires within the annulus to collect the nanoparticles. While in collection mode,
treated effluent flows toward the center. When the magnet is de-energized, copper-
loaded nanoparticles are collected and routed for further processing. The double
column enables continuous processing, when one magnet is off for nanoparticle
removal, the solution is diverted to the other leg.

Fig. 2 Pilot-sale dual column continuous flow reactor (left). Flow diagram of the third generation
dual column reactor (right) [7]
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Fig. 3 The fourth generation in-line electromagnet reactor system

The fourth generation reactor, Fig. 3, uses an in-line electromagnet, placed in
the horizontal section of the reactor to remove the nanoparticles from the flow. For
testing, all valves were closed and the reactor was filled until water touched the
bottom of the glass funnel. The power supply was turned on and the current set. The
nanoparticle slurry was added to the glass funnel, with subsequent addition of water
so as to keep the water level consistent. Simultaneously, the valve on the white pipe
(seen in the lower right hand of Fig. 3) was opened. After a predetermined duration,
in excess of the hydraulic residence time, the valve on the white pipe was closed and
the power supply was shut off. The valve at the bottom of the reactor was opened for
the collected particles to be gathered and weighed. Between trials, the reactor was
flushed several times until clear water was observed flowing through both valves.



160 T. Leitzke et al.

Results and Discussion

Nanoparticle Synthesis

Loading capacity tests were performed to determine if synthesis was successful.
Figure 4 shows scanning electron microscope (SEM) images of four samples; 4a are
magnetite nanoparticles purchased from SkySpring Nanomaterials, Inc. (RM–SS),
4b are magnetite nanoparticles purchased from US Research Nanomaterials, Inc.
(RM–USR), 4c are silica-coated nanoparticles produced in Dr. Rosenberg’s labora-
tory at the University of Montana (SM–ER), and 4d are silica-coated nanoparticles
believed to have been oxidized during the first step of synthesis done at Montana
Tech (SM–TB2). All samples were carbon coated prior to SEM imaging and energy
dispersive spectroscopy (EDS) data collection.

Agglomeration of the nanoparticles is an important concern, as full dispersion
results in increased surface area and increased loading on each nanoparticle. The
agglomeration concern applies to commercially available nanoparticles and the
extent of agglomeration after the synthesis process. As seen in Fig. 4a, b, the nanopar-
ticles have a large size distribution ranging from tens of nanometers to over one
hundred nanometers, indicating that nanoparticles directly from the suppliers are not

Fig. 4 SEM images of a RM-SS, b RM-USR, c SM-TB2, and d SM-ER
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(a) (b)

(c) (d)

Fig. 5 a SEM image and b EDS graph of EDS spot 5 of SM-TB2 and c SEM image and d EDS
graph of EDS spot 1 of SM-ER

homogeneously 20–30 nm. Figure 4c, d appear to have a lower limit on the larger
end of the size spectrum, but a wide range of sizes are still present.

SEM images pairedwith corresponding EDS data are shown in Fig. 5. The top row
represents the sample SM-TB2. The EDS Spot 5 is shown in Fig. 5b and highlighted
with a circle in Fig. 5a. Similarly, the EDS Spot 1, shown in Fig. 5d, is highlighted
with a circle in Fig. 5c. The bottom row represents data from the sample SM-ER. The
EDS data shows primarily O, Si, and Fe in the samples. Data gathered from EDS for
all spots analyzed shows several trends between the two samples in terms of weight
percent of elements in the sample. SM-TB2 had overall lower oxygen content and
higher iron content, whereas the silica content remained similar compared to SM-ER.
The lower oxygen content in SM-TB2 does not suggest increased oxidation of the
magnetite occurred during the coating process.

Adsorption

The goal of the adsorption trials is to determine trends and impact of each param-
eter on the system individually with eventual modelling of all parameters in order
to ascertain optimal conditions under which the reactor can be operated. The mod-
eling requires additional data, specifically with parameters that have not yet been



162 T. Leitzke et al.

Table 1 Loading capacity test results

Trial Initial concentration(
mg Cu

L

) Fe3O4 (g) Final concentration(
mg Cu

L

) q
(
mmol Cu
g Fe3O4

)

Magnetite Nanoparticles

1 122.47 0.5020 97.8 0.19

2 61.08 0.5006 53.6 0.06

54.8 0.05

3 30.64 0.5005 24.6 0.05

25.0 0.04

4 15.58 0.5061 7.0 0.07

5 7.74 0.5013 2.3 0.04

Synthesized Magnetite Nanoparticles

6 7.53 0.5003 0.07 0.06

7 15.47 0.5055 0.05 0.12

8 30.3376 0.5053 1.36 0.23

9 46.0154 0.5029 14.44 0.25

14.55 0.25

extensively tested such as pH and temperature. Table 1 shows initial testing of load-
ing capacity while changing initial concentrations and keeping the concentration of
nanoparticles approximately constant.

Loading capacities of magnetite nanoparticles and synthesized magnetite
nanoparticles are shown in Table 1, where trials 1, 2, 3, and 9 indicate diluted solu-
tion measurements for the final concentration. Additionally, trials 6 and 7 are not
completely reliable as the final concentration measurements are outside the range of
the spectrophotometer, which has a range of 0.1–8 mg/L Cu. A trend of increasing
loading capacity at higher initial concentrations can be seen in both themagnetite and
synthesized magnetite, with the exception of trial 4. The trend indicates that varying
initial concentration of copper has a significant impact on the loading capacity of the
nanoparticles, whether coated or uncoated.

Reactor Performance

The data and results discussed below are for the fourth generation design.
Optimal performance for the reactor hinges on the electromagnetic coil, which

separates the loaded nanoparticles from the treatedwater. Thus, being able to produce
a magnetic field strong enough to capture the magnetic nanoparticles is imperative
to the effectiveness and efficiency of the reactor. The magnetic field strength can be
calculated using a simplified equation from the Biot–Savart law in Eq. (2):
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B = µ0N I

2R
(2)

whereB is themagnetic field strength,µ0 is the vacuumpermeability,N is the number
of coil turns, I is the current, and R is the average radius.

Prior experimentation had revealed that a minimum flux density of 1 kilogauss
(kG) is needed to achieve the goal of 98% collection efficiency [7]. Two coils
were made for the fourth generation reactor. The coil wire was solid copper with
a polyamine polymer insulation. The first coil did not produce sufficient magnetic
force to attain acceptable collection efficiencies and the observed efficiencies were
less than 80%. The second coil was wound using thinner wire, a reduced inner
diameter, and more turns for an increased outer diameter.

A Gauss meter was used to determine the flux density of the coils, which can be
seen in Table 2. The first coil did not reach the 1 kG target, which led to unsatisfactory
collection efficiencies. The second coil produced higher flux densities at similar
currents, as seen in Table 2, with the target of at least 1 kG being achieved with a
current of 9 amps.

The second coil was used for the experiments shown in Table 3. Data collected
includes nanoparticle mass, initial and final current and voltage, total time, time
of brown water observed in the clean stream, and nanoparticle loss to the clean
stream. The results illustrate high collection efficiencies of the prototype 3 coil in the
fourth generation reactor. Collection efficiencies above 99% require a minimum of

Table 2 Coil performance Coil version Current (A) Potential (V) Flux density
(kG)

Prototype 2 7 8.03 0.40

9 10.37 0.50

11 12.85 0.63

Prototype 3 7 29.2 0.87

9 38.4 1.14

9.66 42.5 1.20

Table 3 Fourth generation reactor collection efficiencies

Fe3O4
(g)

Ii (A) Vi
(V)

If
(A)

Vf
(V)

tbrown
(min)

ttotal
(min)

Fe3O4
loss
(g)

Flow
rate(

L
min

)

Efficiency
(%)

15.0015 10.00 40.45 9.45 43.41 – 1.72 0.720 2.00 95.26

15.0035 10.00 39.94 9.25 44.30 1.22 3.00 0.426 1.36 97.16

30.0406 10.00 39.79 9.15 44.82 1.50 3.00 0.265 1.36 99.12

30.0421 10.00 35.99 9.04 45.30 1.37 4.05 0.220 1.36 99.27

30.0094 9.00 36.14 9.00 44.59 1.00 4.00 0.791 1.36 97.37
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10 amps and residence times average 1.4 min. The maximum field strength achieved
was limited by the power supply and coil resistance.

Conclusions

Magnetite nanoparticles were synthesized for targeted loading of copper ions in solu-
tion through a three-step silica coating and functionalization process. The process is
being optimized to maximize yield and minimize time required. Synthesized mag-
netite was shown to generally have higher loading capacities at low concentrations of
copper, with maximum loading at 0.25 mmol Cu/g Fe3O4 for synthesized magnetite
and 0.19 mmol Cu/g Fe3O4 for natural magnetite. A fourth generation continuous
flow reactor was also evaluated. With the electromagnetic coil generating an effec-
tive magnetic field, the reactor was able to achieve over 99% efficiency in collecting
nanoparticles from the water stream. Future experimentation will determine optimal
operating conditions and explore additional parameters, such as pH and temperature,
for impact on loading and collection.
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