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“There’s plenty of room at the bottom,” said Richard P.
Feynman, during a talk in December 29, 1959. These words
are considered the beginning of the nanoera, despite a paper
published by Radushkevich and Lukyanovich, in 1952, show-
ing graphitic carbon fibres with 50 nanometers in diameter.
In any case the door of the world of nanoscience and
nanotechnology was opened. Feynman’s premonitory words
became a reality and the nanoworld never stopped evolving.
The research done in this field allows developing novel
nanostructures, which sooner or later will have an impact on
society and will promote the development of entrepreneurial
activities for the use of advanced technologies.

The main focus of this special issue aims at contributing
to the dissemination of new developments and original ideas
related to the production, characterization, and applications
of nanostructures to several fields such as nanomedicine,
nanoelectronics, manipulation at nanoscale, optics, and pho-
tonics. The accepted articles cover different topics, namely,
preparation of nanoparticles and nanostructures, surface
plasmon resonance (SPR) effect, surface enhanced Raman
scattering (SERS), preparation of SERS active surfaces, effect
of annealing temperature on the magnetic properties of Nd-
Fe-B nanocomposites, and biotransformation.

The article “Nanocrystalline Al composites from powder
milled under ammonia gas flow” by J. Cintas et al. describes
the synthesis of hard and thermally stable Al composites,
prepared by powder milling Al in the presence of ammonia
flow, followed by the sintering ofmilled powders.TheAl grain
growth is constrained to a maximum size of 45 nm.

“Size controlled synthesis of FeCo alloy nanoparticles and
study of the particle size and distribution effects on magnetic

properties” is the title of the article by A. Shokuhfar and S.
S. S. Afghahi, in which the authors describe the quaternary
microemulsion system used to control the production of
FeCo alloy nanoparticles and the effect of the processing
parameters on their size and size distribution. The influence
of the size of the particles on themagnetic properties was also
investigated.

Magnetic properties were also the subject of the paper
“Influence of annealing temperature on the magnetic prop-
erties of rapidly quenched (Nd,Pr)2-(Fe,Co,Ga,Ti,C)14B/𝛼-Fe
nanocomposite ribbons,” by R. Sabbaghizadeh et al. This
study describes the production of nanocomposite ribbons,
with grain size lower than 50 nm, by melt spinning and
the optimized postannealing process that leads to the best
magnetic properties.

Two articles dealt with the production of substrates for
surface enhanced Raman scattering (SERS) analysis: “Fabri-
cation of SERS active surface on polyimide sample by excimer
laser irradiation” by T. Csizmadia et al. and “Synthesis of
dendritic silver nanoparticles and their applications as SERS
substrates” by J. Yu and X. Zhou.

T. Csizmadia et al. used an excimer laser to irradiate a
polyimide foil, before coating it with Ag, by pulsed laser
deposition, using different fluences. The study of the activity
of the surface for SERS was done by using a rhodamine 6G
aqueous solution.

A rhodamine 6G aqueous solution was also used by J. Yu
and X. Zhou to study the possibility of using silver nanoparti-
cles, with dendritic morphology, deposited onto a Ag crystal,
for SERS.The silver nanoparticles, with sizes ranging from 20
to 30 nm, were prepared by electrodeposition.
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Both articles conclude that the substrates exhibit mean-
ingful results concerning their potential to be used for SERS.

A. Espı́ndola-Gonzalez et al. authored the article enti-
tled “Structural characterization of silica particles extracted
from grass Stenotaphrum secundatum: biotransformation via
annelids.” This paper describes the characterization of silica
particles extracted by biotransformation from St. Augustine
grass. These particles were compared with silica particles
extracted directly from the grass and significant differences
in size and structure were detected.

In short, this issue contains original contributions to
synthesis, characterization, and properties of nanoparticles
and nanostructures. We expect that the readers working in
the field of nanoscience and nanotechnology will find in
the different articles new motivating ideas useful for their
ongoing investigations.

Luı́s Cunha
Denis Chaumont
Aldo Craievich
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This study shows the structural characterization of silica particles extracted from Stenotaphrum secundatum (St. Augustine) grass
using an annelid-based biotransformation process. This bioprocess starts when St. Augustine grass is turned into humus by
vermicompost, and then goes through calcination and acid treatment to obtain silica particles. To determine the effect of the
bioprocess, silica particles without biotransformation were extracted directly from the sample of grass. The characterization of the
silica particles was performed using Infrared (FTIR) and Raman spectroscopy, Transmission Electron Microscopy (TEM), X-ray
Diffraction (XRD), Dynamic Light Scattering (DLS), and Energy Dispersion Spectroscopy (EDS). Both types of particles showed
differences in morphology and size. The particles without biotransformation were essentially amorphous while those obtained via
annelids showed specific crystalline phases. The biological relationship between the metabolisms of worms and microorganisms
and the organic-mineral matter causes changes to the particles’ properties. The results of this study are important because they will
allow synthesis of silica in cheaper and more ecofriendly ways.

1. Introduction

Of all plants, the grasses are the most important to man.
All our breadstuffs, corn, wheat, oats, rye, barley, and rice,
are grasses. The food, agricultural, and forestry industries
produce large volumes of waste annually worldwide as by-
products of use of these grasses, causing a serious disposal
problem; however, they constitute a renewable resource from
which many useful materials can be derived. In leaves of
grasses, silica can constitute 2–5% dry matter, 10–20 times
higher than levels found typically in dicotyledonous plants
[1]. Silica is stored primarily as opaline phytoliths in the

epidermis [2]. Although all plants rooting in soil contain
some Si in their tissues [3], the content differs greatly between
plant species because of differences in Si uptake by the
roots. Uptake and translocation occur as monosilicic acid
and the deposition form is amorphous silica gel SiO

2
⋅nH
2
O

[4]. Accumulation of such high levels of a single mineral
element within grasses family suggests that it has a func-
tional significance. Progress in understanding the uptake
and accumulation of Si in plants has been led extensively
by some authors [5–8]. The opal-like phytoliths (hydrated
amorphous silica) occur in the tissue of grasses in a three-
dimensional distribution in such a way as to suggest that
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silica is being excluded from the cells and deposited as silica
gel in the spaces between cells. The silica is transported as
Si(OH)

4
and then concentrated and gelled as water evapo-

rates from the leaves. Pores in the gel measure between 1
and 10 nm in diameter and are full of water, making silica
completely amorphous [9]. Precipitation and polymerization
of the silica, aided by evaporation and water metabolism in
the plant’s body, lead to the formation of intra- as well as
extracellular silica bodies. Intracellularly, silica accumulates
in both the cytoplasm and the vacuoles of the plant cells
and can be deposited in roots, stem, and leaves. Earlier,
our group reported the synthesis of nanoparticles of silica
oxide from rice husk, sugar cane bagasse, and coffee husk, by
employing vermicompost with annelids (Eisenia foetida) [10].
The characterization of these particles can contribute to the
understanding of the natural mechanism of transformation
from the amorphous form to nanocrystals oxides in intestines
of the worms. This bioprocess can be applied in the use of
waste grass to produce specific nanocrystals with potential
applications in materials science.

St. Augustine grass (Stenotaphrum secundatum) is native
to the coastal regions of the Gulf of Mexico and the Mediter-
ranean. This specimen is widely used as a turf grass in warm,
humid, tropical, and subtropical climates where its broad
leaf blades produce a tight canopy from rapidly elongating
stolons, resulting in a coarse-textured turf [11]. Adaptive and
morphological variations in St. Augustine grass are associated
with chromosome differences. The most conspicuous differ-
ences among ploidy levels are that diploids are lower growing
and have narrower, translucent, bright green leaf blades while
polyploids have coarser, thicker leaf blades that are blue/green
and less saturated in colour [12]. Although commonly found
on siliceous and calcareous sands near the sea, St. Augustine
grass also grows on a wide range of well to poorly drained
soils, from sandy loams to light clays. Silicon accumulation
in dry land Gramineae such as St. Augustine grass has been
reported to be between 0.5 and 1.5%, while in dicotyledons
(i.e., broadleaf plants) it is less than 0.2%. Indeed, the amounts
of silicon that plants accumulate from the soil can be much
higher than the amounts of any other essential macro- or
micronutrients [13].

Vermicompost is the excreta of earthworms, which are
capable of improving soil health and nutrient status. Ver-
miculture is a process by which all types of biodegradable
waste, such as farm wastes, kitchen wastes, market wastes,
biowastes of agrobased industries, and livestock wastes, are
converted while passing through the worm gut to nutrient
rich vermicompost. Vermi worms are used here as biological
agents to consume those wastes and to deposit excreta in the
process called vermicomposting [14]. Vermicomposting is a
simple biotechnological process of composting, in which cer-
tain species of earthworms are used to enhance the process of
waste conversion and produce a better product. Vermicom-
posting is a mesophilic process that utilizes microorganisms
and earthworms that are active at 10∘C to 32∘C (not ambient
temperature but the temperature within the pile of moist
organic material). The process is faster than composting
because the material passes through the earthworm gut
and a significant but not fully understood transformation

takes place, whereby the resulting earthworm casting (worm
manure) is rich in microbial activity. Earthworms have been
long recognized by farmers as beneficial to soil [15] and, as
one of the major soil macrofauna, constitute an important
group of secondary decomposers. Earthworms are key bio-
logical agents in the degradation of organic wastes [16]. Each
earthworm weighs about 0.5 to 0.6 g, eats waste equivalent to
its body weight, and produces cast equivalent to about 50% of
thewaste it consumes in a day.Thesewormcastings have been
analysed for chemical and biological properties.Themoisture
content of castings ranges between 32% and 66% and the pH
is around 7.0.Thefinal product of vermicompost bioprocess is
called humus and it could be considered a driving force in the
varying nature of terrestrial ecosystems [17]. Humus differs
from the nonhumic substances such as carbohydrates (a
major fraction of soil carbon), fats, waxes, alkanes, peptides,
amino acids, proteins, lipids, and organic acids by the fact that
distinct chemical formulae can bewritten for these nonhumic
substances. Most small molecules of nonhumic substances
are rapidly degraded by microorganisms within the soil. In
contrast, soil humus is slow to decompose (degrade) under
natural soil conditions. In combination with soil minerals,
soil humus can persist for several hundred years. Some of
the most beneficial attributes of humus are associated with
its ability to make small, inorganic particles adhere together
as loose, friable aggregates. Earthworm activities determine
the soils’ characteristics and take an active part in energy
and nutrient cycling through the selective activation of both
mineralization and humification processes [18].

Apparently, in earthworms the mineralization is bio-
logically induced, which is described as a mostly uninten-
tional consequence of metabolic activities in the microbial
organism. The nanoparticles produced in this process are an
extracellular by-product of the microbial metabolism. The
bacteria or other types of microbe secrete organic products
attract ions or compounds in their vicinity, which subse-
quently result in concentration, alteration, immobilization, or
depletion of these minerals.This means that the formation of
elemental crystals is not directly controlled by the microbe.
This can produce random crystallization or a lack of specific
crystal morphologies [19]. Minerals formed in this manner
also tend to be impure in the crystal lattice and full of
inclusions of other minerals and compounds [20]. Some
works about biotransformation and the biomineralization
process where earthworms are involved have been reported
[21, 22]. In the earthworms intestine there exist a wide
range of microorganisms, including bacteria, algae, protozoa,
actinomycetes, fungi, and even nematodes, which are found
commonly throughout the length of the earthworms gut.
The species of microbes in the gut are usually very similar
to those in the surrounding soil or organic matter upon
which the earthworms feed. Earthworms are dependent upon
range of microorganisms in their nutrition and probably
fungi are the most important microbes as food. It seems
likely that protozoa are also important in their diet but
that bacteria and actinomycetes are much less important
[23]. Several studies have showed that under certain con-
ditions of pressure and temperature the biomineralization
(silicification) can be induced in presence of microorganisms
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and demonstrated that a complex interplay exists between
the precipitations of silica, texture, and structures formed
[24].

This study shows the structural characterization of silica
particles extracted from grass Stenotaphrum secundatum
(St. Augustine) using an annelid-based biotransformation
process. The aim was to investigate changes in the properties
of these particles caused by the bioprocess, and we propose
that these biostructures could be used for the synthesis of new
materials in a cheap and ecofriendly manner.

2. Materials and Methods

The seed of St. Augustine grass (Stenotaphrum secundatum)
(Walt.) Kuntze was obtained from a commercial source,
planted in a garden, and grown for about 3 months. Once
mowed, it was added to the vermicompost. The specimen
of annelid used was Eisenia foetida. The environmental
conditions ideal for the reproduction and control of these
samples were set up: temperature at 20∘C, moisture around
60–85%, aeration conditions, and darkness. The stabilization
time was around 1 month and the humus obtained was
dried at room temperature. Then, the humus was sieved
to a size of approximately 0.5mm. Next, the sample was
calcinated for 19 h at a temperature of 500∘C to eliminate
the organic matter. Calcinations were carried out in a muffle
Lindberg/Eurotherm model 847 with energy consumption
of 0.17 kcal/h cm3, and then the samples were treated with
nitric and hydrochloric acids (volume ratio 3 : 1). For each
gram of sample calcinated, 4mL of acid mix was added in
order to eliminate impurities. Acid treatment was performed
at 40∘C for 4 h with constant stirring. Then, the sample was
filtrated and washed with distilled water to neutralize it.
Solids obtained were dried at room temperature. All reagents
employed were provided by Sigma-Aldrich. Silica obtained
from St. Augustine grass without the bioprocess was used as
a reference. The extraction process to obtain silica without
bioprocess is the same described previously using calcination
and acid treatment.

Silica powders were characterized to 64 scans by employ-
ing a Fourier transform infrared spectrophotometer (FTIR)
Bruker Vector 33 with a resolution of 4 cm−1, using KBr
powders. Raman spectroscopy was performed in a Raman
Senterra Bruker machine with a 100x microscope objective,
laser emitting, at 785 nm and resolution 0.1 cm−1. Transmis-
sion Electron Microscopy (TEM) was performed using a
JEOL TEM-1010 transmission electron microscope. Average
particle size was determined by Dynamic Light Scattering
(DLS) using a Brookhaven model BI200SMwith laser He-Ne
of 35mW model 9167 EB-1 Melles-Griot. Elemental analysis
was carried out using energy dispersion spectroscopy (EDS)
mean software Oxford Inca X-Sight. EDS is adapted in equip-
ment JEOL JSM-6060 LV Scanning Electron Microscope. X-
ray Diffraction (XRD) was performed in a diffractometer
Rigaku, Model MiniFlex, with a wavelength from 1.54 Å
corresponding to ka cupper radiations. Crystalline structures
present in the samples were analysedwithMaterials Data Jade
software of MDI Materials Data.
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Figure 1: IR spectra of silica particles obtained for annelids
bioprocess and without bioprocess.

3. Results and Discussion

3.1. Infrared Spectroscopy (FT-IR). Figure 1 presents FT-IR
spectra of both samples of silica (with and without bio-
process). Every spectrum shows a wide peak at 3263 cm−1
ascribable to the O–H stretching mode of water molecules
as well as a peak assigned to the water hydroxyl deformation
vibration at 1630 cm−1—these bands correspond to adsorbed
water that minerals contain physically [25, 26]. At 1379 cm−1,
there exists a band associated with the mineral phases
of carbonates (i.e., calcite, dolomite, and aragonite); these
compounds are common in soils and are generally produced
by a biomineralization process. Although the carbonates can
be thermally unstable, their stability increases with the type
of cation associated and so can prevail even in the treatment
conditions of the sample [27]. This band is less intense in
the sample with bioprocess due in great part to the fact that
this mineral source can be necessary in the metabolism of
the earthworms.Aband corresponding to Si–Oasymmetrical
stretching vibration was localized at 1056 cm−1 [28], and this
band is very similar in both samples with and without bio-
process. Another band localized at 797 cm−1 (Si–O) is related
to the presence of quartz in the sample [29]. In the region
between 400 and 600 cm−1, the sample with bioprocess
shows a peak at 457 cm−1 corresponding to Si–O–Si bending
vibration [30]; without bioprocess the sample exhibits a peak
in 603 cm−1; this can be assigned to a compound silicate that
contains magnesium [31]. In the bioprocess is a band not
observed; however this can overlap with the band localized
in 457 cm−1. The results of FTIR show the existence of bands
where silica prevails, but the differences in these bands (with
andwithout bioprocess) can aid in explaining themechanism
of the bioprocess in the earthworms.

3.2. Raman Spectroscopy. The FT-Raman spectrum of the
sample with and without bioprocess is shown in Figures 2(a)
and 2(b). FT-Raman bands were well defined only in the
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Figure 2: FT-Raman spectra of silica particles obtained for annelids
bioprocess (a) and without bioprocess (b).

sample of silicawith bioprocess (Figure 2(a)).These bands are
localized at 122 cm−1, 210 cm−1, and 468 cm−1. The first band
at 122 cm−1 corresponds to an O–Si–O symmetric bend; the
second band localized at 210 cm−1 is assigned to stretch vibra-
tionmodes of O–H group, while the intense band localized at
468 cm−1 is associated with the Si–O–Si stretching vibration.
This last band has a stronger intensity and belongs to the
polymorph of silica𝛼-quartz typically found at 465 cm−1 [32].
FT-Raman results confirm the presence of silica and suggest
that in samples with bioprocess a crystalline arrangement is
present in contrast with the samples without bioprocess, thus
confirming that microorganisms contribute to the molecular
ordering.

3.3. Transmission Electron Microscopy (TEM). TEM images
of silica sample with bioprocess are shown in Figures 3(a)–
3(c). In this case, the particles extracted using the annelid
bioprocess have a morphology similar to spherical, they are
grouped in clusters, and have a nanometric size. TEM images
of silica sample without bioprocess are shown in Figures
3(d)–3(f). In this figure, particles were not identified nor
had their morphology defined, but clusters and agglomerates
were observed and their size apparently was bigger than
particles without bioprocess. The results showed a difference
in the morphology, dispersion, and size between the samples.
Without the bioprocess, the particles have a tendency to
be amorphous, while, with the bioprocess, these particles
display more order and these differences are attributed to the
vermicomposting bioprocess. Microorganisms play impor-
tant role in this process due to the activity of classification
and purification of the matter employed in their metabolic
process.

3.4. X-Ray Diffraction (XRD). XRD diffractograms of the
sample of silica with the bioprocess are given in Figure 4(a).
Figure 4(a) shows characteristic peaks related to hexagonal
quartz (Figure 4(a), peak 1)—this quartz has been identified
earlier as belonging to a polymorph of silica. Also hexago-
nal tridymite (primitive) (Figure 4(a), peak 2) and triclinic
albite (Figure 4(a), peak 3) polymorphs were identified. XRD
diffractograms of the sample without the bioprocess are
given in Figure 4(b). Figure 4(b) shows that the particles
have a structure essentially amorphous and only two peaks
related to hexagonal quartz polymorphs can be detected
slightly (Figure 4(b), peaks 1). These results confirm that the
bioprocess plays an important role in the transformation of
the particles toward a crystalline structure. In this type of
grass, polymorphs of silicates prevail, although, as can be
observed in EDS, mineral elements exist that can produce
other crystalline structures.

3.5. Dynamic Light Scattering (DLS). The mean diameter of
particle estimated by DLS showed that with the bioprocess
the particles achieved 530 nanometres while without the
bioprocess the mean diameter was 1.6 micrometres. These
results show that with the bioprocess the size of silica particles
is smaller than the size of those without bioprocess.Themin-
eral portion (phytoliths) in grass is generally microscopic;
however, the metabolic activity of microorganisms inside the
intestine of earthworms causes an important size reduction.
This analysis shows that the size of particle can be affected
by the trend of the samples to form agglomerates; this can be
better observed in the sample without bioprocess.

3.6. Energy Dispersion Spectroscopy (EDS). Table 1 summa-
rizes the results obtained using energy dispersion spec-
troscopy. A significant amount of silicon and oxygen weight
percentage was observed in the samples: with bioprocess:
54.01%O and 30.69% Si and without bioprocess: 56.23%O
and 35.44% Si. Table 1 shows other elements in lower propor-
tion related to the biomineralization process and some were
detected using the technique of X-ray Diffraction (Figure
4). Elements such as magnesium, aluminium, and iron
increased their proportion when the bioprocess is used. The
relationship of oxygen and silicon in the samples is similar,
although the oxygen is slightly lower in the sample with the
bioprocess due to this element being an important source in
the metabolic process of earthworms and microorganisms.
EDS showed the mineral elements in the samples with and
without the bioprocess, and it is important to remark that
elements such as sodium and calcium only are shown in the
sample without the bioprocess, while in the bioprocess are
elements that are an important source in the nutritional pro-
cess of earthworms and can be used by the microorganisms.

4. Conclusions

The effect produced by the annelid bioprocess on the prop-
erties of silica particles obtained from St. Augustine grass
was determined. The characterization of these particles was
performed with FTIR, Raman spectroscopy, TEM, XDR,
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Figure 3: TEM images of silica particles obtained for annelids bioprocess (a–c) and without bioprocess (d–f).

DLS, and EDS. The particles obtained from the bioprocess
contain mainly silica and OH groups and present a trend
toward a spherical morphology; their size estimate by DLS
was 530 nm, which is smaller than those particles without
the bioprocess.The bioprocess produced structural order and

crystalline particles with prevailing 𝛼-quartz phase and other
silicates such as tridymite and albite. The bioprocess shows
others elements in minor proportion such as aluminium,
magnesium, iron, and potassium. The characteristics of
these types of particles obtained from the bioprocess using
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Figure 4: X-ray diffraction of silica particles obtained for annelids bioprocess (a) and without bioprocess (b).

Table 1: EDS to silica particles synthesized without bioprocess and with bioprocess.

Without bioprocess With bioprocess
Element % atomic % weight Element % atomic % weight
O K 70.15 56.23 O K 68.25 54.01
Na K 0.49 0.56 Mg K 1.28 1.54
Mg K 0.44 0.54 Al K 6.13 8.18
Al K 1.06 1.43 Si K 22.09 30.69
Si K 25.19 35.44 K K 0.63 1.21
K K 1.12 2.19 Ti K 0.28 0.66
Ca K 0.81 1.62 Fe K 1.34 3.70
Ti K 0.28 0.68
Fe K 0.47 1.31
Total 100.00 100.00 Total 100.00 100.00

vermicompost and grass can contribute to explaining of
the biological mechanism of vermicomposting specifically
referred to as biomineralization. The results showed changes
between the samples with and without the bioprocess. These
changes are produced in the digestion process of earthworms
together with the microorganisms involving separation, clas-
sification, purification, and transformation of the matter and
therefore are named as biotransformation. This biological
mechanism represents a novel alternative to create novel
materials in a cheap and ecofriendly biostructure based
manner.
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2MTA-SZTE Research Group on Photoacoustic Spectroscopy, University of Szeged, Dóm tér 9 Szeged 6720, Hungary

Correspondence should be addressed to T. Csizmadia; csizmadia87@gmail.com

Received 16 October 2013; Accepted 31 January 2014; Published 2 March 2014

Academic Editor: Denis Chaumont

Copyright © 2014 T. Csizmadia et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

A possible application of excimer laser irradiation for the preparation of surface enhanced Raman spectroscopy (SERS) substrate
is demonstrated. A polyimide foil of 125𝜇m thickness was irradiated by 240 pulses of focused ArF excimer laser beam (𝜆 = 193 nm,
FWHM = 20 ns). The applied fluence was varied between 40 and 80mJ/cm2. After laser processing, the sample was coated with
40 nm silver by PLD in order to create a conducting layer required for the SERS application. The SERS activity of the samples was
tested by Raman microscopy. The Raman spectra of Rhodamine 6G aqueous solution (c = 10−3mol/dm3) were collected from the
patterned and metalized areas. For areas prepared at 40–60mJ/cm2 laser fluences, the measured Raman intensities have shown
a linear dependence on the applied laser fluence, while above 60mJ/cm2 saturation was observed. The morphology of the SERS
active surface areas was investigated by scanning electronmicroscopy. Finite element modeling was performed in order to simulate
the laser-absorption induced heating of the polyimide foil. The simulation resulted in the temporal and spatial distribution of the
estimated temperature in the irradiated polyimide sample, which are important for understanding the structure formation process.

1. Introduction

Raman spectroscopy (RS) is one of the most common spec-
troscopic methods for studying the vibrational and rotational
energy levels of an analyte [1]. Compared to other spectro-
scopic techniques, RS is fast and nondestructive and needs
practically no sample preparation and its microscope/imag-
ing version has very good lateral resolution (about 1-2𝜇m).
However, since only a very small fraction of the incident
photons are Raman scattered (in general, the intensity of the
Raman signal is orders of magnitude weaker than the elastic
scattering intensity) [2], the range of detectable molecules
and concentrations is significantly reduced. For that reason,
enhancing the Raman signal produced by molecules was
always in the focus of attention.

A significant increase of theRaman signal can be achieved
when the target molecules are absorbed on adequately struc-
tured conducting surfaces. According to theory [3], surface
enhanced Raman scattering (SERS) can be attributed to the
laser-induced excitation of surface plasmons, resulting in the

increase of the local electric field above the surface. The
Raman intensities strongly depend on the magnitude of the
developed electric near field, and thereby high enhancement
can occur in the measured signal (up to 1010 in certain cases)
[4].

One of the most widely used SERS active substrates is
metal colloids (especially aggregated colloids) produced by
chemical methods [5–8]. Another study aimed at the produc-
tion of appropriate composite arrangement, where silver
colloids were prepared by adding silver nitrate to the aqueous
solution of excess sodium borohydride, the reducing agent.
The silver colloids were then deposited on smooth silver, cop-
per, and nickel plates. The composite structure was obtained
by inserting a monolayer or submonolayer of organic mole-
cules between two of these silver-colloid-covered metal sub-
strates in a sandwich arrangement. On this way the analyte
molecules are adsorbed onto the metal plates as ligands and
are also in close contact with the silver nanoparticles, which
ensure the enhancement for the Raman spectra of the
adsorbates [9].
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In another experiment, pulsed laser ablation (PLA) was
used to fabricate silver chloride (AgCl) nanocubes directly
from a bulk target of silver in sodium chloride (NaCl) solu-
tion. The size of the particles was optimized and the surface
properties of the cubes were investigated for their SERS acti-
vity for Rhodamine 6G (R6G). The results indicated that the
AgCl nanocubes obtained using PLA could largely enhance
the Raman signal of R6G molecules, which makes them a
useful substrate for practical SERS measurements [10].

In our previous study, the applicability of the laser-
induced backside dry etching (LIBDE) technique was dem-
onstrated to form such nanostructures on the surface of a
fused silica plate, which are able to produce the SERS effect,
when they are subsequently coated with a conducting layer.
This method proved to be a relatively cheap and promising
technique in the production of SERS substrates without the
necessity of specific toolkits; however, the reproducibility
of the most suitable surface structures and the size of the
nanostructured area on the surface need to be improved for
practical use [11].

In this paper the preparation of nanostructures by
excimer laser irradiation of polyimide foil is presented and
the suitability of the produced morphologies in creating the
surface enhanced Raman scattering effect is demonstrated.
Ourmotivationwas to produce a relatively large andhomoge-
neous surface with remarkable SERS activity and good repro-
ducibility by the use of a simple laser-based micromachining
technique and cheap substrate material.

2. Experiments

Kapton HN polyimide foil of 125 𝜇m thickness was irradiated
by 240 pulses of focused ArF excimer laser beam (𝜆 =
193 nm, FWHM = 20 ns). The penetration depth at this laser
wavelength is as low as 23 nm due to the high absorption
coefficient of polyimide (𝛼 = 43 𝜇m−1 @ 193 nm) [12]. The
illuminated area was 7.07mm2 and the applied fluence was
varied between 40 and 80mJ/cm2, which was verified by an
out-coupled reference beam during the irradiations. After
each series of pulses, the sample was moved by an x-y
translator, in order to ensure an intact surface area for the
next series. Due to the laser treatment, the irradiated surface
darkened, which was more discernible in the lower part of
the applied fluence range. Previously, Ball et al. observed the
decrease in the reflectivity of polyimide due to the formation
of carbon clusters on the excimer laser illuminated polymer
surface [13, 14].

Although former experiments showed that the electrical
conductivity of the polyimide surface increases significantly
in response to the excimer laser irradiation [13–15], our
attempts to use these solely laser treated surfaces as SERS
substrates were unsuccessful. In order to insure the sufficient
conducting surface for SERS, the laser patterned surfaces
were coated with a thin layer of silver produced by pulsed
laser deposition (PLD).The PLD process was carried out in a
vacuum chamber at a pressure of approximately 4.5 ⋅ 10−3 Pa,
by using the same ArF excimer laser applied for surface
structuring. In this case the laser beam was focused onto a
silver target at an incident angle of 45∘, which generated a spot

size of 4.24mm2 and an average fluence of 570mJ/cm2. The
target sample was shot by 15 000 laser pulses and the ejected
silver clouds were deposited onto the polyimide surface
placed 3 cm directly in front of the silver target.The thickness
of the produced silver film was 40 nm on the average, which
was measured by a Dektak 8 surface profiler after the PLD
process.

3. Results and Discussion

After the deposition of the thin conducting metal layer, SERS
activity of the laser-irradiated and silver covered polyimide
surface areas was tested by a Thermo Scientific DXR Raman
microscope, operated at laser wavelength of 780 nm and
laser power of 5mW using a 10x objective and a 50 𝜇m slit.
10−3mol/dm3 aqueous solution of Rhodamine 6G (R6G) dye
was used as test sample. The polyimide foil was fixed on the
bottom of a Petri dish and the dye solution was streamed
to the dish until it just covered the sample. The thickness
of the R6G solution above the sample was few hundreds
of micrometers, which was high enough to consider the
concentration of R6G to be constant during the Raman mea-
surements, which took a few minutes. Optical microscope
images taken from the excimer laser treated sample exhibited
circular spots of about 3mm in diameter, corresponding to
the irradiated areas. Since the irradiation experiments were
carried out around the ablation and carbonization threshold
fluence values, the laser-induced changes were very sensitive
for the inhomogeneities of the excimer laser beam intensity.
This could be seen in the morphological inhomogeneities of
the resulting spots as well. In each laser spot three specific
(bright, gray, and dark) terrains could be distinguished. The
Raman exciting laser beam was focused in a few 𝜇m sized
spot onto the studied surface of a given laser treated area,
and at least four Raman spectra were recorded on every
specific terrain type. The characteristic Raman shift peaks
of polyimide did not appear in the Raman spectra during
SERS investigations, since the transmittance of the applied
silver film was less than 4% [16], which means that only a
very small portion of the intensity of the Raman laser light
reached the surface of the polyimide sample and an even
smaller amount of the scattered light left it, which resulted
in the disappearance of the characteristic polyimide peaks
observed during reference measurements on the uncoated
samples. The characteristic Raman shift peaks of the R6G
at 611, 773, 1362, and 1510 cm−1 [17] were identified in every
recorded spectrum. On the bright and dark terrains, there
was no significant SERS enhancement; nevertheless on the
gray shaded places strong increases were observed in the
intensity of the characteristic peaks with about 13% standard
deviations.

Figure 1 shows the dependence of the measured Raman
intensities on the applied excimer laser fluence in case of
the SERS active terrains of the irradiated spots at the four
wavenumbers of the selected peaks in the R6G spectrum. It
can be seen that a higher patterning fluence results in higher
Raman intensities in the investigated range. Between 40 and
60mJ/cm2, the tendency of the measured Raman intensity
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Figure 1: The average Raman intensity set against the applied
patterning laser fluence in case of the most SERS active terrains of
the irradiated spots at the typical peaks of the R6GRaman spectrum.

curves can be fairly approximated with a linear function,
while, above 60mJ/cm2, saturation can be observed.

The morphology of the sample surface was investigated
by a Hitachi S4700 scanning electron microscope (SEM) in
order to study the nanometer-sized structures, which can be
relevant in causing the SERS effect. In order to prevent the
investigated surface from charging or electron beam induced
modification, a relatively low, 1 kV accelerating voltage and
4 𝜇A emission current were used without the application of
any additional conductive coating (in addition to the PLD
deposited silver thin film), which would have covered the
existing nanostructures.

Figure 2 shows the low magnification images of the silver
coated surface areas of polyimide irradiated at different
fluences. Three characteristic terrains can be distinguished
macroscopically in almost each etched hole: dark, gray, and
bright terrains, which are marked with green (1), blue (2),
and red (3) fills and outlines, respectively, in Figure 2. These
separated terrain types are equivalent to those, which were
identified previously on the optical microscope image of the
Raman system. For all fluences, the gray part (marked with
green and (1) in Figure 2)—where significant Raman enhan-
cements could be observed—covers at least half of the total
irradiated area. This means that the ratio of this SERS useful
area compared to the total irradiated area is at least twice
more than it was for the etched holes prepared by LIBDE in
our former experiments [11].

Figure 3 represents high magnification SEM images of
the SERS active surfaces, where conical-like structures with
variable size can be noticed typically. The average size of the
cones increased with increasing fluence, and also the conical
shapesweremore defined as it was also revealed previously by
Hopp et al. [18]. Between the conical structures, the surface is
densely covered by irregular debris for all irradiation fluences
(Figure 4). It is discernible from Figure 4 that at higher

fluences the surface coverage by debris-like structures is
higher, and a more expressed fine structure can be seen over-
all. Considering the small standard deviations experienced in
the SERS enhancements at various places of the gray terrain,
it is likely that rather these finely structured terrains having
extensive coverage on the irradiated surface are responsible
for the generation of the SERS effect than the sparsely located
conical structures.

Energy dispersive X-ray spectroscopy (EDX) measure-
ments revealed that the proportion of carbon atoms increased
inside the laser processed terrains: 5.5% increment was found
in the gray terrains and 9.1% in the dark ones on the average.
This indicates that the generated surface structures may not
only consist of pure polyimide, but carbon clusters and poly-
imide fragments as well, which was proved by Chtaı̈b et al.
in earlier XPS measurements on ArF excimer laser irradiated
polyimide [19]. It is known that in case of polyimide at tem-
peratures higher than 793K a chemical decomposition occurs
instead of melting or evaporation [20]. Our observations
imply that high temperature induced surface patterning of
polyimide is a criterion for its SERS activity, which needs
sufficiently high temperature provided by the absorption of
the applied laser energy. In order to model this process, the
spatial and temporal temperature distribution in the irradi-
ated polyimide foil was calculated by finite elementmodeling,
using the Comsol Multiphysics package. The absorbed laser
energy in the polyimide was considered to be a heat source,
which has a Gaussian temporal profile and an exponential
spatial (depth) profile according to the Beer-Lambert absorp-
tion law. The results showed that the temperature of the
irradiated foil exceeds the decomposition temperature of the
polyimide down to 140 nm depth after one laser pulse of
40mJ/cm2 fluence, which explains the chemical modifica-
tions on the irradiated surface observed by EDX. Further-
more, ablation occurs in the whole applied fluence range,
since the applied fluence was above the ablation threshold
fluence (∼25mJ/cm2 for polyimide at 193 nm [21]). The
ablation process is important regarding themechanism of the
surface structure formation. It has been observed earlier
that direct etching that is ablation of polyimide can result
in microstructures having well-defined shapes [18, 22, 23],
which are conical in case of our experimental conditions [18].
However, our results indicate that in the SERS point of view
not the conical microstructures are responsible for activating
the SERS effect, but the ablated polyimide micro- and
nanofragments, which are backscattered from the plume and
redeposited onto the irradiated polymer surface, have a
substantial role. This effect is similar to the inverse PLD,
discovered by Égerházi et al. [24]. Not only the fine structure
but also the quantity of the ablated and redeposited material
is a significant parameter concerning the SERS activity of the
surface. In order to find out the role of these we measured
the etch depths of the ablated holes by a Dektak 8 surface
profiler. Knowing the irradiated area and the depths of the
etched holes, we could give an upper estimation for the
ablated volume of the ablated material as a function of
the applied laser fluence (Figure 5). The calculated volume
of the removed material during excimer laser ablation and
the measured Raman intensity shows similar tendencies as
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Figure 2: Low magnification SEM pictures on the laser treated spots produced by different excimer laser fluences: 40 (a); 50 (b); 60 (c); and
80mJ/cm2 (d). The marked numbered areas indicate the three distinguishable terrain types.

(a) (b)

Figure 3: High magnification (5 000x) SEM images on the SERS active surfaces prepared at 40 (a) and 80 (b) mJ/cm2 fluences.

functions of fluence (Figure 1) indicating that there might be
a correlation between these two separate processes.

Regarding the mechanism of the SERS activity of the
system, it is known that silver layers having approximately
40 nm thickness support plasmon resonances [25]. Besides

that, it is plausible that the enhancement of the Rhodamine
6Gpeaks onnanostructured silver surfacemaynot only result
from an enhancement in the electric field provided by the
surface, but the interaction of chemisorbed R6G molecules
with ballistic electrons that are generated through plasmon
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Figure 4: 20 000xmagnification images on the fine structures of two SERS active surface areas fabricated at 40 (a) and 80 (b)mJ/cm2 fluences.
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Figure 5: The dependence of the etch depth on the applied laser
fluence during polyimide ablation.

excitation. A detailed discussion of such mechanism was
presented by Michaels et al. regarding single molecule SERS
of Rhodamine 6G in the presence of silver nanoparticles [26].

4. Conclusions

The preparation of micro- and nanostructures by excimer
laser irradiation of polyimide was presented for the purpose
of manufacturing a substrate for surface enhanced Raman
scattering applications. In order to reach the necessary
conductivity of the surface for SERS, the laser treated poly-
imide foil was covered by a thin layer of silver by PLD.
Three types of typical structures could be discerned in each
irradiated spot: dark, gray, and bright terrains regarding
the optical microscopic investigations and low-magnification
SEM images. Considerable SERS intensity enhancement was
observed on the gray parts of the irradiated areas compared
to the unirradiated and also metal coated surface areas. We
found that the SERS activity of the irradiated areas prepared at
higher laser fluences was higher. By taking a closer look at the

gray parts of the irradiated spots by SEM and recording EDX
spectra at the same places, we observed that besides conical
microstructures the surface morphology is finely structured,
and indications for chemical decomposition (carbonization)
can be observed. Our model calculations for spatial and
temporal temperature distribution in the irradiated poly-
imide foil have proved that the required conditions are
fulfilled not only for chemical decomposition but also for
ablation. Therefore we presume that redeposition of micro-
and nanofragments backscattered from the plume during the
ablation process resulted in the observed fine structure of the
SERS active areas.

As a conclusion, the applied polyimide is a cheapmaterial
for SERS substrate purposes, while nanosecond excimer laser
irradiation is a fast production method without the need of
any specific toolkits excepting the irradiating laser source.
Regarding the structured surface of the created substrate, the
size of the SERS active area covered at least half of the total
irradiated area in case of every fluence values, which is more
than 7 times larger in absolute value than themost enhancing
area in our former experiments, where the SERS substratewas
prepared by LIBDE, which is a slightly complicated method
for material fabrication [11]. In addition, considering the 13%
standard deviation in the measured Raman intensities of the
characteristic peaks of the R6G, the reproducibility of the
produced structures was good.
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Campus La Rábida, Carretera Palos s/n, Palos de la Frontera, 21819 Huelva, Spain

Correspondence should be addressed to J. Cintas; jcintas@us.es

Received 22 October 2013; Revised 14 January 2014; Accepted 15 January 2014; Published 27 February 2014

Academic Editor: Denis Chaumont

Copyright © 2014 J. Cintas et al.This is an open access article distributed under the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

The production of high hardness and thermally stable nanocrystalline aluminium composites is described. Al powder was milled
at room temperature in an ammonia flow for a period of less than 5 h. NH

3
dissociation during milling provokes the absorption,

at a high rate, of nitrogen into aluminium, hardening it by forming a solid solution. Controlled amounts of AlN and Al
5
O
6
N are

formed during the subsequent sintering of milled powders for consolidation. The pinning action of these abundant dispersoids
highly restrains aluminium grain growth during heating. The mean size of the Al grains remains below 45 nm and even after the
milled powder is sintered at 650∘C for 1 h.

1. Introduction

Nanostructured materials are promising materials that offer
newopportunities for substantially improving the standard of
living. Over the last years, nanostructured materials research
has grown significantly [1–3]. Grain size reduction to the
nanometre scale allows for improvements in mechanical
properties, as has been shown by several researchers [4–8].
Currently, the most common processing methods for the
production of nanocrystalline materials include inert gas
condensation, chemical reactionmethods, electrodeposition,
severe plastic deformation, and mechanical milling [9, 10].
The latter, also called high-energy milling or mechanical
alloying, is considered one of the main techniques in this
regard [11, 12].

Al powder has traditionally been reinforcedwith a variety
of micron-size directly added ceramic particles, such as
alumina, silicon carbide, titanium carbide, and others [13–
15]. Recently, Al-matrix composites reinforced with sub-
micrometric (0.1–1 𝜇m) and nanometric (<0.1 𝜇m) particles
have been widely studied [16, 17]. However, one of the main
challenges towards achieving a homogeneous distribution of

a nanometric ceramic phase in a metal matrix is avoiding
agglomeration of the reinforcement particles [18].

It has been found that the reinforcement of aluminium
powders is more homogeneous when these dispersoids are
formed through direct reaction of the aluminium with its
environment, rather than by simply mixing aluminium with
ceramic composites [19–22]. Aluminium easily reacts with
elements such as C, O, N, and H, which leads to difficulties in
its traditional processing, but this reactivity can be positively
used through mechanical alloying to form, after thermal
treatments, several phases finely dispersed in the matrix.
These phases, such as aluminium oxide (Al

2
O
3
), carbide

(Al
4
C
3
), nitride (AlN), oxynitrides, and oxycarbonitrides

[19], perform as reinforcing instead of embrittling agents. In
the presence of hydrogen, aluminium forms hydrides, which
are brittle, but they are easily removed by heating, forming
hydrogen, which is evacuated during sintering [23, 24].

On the other hand, aluminiumnitride possesses excellent
conductivity, low thermal expansion, high hardness, and
good oxidation resistance at elevated temperatures [25].
These characteristics suggest that AlN may be an acceptable
reinforcement not only for mechanical applications but also
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for physical aims such as electronic applications, when the
composite/substrate junctionmust have no significant distor-
tionswith thermal changes [26]. Several preparationmethods
of Al/AlN composite materials have been reported. Most of
them are based on pressure or pressureless metal infiltration,
spray deposition and hot pressing, squeeze casting, and
mechanical alloying [27–31].

This paper describes a new and simple method to obtain
aluminium-based nanostructured components reinforced
by self-forming nanometric AlN. These reinforcements are
formed through the mechanosynthesis of Al powders in
an ammonia gas flow at room temperature for relatively
short milling times (5 h), followed by a conventional powder
metallurgy consolidation process.

2. Materials and Methods

The starting material was atomised elemental aluminium
powder (ECKAAS61, Eckart-Werke,Germany), with a purity
higher than 99.7% and a mean particle size of 80.5 𝜇m.
Aluminium powder was milled in a high-energy attritor ball-
mill (Union Process, USA). The water-cooled stainless steel
vessel used has a 1400 cm3 capacity. A 3wt.% micropowder
organic wax (etilen bis-stearamide) was used to control the
welding and fracture processes of Al powder during milling.
The mill charge contained 72 g of powder and 3600 g of
balls (charge ratio in wt.%: 50 : 1). The milling processes were
performed in an ammonia (NH

3
) flowof 1 cm3/s with a purity

higher than 99.96%.
In order to study the evolution of the morphology

and microstructure of the powders, milling was performed
from 1 to 5 h with rotor speeds of 300 and 500 rpm. For
comparison, a milling process in vacuum (5 Pa) at 500 rpm
for 5 h was also performed. The powder particle sizes were
measured by laser diffraction (Malvern, Mastersizer 2000),
whereas the morphology was studied by a scanning electron
microscope (SEM, Philips XL-30) equipped with an energy
dispersive microanalysis system. To measure the powder
compressibility, a universal testing machine (Instron, 5505)
with a load cell of 100 kN was used.

The milled powders were consolidated by cold uniaxial
pressing (1300MPa) and vacuum (5 Pa) sintering (650∘C
for 1 h). X-ray diffraction measurements (XRD, Bruker D8
Advance, using CuK𝛼 radiation) and transmission electron
microscopy (TEM, Phillips CM 200) of milled and sintered
powders were used to identify, quantify, and measure the
crystallite and grain size of the phases formed. Vickers
hardness (Struers Duramin A300) of sintered compacts was
evaluated using a load of 1 kg, whereas relative density was
determined both by Archimedes’ principle and by mass and
dimensions measurement.

3. Results and Discussion

3.1. Granulometry. Figure 1 displays the granulometric
distribution of the as-received aluminium (ARAl) and
the mechanically alloyed powders, at 300 and 500 rpm, in
an ammonia gas flow (MAA 300 and MAA 500, resp.).

The curve of the MAA 500 powders (Figure 1(b)) shows
that, contrary to that expected for a ductile powder such
as aluminium, the particle size decreases from its initial
value (powder milled for 1 h, MAA 500-1). This is due to
the rapid dissociation and adsorption of components of the
ammonia from the beginning of the mechanical alloying
process, strengthening the aluminium by solid solution.
This strengthening associated with high-energy milling is
responsible for the rapid particle size decrease. On the other
hand, lack of symmetry is observed in the curves of the 3-
and 5-h milled powders (MAA 500-3 andMAA 500-5).This
could be related to the small particle size of these powders,
which significantly promotes powder agglomeration.

In contrast, the lower energy of the process when
milling at 300 rpm causes a slower particle size evolution
(Figure 1(a)). The powder requires more time to harden,
homogenise. and decrease in size. Therefore, the MAA 300
powders have a larger mean particle size (Figure 1(c)) and a
broader particle size distribution as compared to the MAA
500 powders for the same milling time. Furthermore, the
lower milling energy and the consequent increase of the
particle welding processes are also responsible for the higher
particle size observed after 1 h (MAA 300-1) as compared
with the ARAl (Figure 1(c)).

3.2.Morphology. Figure 2 shows the sequence of SEMmicro-
graphs of MAA 300 powders as a function of milling time.
For this rotor speed, powder morphological changes occur
following the usual evolution [32]; after 1 h of milling, the
powder particles have a flake shape (Figure 2(a)); after 2 h,
they begin to weld to each other (Figure 2(b)); and after
3 h, they tend toward an elongated multilayer structure
(Figure 2(c)), which is revealed when sections of powders are
studied. With increasing milling time, it was found that the
elongated multilayer particles evolve to equiaxed particles,
markedly decreasing their size (Figure 2(d)).

In contrast, this morphological evolution is faster for
samples obtained by milling at 500 rpm. As shown in
Figure 3, the particles have a flake shape after 1 h of milling
(Figure 3(a)) and acquire an equiaxial morphology after only
2 h (Figure 3(b)). By increasing the milling time, the particle
size is further reduced, while its geometry tends to be more
rounded (Figures 3(c) and 3(d)). It can be observed that the
powder tends to agglomerate, causing the aforementioned
lack of symmetry of the granulometric curves of powders
milled for 3 h and 5 h (MAA 500-3 and MAA 500-5).

3.3. Compressibility Test. Due to the small size of the as-
milled powder particles, it was not possible to measure their
microhardness. Nevertheless, a compressibility test (measur-
ing the relative green density versus the applied compaction
pressure) is an indirect method for determining the inherent
hardness of powder particles [19]. This curve is very useful
for determining, during the powder consolidation process,
the adequate compaction pressure, that is, the desired green
density. Compressibility curves of the milled powders are
shown in Figure 4. Curves for the ARAl and vacuum-milled
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Figure 1: Granulometric curve of ARAl and powdersmilled inNH
3
flow at (a) 300 rpm and (b) 500 rpm for 1, 3, and 5 h and (c)mean particle

size (D4,3) of these powders.
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Figure 2: Morphological evolution of the milled powder in ammonia flow at 300 rpm for (a) 1 h, (b) 2 h, (c) 3 h, and (d) 5 h. Note the different
magnification used.
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Figure 3: Morphologic evolution of powder milled in NH
3
flow at 500 rpm for (a) 1 h, (b) 2 h, (c) 3 h, and (d) 5 h. Note the different

magnification used.
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Figure 4: Compressibility curves of (a) ARAl and powders milled in ammonia at 300 rpm for 1, 3, and 5 h and (b) powders milled at 500 rpm
in vacuum for 5 h and in ammonia for 1, 3, and 5 h.

powder at 500 rpm for 5 h (MAV 500-5) are also included for
comparison.

The powder milled in ammonia at 300 rpm for 1 h
(MAA 300-1) and pressed at 500MPa has a relative density
higher than 98% (Figure 4(a)), whereas the relative density of
powder milled under the same conditions but for 5 h (MAA
300-5) is slightly higher than 78%. In contrast, the ARAl
powder reaches a relative density close to 100% for the same
compaction pressure. This shows that, even when using a
rotor speed of only 300 rpm, the strain hardening effect is
quite fast with respect to milling time.

At a pressure of 500MPa, the powders milled at 500 rpm
for 1 and 5 h (MAA 500-1 and MAA 500-5) reach relative
densities above 90 and 70%, respectively (Figure 4(b)). These
values are slightly lower in comparison with the powders
milled at 300 rpm, because, as expected, the hardening effect
increases with rotor speed. However, this increase is not
only due to the milling energy. In ammonia flow milling,
solid solution hardening has an additional effect on the
strain hardening.This assertion can be verified by comparing
(Figure 4(b)) the compressibility curves of MA A 500-5 and
powdermilled in vacuumat the same rotor speed for the same
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Figure 5: X-ray diffraction of as-milled and as-sintered Al powders milled for 5 h (a) in vacuum and (b) in ammonia gas flow.

Table 1: Phases present vol.% in sintered Al powders milled in an ammonia gas flow at 500 rpm for 1, 3, and 5 h (MA A 500-1 S, MA A 500-3
S, and MA A 500-5 S).

Phase Material
MA A 500-1 S MA A 500-3 S MA A 500-5 S

Aluminium (Al) 78.45 46.41 28.87
Aluminium nitride (AlN) 6.22 20.25 49.58
Aluminium oxynitride (Al5O6N) 15.33 33.33 21.55

duration (MAV500-5). Logically, the friction force caused by
interlock behaviour between irregular-shape particles could
increase the hardening effect.

3.4. Microstructure. The powders milled in vacuum at
500 rpm for 5 h before and after sintering (MAV 500-5 and
MAV 500-5 S, resp.) were analysed by XRD to determine
and quantify the phases formed (Figure 5(a)). The XRD
patterns of the as-milled powders show only Al peaks. In
contrast, in the sintered compact pattern, the presence of
aluminium carbide (Al

4
C
3
) and small oxide (𝛿-Al

2
O
3
) peaks

is detected. The carbides form come from the etilen bis-
stearamide wax (H

35
C
17
CONHC

2
H
4
NHCOC

17
H
35
) used as

process controlling agent during milling, whereas the oxides
mainly come from the powder particle surface.

TheXRDpatternswere fitted via Rietveld refinement [33],
and the methods of Williamson-Hall [34] and Langford [35]
were applied to calculate the crystallite size and to quantify
the phases formed.These methods gave an as-milled Al crys-
tallite size of 38±1 nm, whereas after sintering, the crystallite
size increased to 700±9 nm.This grain growth during heating
is exclusively controlled by the pinning effect of Al

4
C
3
and

Al
2
O
3
, whichwere present at 8.98 and 0.61 vol.%, respectively.

Similar to the vacuum-milled powders, only Al peaks
were observed in the XRD pattern (Figure 5(b)) of the pow-
ders milled, also for 5 h, in an ammonia flow (MA A 500-5),
with a crystallite size of 16±0.5 nm. However, the situation is

very different after sintering; nitrogen, in solid solution after
milling, creates nanocrystalline aluminium nitride (AlN)
and aluminium oxynitride (Al

5
O
6
N) (12 ± 0.5 and 4 ±

0.2 nm, resp., also calculated by XRD) during powder heating
(Figure 5(b)). Thus, the proposed mechanosynthesis process
can produce NH

3
dissociation at room temperature, whereas

under normal conditions (without milling), this occurrence
only happens at temperatures of approximately 550∘C. This
could be an advantage over other methods for preparing
Al/AlN composites, which usually include complicated steps
or are performed at very low or high temperatures [36–
39]. As expected, the quantity of aluminium nitride and
oxynitride depends on the milling time, as shown in the
quantification results of Table 1. It is notable that, after 3 h
and 5 h of milling at 500 rpm, 20.25 and 49.58 vol.% of AlN
were, respectively, obtained, showing that the formation of
AlN with this method is very effective, even for short milling
times.

Even more interesting is the effect that these nanocrys-
talline dispersoids have on Al grain growth. After sintering,
the Al crystallite size of powders milled 5 h in vacuum
increased to 700 ± 9 nm, as measured on the XRD pattern,
while it increased only to 45 ± 1 nm for powders milled in an
ammonia gas flow for the same duration.

In order to check these sizes, consolidated compacts have
been studied by TEM. Figure 6(a) shows a bright field image
of a sintered compact prepared from 5 h vacuum-milled
powders. Results by image analysis on micrographs of these
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Figure 6: Bright-field TEM images of sintered compacts showing different phases formed in (a) MAV 500-5 S and (b) MAA 500-5 S.
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specimens give anAlmean grain size of 709±20 nm, resulting
in 15 times that of Al grains in specimens prepared from
powder milled under ammonia flow for 5 h (Figure 6(b)),
which resulted to be only of 43 ± 9 nm as obtained by image
analysis from TEM images.

The aforementioned remarkable amount of dispersoids,
together with the small Al grain size, surely increases the
hardness of compacts processed from powders milled in
an ammonia flow. However, this expected hardness could
be reduced due to the difficulty in consolidating such hard
powders.

Figure 7 shows the green (𝐷G) and sintered (𝐷S) relative
densities of compacts prepared from powders milled in

an ammonia flow at 500 rpm. The values of MAV 500-5
are also included for comparison. The low hardness of the
MAA 500-1 powders makes it possible to reach high green
densities (95.4%); however, the flake shape and relatively
large size of the particles make the sintering process difficult,
increasing the density by only 1.3%. An increase in themilling
time to 3 or 5 h makes the powders harden, avoiding high
green densities after the pressing stage. Despite the high
specific area of both powders, due to their small size, their
low green density seems to be the reason, together with
the lower sinterability of the refractory phases (now in a
higher amount), that the sinterability level of these samples is
constrained (Figure 7). Improvements in the relative densities
of the final products are currently under study in the authors’
laboratory, using additives such as copper to promote liquid
phase sintering.

The nanosized Al grains and the presence of hard phases
dispersed in the compacts prepared from ammonia-milled
powders make their hardness be, despite their relatively
elevated porosities, higher than those achieved in compacts
prepared from vacuum-milled powders (Figure 7). It is
remarkable that hardness of 478HV

1
was achieved in sintered

compacts of powders milled for 5 h in NH
3
.

4. Conclusions

Aluminium powder was attrition-milled in an ammonia flow
of 1 cm3/s for 1 to 5 h, with rotor speeds of 300 and 500 rpm.
The following conclusions are drawn.

(1) A simple method at room temperature has been
developed to produce bulk aluminium-based nano-
composites reinforced with in situ generated alu-
minium nitride and oxynitride nanodispersoids.

(2) During milling, the ammonia is decomposed, and
high quantities of nitrogen are incorporated into the
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Al powder, hardening it by solid solution. Thus, it is
possible to obtain small and hard equiaxial particles
after only 2 h of milling.

(3) The milled powders, both in vacuum or in NH
3
gas

flow, only show the presence of aluminium with a
crystallite size of approximately 38±1 and 16±0.5 nm,
respectively. After heating, aluminium nitride (AlN)
and oxynitride (Al

5
O
6
N) are formed in the ammonia-

flow-milled powders, whereas in the vacuum-milled
powders, only aluminium oxide (Al

2
O
3
) and carbide

(Al
4
C
3
) appear.

(4) The ammonia-flow-milled powders have a high quan-
tity of AlN (up to 49.58 vol.%) and Al

5
O
6
N nano-

metric dispersoids, with crystallite sizes below 12 ±
0.5 nm. Thus, these phases highly restrict aluminium
grain growth during sintering, keeping it below 45 ±
1 nm (MAA 500-5 S).

(5) The final compacts produced with these ammonia-
flow-milled powders exhibit high hardness (up to
478HV

1
), despite their low relative density values.
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In this research the size controlled synthesis of FeCo nanoparticles was done using a quaternary microemulsion system. X-ray
diffraction and high resolution transmission electron microscopy of as-synthesized nanoparticles confirm the formation of FeCo
alloy nanoparticles. The effects of two process parameters, namely, water to surfactant molar ratio and molar concentration of
metal salts, on the size and size distribution of nanoparticles were discussed by the aid of transmission electron microscopy. The
size dependency of magnetic properties was also investigated using a room temperature vibrating sample magnetometer. The
superparamagnetic-ferromagnetic and single domain-multidomain transition sizes were determined.Then the specific absorption
rates at transition sizes were calculated and the best sample for magnetic hyperthermia treatment was introduced.

1. Introduction

Magnetic nanoparticles are a topic of growing interest
because of their versatile applications such as ultrahigh den-
sity data storage, drug delivery, magnetic separation andMRI
contrast enhancement [1–13]. Among those, magnetic hyper-
thermia is a novel therapeutic method in which the magnetic
nanoparticles are subjected to an alternating magnetic field
to generate a specific amount of heat. The generated heat will
then raise the temperature of the tumor to about 42∘C at
which certain mechanisms of cell damage are activated [14].
The heat producing mechanisms under A.C. magnetic fields
are (1) hysteresis, (2) the Neel or Brownian relaxation, (3)
viscous losses [15].

The generated heat is quantitatively described by the
specific absorption rate (SAR) of nanoparticles which is
related to specific loss per cycle of hysteresis loop (𝐴) by the
equation SAR = 𝐴 × 𝑓 where 𝑓 is the frequency of applied
field.

Up to now several models have been proposed to pre-
dict the behavior of magnetic nanoparticles under alternat-
ing magnetic fields [16]. For superparamagnetic nanopar-
ticles the equilibrium functions are used. The Langevin
function 𝐿(𝜉) = coth(𝜉) − 1/𝜉 which is valid at zero
anisotropy is an example of equilibrium functions where 𝜉 =
(𝜇
0
𝑀
𝑠
𝑉𝐻max)/(𝑘𝐵𝑇) in which 𝜇

0
𝐻max is the external applied

field, 𝑀
𝑠
is the spontaneous magnetization of the nanopar-

ticle, 𝑉 is the volume of nanoparticle, 𝑘
𝐵
is the Boltzmann

constant, and 𝑇 is the temperature. Linear response theory
is valid for nanoparticles at superparamagnetic transition
size. Based on this theory the area of the hysteresis loop is
calculated by [16]

𝐴 =

𝜋𝜇
2

0
𝐻
2

max𝑀
2

𝑠
𝑉

3𝑘
𝐵
𝑇

𝜔𝜏
𝑅

(1 + 𝜔
2
𝜏
2

𝑅
)

, (1)

where 𝑀
𝑠
is the saturation magnetization, 𝜔 = 2𝜋𝑓,

𝜏
𝑅
= 𝜏
𝑁
= 𝜏
0
exp(𝐾eff𝑉/(𝑘𝑏𝑇)) is the relaxation time of
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magnetization equal to the Neel relaxation time (𝜏
𝑁
), and

𝜏
0
is the intrawell relaxation time. The Stoner-Wohlfarth

model predicts the magnetic response for single domain
ferromagnetic nanoparticles. This model neglects thermal
activation and assumes a square hysteresis loop which is
relevant for 𝑇 = 0 or 𝑓 → ∞. For magnetic nanoparticles
with their easy axes randomly oriented in space the hysteresis
area is calculated by [16]:

𝐴 = 2𝜇
0
𝐻
𝑐
𝑀
𝑠
= 1.92𝐾eff, (2)

where 𝜇
0
𝐻
𝑐
is the coercive field and 𝐾eff is the effective uni-

axial anisotropy of the nanoparticle. The key factor to obtain
themaximum SAR in the conventional clinical hyperthermia
treatments (𝑓 = 100 kHz, 𝜇

0
𝐻max = 20mT, and 𝑇 = 300K)

is the anisotropy of nanoparticles.
Calculations of SAR as a function of anisotropy in the

above-mentioned size regimes reveal that the maximal SAR
would be obtained at single domain-multidomain transition
size. So producing nanoparticles in this range for use in
hyperthermia treatment is of high value from technical and
clinical aspects.

FeCo alloy has the highest saturation magnetization
among all binary magnetic alloys [1]. Several methods have
been used to synthesize FeCo alloy nanoparticles which
include arc discharge [2], polyol [3–7], hydrothermal [8],
reaction under autogenic pressure at elevated temperature
(RAPET) [9], thermal decomposition [10], wet chemical
[11, 12], and coprecipitation [13, 17, 18]. The morphology
and size distribution of as-synthesized nanoparticles are not
well controlled in most of these processes. To obtain the
best properties for magnetic hyperthermia treatments the
size distribution is an effective parameter. Researches show
the loss of SAR due to nanoparticle size distributions. So
employing a method capable of producing monodisperse
nanoparticles is of high value.

Microemulsion technique is a method capable of con-
trolling the shape, size, and size distribution of nanoparticles
[19]. In this process nanoparticles precipitate inside micelles.
The micelle is in the form of sphere of oil in water (normal
micelle) or water in oil (reverse micelle) which is surrounded
by a layer of surfactant molecules [20]. The technique could
be used to synthesize mineral [21] or organic compounds
[22].

There are few works on the synthesis of FeCo alloy
nanoparticles.The novel quaternary system of water/cetyltri-
methylammonium bromide (CTAB)/1-butanol/isooctane
was employed for synthesis of FeCo alloy nanoparticles
which has not been used before. Unlike other synthetic
methods the proposed route is capable of controlling the size
of nanoparticles in the range of 1–10 nm. This is achieved
by controlling the water to surfactant molar ratio (𝑅) and
molar concentration of metal salts. This capability is of vital
importance for investigating the heating effect of magnetic
nanoparticles under A.C. magnetic fields.

In the present research, the shape and size controlled
synthesis of iron cobalt alloy nanoparticles was carried
out in the reverse micelles of water in isooctane and the
magnetic properties of as-synthesized nanoparticles were

studied to investigate their potential usefulness in magnetic
hyperthermia treatment.

2. Materials and Methods

Iron (III) chloride hexahydrate (FeCl
3
⋅6H
2
O (%99+)), iso-

octane, 1-butanol, sodium borohydride (NaBH
4
(%99+)),

and cetyltrimethylammonium bromide (CTAB) were pur-
chased from MERCK chemicals and used as received
with no further purification. Cobalt acetate tetrahydrate
(Co(CH

3
COO)

2
⋅4H
2
O (%99+)) was supplied by MP Bio-

medicals. High purity nitrogen gas (%99.99+) was used to
provide an oxygen-free environment during the synthesis
procedure.

The key to formation of amicroemulsion is the formation
of a transparent and thermodynamically stable solution
which forms at certain ratios of aqueous phase/surfactant/oil
phase. Microemulsion 1 (ME1) and microemulsion 2 (ME2)
were prepared on the basis of quaternary phase diagram
of water/CTAB/1-butanol/isooctane which is described else-
where [23].

Fe
0.65

Co
0.35

alloy nanoparticles were prepared by mixing
equal volumes of ME1 and ME2 containing metal salts and
precipitating agent, respectively. The [NaBH

4
]/[metal salts]

molar ratio was kept at 2 to ensure that all of precursors
are reduced to zerovalent metal. First ME1 was transferred
into a three-necked round bottom flask and then ME2
was added using a dropping funnel to vigorous stirring
ME1 under N

2
atmosphere. Black precipitates of FeCo alloy

nanoparticles appeared immediately after mixing of the two
microemulsions.

After 10 minutes of reaction the solution was centrifuged
and washed with chloroform, ethanol, and acetone several
times to remove all residual elements. Some of as-synthesized
powders were annealed in a tube furnace at 350∘C and 550∘C
for 20 minutes under H

2
atmosphere.

Characterization of samples was done using X-ray
diffraction (XRD) (PANalytical X’Pert Pro MPD with Cu
𝑘
𝛼
-radiation), scanning transmission electron microscope

(STEM) (ZEISS EM10-C at 100KV), and high resolution
transmission electron microscope (HRTEM) (JEOL JEM-
2100 at 200KV). Elemental analysis was done using an energy
dispersive X-ray spectroscopy (EDS) detector attached to the
HRTEM. The magnetic properties of samples were analyzed
using a room temperature (300K) vibrating sample magne-
tometer.The samples and process conditions are summarized
in Table 1.

3. Results and Discussion

3.1. Microstructural Characterization. Figure 1 shows XRD
patterns for as-synthesized W3 and annealed samples. As
seen from Figure 1(a) there is no major peak. Nanoparticle
approximate size could be derived from the Scherrer formula
(𝑑 = 0.94𝜆/(𝛽 cos 𝜃)) based on the Cu

𝑘𝛼
radiation and

the FWHM of the peak. But for very small sizes (<5 nm)
by considering the drastic peak widening and intensity
decreasing there would not be any distinguishable peak. Also
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Figure 1: XRD patterns of W3 sample in (a) as synthesized state and (b) annealed at 550∘C for 20 minutes.

Table 1: Samples and process conditions.

Sample Water/surfactant
molar ratio (𝑅)

Molar concentration
of metal salts

W1 6 1M
W2 8 1M
W3 12 1M
W4 37 1M
M1 12 0.5M
M2 12 1.5M
M3 12 2M

the bad crystallinity of nanoparticles (Figure 2(b)) as a result
of fast borohydride reduction fortifies this problem.

Figure 1(b) shows the diffraction pattern of W3 sample
after annealing at 550∘C for 20minutes underH

2
atmosphere.

XRD patterns reveal the formation of 𝛼-bcc structured FeCo
alloy (at 2𝜃 = 44.83∘, 65.32∘ and 84∘). These values agree with
JCPDS file for FeCo. Also a small quantity of CoFe

2
O
4
(at

2𝜃 = 35.4
∘, 62.4∘) is observed due to partial oxidation of

the sample by exposing to air after annealing procedure. It
has been found that FeCo is a substitutional alloy with a bcc
structure from pure Fe to about 80 at. % Co and fcc for 90 at.
% Co [18]. This agrees well with our result.

Figure 2 shows conventional (Figure 2(a)) and high res-
olution (Figure 2(b)) TEM images of W3 sample. Electron
diffraction pattern (inset of Figure 2(a)) and HRTEM image
also confirm the formation of bcc structured iron cobalt alloy.
EDS analysis shows Fe and Co peaks in which the Fe peak
is sharper than that of Co indicating higher content of Fe.
Cl peak is from the residual chloroform which was used to
wash as-synthesized nanoparticles. Also an oxygen peak is
observed due to the partial oxidation of FeCo.

Figure 3 shows the effect of water to surfactant molar
ratio (𝑅) on the morphology, size and size distribution
of as-synthesized nanoparticles. The mean size, and size
distribution of each specimen were determined by inspecting
about 50 TEM micrographs. It is evident that all samples
have spherical shape due to the nature of the used surfac-
tant and cosurfactant. Cetyltrimethylammonium bromide
(CTAB) which has been used by Schulman for the first
time (Hoar and Schulman, 1943) has a hydrophilic head

and a lipophilic tail which makes it soluble in both polar
and nonpolar solvents. In this quaternary system the polar
cosurfactant (1-butanol) makes ion-dipole interaction with
the surfactant and forms spherical aggregates in which the
polar (ionic) ends of the surfactant molecules are oriented
towards the center. We observed that without the addition of
1-butanol the transparent microemulsion would not form. In
fact the role of 1-butanol is to act as an electronegative spacer
which minimizes the repulsive forces between polar heads of
CTAB molecules and lets them be aggregated in the form of
spherical micelles.

3.2. Effect of Water to Surfactant Molar Ratio. Figure 3 indi-
cates the increasing of the mean size of nanoparticles with
𝑅. As the 𝑅 value decreases, the relative amount of water
reduces and a smaller micelle would be obtained. Therefore
the limiting stability of nanoreactors increases leading to
smaller nanoparticles. Also it was observed that the spherical
shape of nanoparticles would not be affected by changing the
𝑅 value unlike surfactants like polyvinylpyrrolidone (PVP)
[24].

The W series of samples evidences very narrow (about
3 nm) size distribution which is related to the nature of the
surfactant. In fact the surfactant has a double influence on the
particle formation process: (1) particle stabilization and (2)
growth control.The𝑅 value affects the former by determining
themicellar core size, but the latter is influenced by the nature
of the surfactant. The growth mechanism in microemulsions
is based on intermicellar exchange [25]. A rigid surfactant
surface layer tends to resist opening, thus the reaction is
slowed down and simultaneous nucleation and growth occur.
This in turn results in the formation of large nanoparticles
with broad size distribution. But CTAB provides a very
flexible film [25] which facilitates the coalescence exchange
between micellar cores. The high exchange rate leads to
a uniform nucleation and growth resulting in a narrow
size distribution. As noted by Carrey et al., a broad size
distribution decreases the maximum achievable SAR [16].
Therefore for as-synthesized FeCo nanoparticles the negative
effect of a broad size distribution is not expected.

3.3. Effect of Molar Concentration of Metal Precursors.
Figure 4 demonstrates the effect of molar concentration of
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Figure 2: (a) TEM micrograph of W3 sample (inset: selected area diffraction pattern). (b) High resolution TEM image of W3 sample. (c)
EDS spectra of W3 sample showing Fe, Co, Cl, and O peaks.

metal salts on the size and size distribution of nanoparticles.
It is evident that increasing the molar concentration of
metal precursors inversely affects the nanoparticle size. Since
the borohydride reduction of metal precursors is almost
instantaneous, a huge number of nuclei will form at the
first stage of process followed by the nanoparticle growth
via intermicellar exchange. Since at high concentrations of
metal salts the supersaturation factor 𝜆(𝑡) is higher, according
to the Adamson equation for homogeneous nucleation, the
nucleation rate is higher [26]:

𝑘
𝑛
(𝑖, 𝑡) =

{
{

{
{

{

0, 𝑖 < 𝑛
∗
,

𝑖𝑘
0
exp(

−16𝜋𝜎
2]2
𝑚

3(𝑘
𝑏
𝑇)
2

(ln 𝜆 (𝑡))2
) , 𝑖 ≥ 𝑛

∗
,

(3)

where 𝜎 is the interfacial tension between solid nucleus and
surrounding drop liquid, V

𝑚
is the volume of one precipitate

molecule, 𝜆 is the supersaturation ratio of liquid product
molecules, and 𝑛∗ is the critical number of liquid product
molecules in a nucleus. Thus at higher concentrations of
metal precursors the number of stable nuclei is higher and
consequently the number of remaining product molecules
is smaller. Therefore the growth of nanoparticles which
proceeds by the addition of product molecules is slowed
down and the terminal nanoparticle size reduces. Similarly
at lower concentrations of metal precursors the number of
formed nuclei is lower providing more product molecules
to contribute in the growth stage leading to larger terminal
nanoparticles.

3.4. Magnetic Studies. Magnetization curves for W and M
series of samples are outlined in Figures 5(a) and 5(b).𝑀

𝑠
and

𝐻
𝑐
values are seen to be size dependent. As for W1 sample

with mean size of 2 nm, the 𝑀
𝑠
equals 8 (emu/g). For W2,

W3, andW4 (with mean sizes of 2.5 nm, 4 nm, and 9 nm) the
𝑀
𝑠
values reach 22, 36 and 65 (emu/g) respectively. This is

also observed for M1, M2, and M3 with sizes of 6 nm, 3 nm,
and 1.5 nm, and corresponding𝑀

𝑠
of 49, 23, and 6 (emu/g).

Also as expected some of the particles (W1, W2, M1, and
M2) show superparamagnetic behavior with zero coercivity.
In ferromagnetic metals like Fe, Co, and Ni the exchange
interaction is positive, favoring the parallel alignment of
spins. But when the particle size decreases, the majority of
atoms and consequently spins are located at the nanoparticle
surface. Regardless of the lower spin density at the surface,
the structural changes at the surface should be considered. It
is proved that the average lattice parameter in nanoparticles
is less than their corresponding bulk materials mainly due to
the bond length reduction [27].

This bond length contraction induces the overlapping of
atomic orbitals, which reduces the atomic dipole moment.
Also due to the lower coordination number for surface atoms
the exchange coupling between dipoles is less than internal
atoms and therefore the magnetic moments tend to fluctuate.
The sum of these effects disorder spins at the surface to form
a magnetic dead layer. The effect of this layer is reducing the
total magnetic moment of nanoparticle [28]. This event is
important mainly at sizes below 5 nm in which about %50
of total atoms are located at the surface. By increasing the
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Figure 3: TEM micrographs of as-synthesized nanoparticles and corresponding size distributions: (a) W1, (b) W1 at higher magnification,
(c) W2, (d) W2 at higher magnification, (e) W3, (f) W3 at higher magnification, (g) W4, and (h) W4 at higher magnification.

nanoparticle size the thickness of this dead layer reduces and
the magnetization of nanoparticle increases [28].

It is also seen from Figures 5(a) and 5(b) that the coerciv-
ity is size dependent. In fact by increasing the nanoparticles
size the coercivity increases such that forW4 sample the high
coercive field of 100Oe is achieved. The reduced coercive
force in terms of nanoparticle size at constant temperature is
described as

ℎ
𝑐
= 1 − (

𝑉
𝑝

𝑉

)

1/2

= 1 − (

𝐷
𝑝

𝐷

)

3/2

, (4)

where ℎ
𝑐
is the reduced coercive field (𝐻

𝑐
/𝐻
𝑐,(𝑇=0)

), 𝐷 is
the nanoparticle size, and 𝐷

𝑝
is the critical nanoparticle

size in which the anisotropy energy (KV) dominates the
thermal energy (𝑘

𝑏
𝑇) and the magnetic properties change

from superparamagnetic to ferromagnetic.
The critical size 𝐷

𝑝
depends on the composition of

nanoparticles as for iron oxide nanoparticles and it has the
value of 12 nm [29] or for Fe

74.5-𝑥Cu𝑥Nb3Si22.5-𝑦B𝑦 alloy
nanoparticles𝐷

𝑝
is dependent on 𝑥 and 𝑦 and changes from

10 nm for 1 at % Cu and 9 at % B to 15 nm for 1 at % Cu and
6 at % B [30]. When 𝐷 ≤ 𝐷

𝑝
, the coercive field is zero and

further increasing in nanoparticle size beyond 𝐷
𝑝
increases

the coercivity. It is why for both W and M series of samples
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Figure 4: TEM micrographs of as-synthesized nanoparticles and corresponding size distributions: (a) M1, (b) M1 at higher magnification,
(c) W3, (d) W3 at higher magnification, (e) M2, (f) M2 at higher magnification, (g) M3, and (h) M3 at higher magnification.

the coercivity increases with size. Only an exception is
observed in the case of M3 specimen in which regardless
of its greater size the coercivity is less than W3 sample. The
reason could be the partial oxidation of M3 sample, but more
investigations are needed.

Figure 6 shows TEM images and corresponding hystere-
sis curves for W3 annealed samples. It is seen from Figures
6(a) and 6(b) that the nanoparticles have grown up by fusion-
fission to a mean size of 60 and 25 nm, respectively. As
expected, by increasing the size of nanoparticles the cor-
responding saturation magnetizations have been increased

(to 128 emu/g and 78 emu/g) but are still smaller than the bulk
value (240 emu/g).

Figure 7 shows the coercivity as a function of particle
size. It is seen that the coercivity has been decreased from
100Oe for as-synthesized W3 to 60 and 40Oe for annealed
samples. The reason lies in the mechanism of magnetization.
In multidomain particles magnetization reversal takes place
by the motion of domain walls, but in single domain particles
the magnetization reversal occurs by coherent reversal of the
magnetic moment which requires the anisotropy energy to
be dominated. Since the anisotropy energy is much higher
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Figure 5:Magnetization curves for as-synthesized nanoparticles showing the effect of (a) water to surfactantmolar ratio (R) (b) concentration
of metal salts.

than domain wall energy, the coercivity increases by the
transition from multi-domain to single domain size regime.
Butwith further decreasing the size, the coercivity diminishes
as the result of decreasing the anisotropy energy (KV)
such that below 𝐷 = 4 nm the coercivity reaches zero
exhibiting superparamagnetic behavior. Therefore𝐷

𝑝
for as-

synthesized FeConanoparticles is about 4 nm. So it is inferred
that the transition from superparamagnetic to ferromagnetic
is at 4 nm and the transition between single domain-multi
domain size regimes is at 9 nm.

3.5. Calculation of SAR. Some researches on the induc-
tive magnetic properties of nanoparticles represent the
superparamagnetic-ferromagnetic transition to have max-
imum SAR [15] and some other works show that the
maximum SAR is achieved at single domain-multi domain
boundary [16]. For single domain-multi domain transition
size the Stoner-Wohlfarth model is used to estimate the
magnetic response. Therefore for W4 sample on the basis of
(5) for random orientation nanoparticles we have

2𝜇
0
𝐻
𝑐,(𝑇=0K)𝑀𝑠 = 1.92𝐾eff, (5)

where𝐻
𝑐,(𝑇=0K) is the coercive field at𝑇 = 0Kwhich could be

calculated from𝐻
𝑐,(𝑇=300)

using the following equation [16]:

𝐻
𝑐,(𝑇=0K)

𝐻
𝑐,(𝑇=300K)

=

1 − ((𝑘
𝐵
𝑇
1
/𝐾eff𝑉) (ln (1/𝑓𝜏0)))

3/4

1 − ((𝑘
𝐵
𝑇
2
/𝐾eff𝑉) (ln (1/𝑓𝜏0)))

3/4
, (6)

where 𝑘
𝐵
is the Boltzmann constant, 𝑉 is the volume of

nanoparticle, 𝑓 is the measurement frequency 5.5 × 10−4
(Hz), 𝜏

0
= 10

−10 (s), 𝑇
1
= 0K, and 𝑇

2
= 300K. By

solving the system of (5) and (6) simultaneously, the effective
anisotropy would be calculated as𝐾eff = 3.8 × 10

4 (J/m3) and
𝜇
0
𝐻
𝑐,(𝑇=0K) ≈ 145mT. Then the coercive field at 𝑇 = 300K

and the frequency of hyperthermia treatment 𝑓 = 100 kHz
could be calculated from (7) [16]:

𝜇
0
𝐻
𝑐,(𝑇
1
,𝑓)
= 0.48𝜇

0
𝐻
𝑘
[1 − (

𝑘
𝐵
𝑇
1

𝐾eff𝑉
(ln 1

𝑓𝜏
0

))

3/4

] . (7)

Lacroix et al. [31] have shown that the results from the Stoner-
Wohlfarth model for random orientation FeCo nanoparticles
are coherent with experimental results from calorimetry.
According to equation𝜇

0
𝐻
(𝑐,𝑇=0)

= 0.48 𝜇
0
𝐻
𝐾
at𝑇 = 0Kand

(7) at 𝑇 = 300K and 𝑓 = 100KHz for the Stoner-Wohlfarth
nanoparticles (𝐴 ≅ 2𝜇

0
𝐻
𝑐
𝑀
𝑠
) it could be calculated that

𝐴 ≅ 8.47 (mJ/g) and SAR = 847 (w/g).
For the above calculations to be valid the condition

𝜇
0
𝐻max ≥ 𝜇0𝐻𝑐,(𝑇=300K,𝑓=100KHz) ≈ 70mT should be satisfied

such that in each reversal of the applied field the full area of
the hysteresis loop could be placed within the limits of the
applied alternating field.

The obtained value of SAR is comparable to the highest
value of 1700 (W/g) reported byMehdaoui et al. for iron based
nanoparticles [32] and larger than values of 450 (W/g) and 198
(W/g) for magnetite nanoparticles reported by Bakoglidis et
al. [29] and Wang et al. [33], respectively. It should be noted
that a broad range of SAR was calculated by Carrey et al.
[16] depending on the anisotropy of the nanoparticles ranging
from 1 to 2000 (W/g).

For superparamagnetic-ferromagnetic transition the LRT
approximation should be applied. For the sake of simplicity it
is assumed that𝐾eff = 3.8×10

4 (J/m3). Considering 𝜏
𝑅
= 𝜏
𝑁
=

𝜏
0
exp(𝐾eff𝑉/(𝑘𝑏𝑇)) the relaxation time could be obtained as
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𝜏
𝑅
= 1.171×10

−9 (s). Finally from (1), the area of the dynamic
hysteresis loop would be 𝐴 = 2.62 × 10

−8 (mJ/g) with the
corresponding SAR = 0.262 × 10−2 (W/g). This is a rough
estimation for W3 sample because the anisotropy field was
assumed to be equal to that of W4 sample. But qualitatively it
could be deduced that for W4 sample in the single domain-
multi domain boundary the SAR is much higher (about 105
times) than W3 sample at ferromagnetic-superparamagnetic
transition. Indeed the reason lies in the loss mechanism:
hysteresis loss versus the Neel-Brown relaxation. The former
is described by the Stoner-Wohlfarth models which assume
null thermal activation and predict a square hysteresis area
(W4 sample), but the latter assumes thermal equilibrium and
a linear response ofmagnetic system to appliedmagnetic field
(W3 sample).

Theoretically it is expected that the higher the frequency
of the applied field the higher the losses. But experimental
results indicate that by increasing the frequency of the applied
field the generated heat reaches a frequency independent
maximum. This could be due to nanoparticle interaction
which makes hysteresis area independent of frequency [31].
In fact the above calculations are based on the hypothesis
that the nanoparticles do not have considerable interactions
with each other. In order to take the interactions into account,
Monte-Carlo simulations should be used. But there is a severe
problem in matching the time in simulations with the real
time and to the best of the authors’ knowledge there is no
theoretical expression for this problem [31].

Another important point to be highlighted is that the
above calculations neglect the Brownian relaxations (physical
motion of nanoparticles under the influence of the magnetic
field) in colloidal solution. By considering the effect of this
type of relaxation some of the applied field will be dissipated
due to the physical rotation of nanoparticles to align them
along the applied field and the generated heat will be different
from the above values.

Based on the large obtained theoretical SAR it could be
inferred that W4 sample (with mean size of 9 nm) has a great
advantage to be used in magnetic hyperthermia treatment.
But to assay these theoretical results which are based on the
simple SWmodel, real experiments will be the subject of the
future work to measure the values of A and SAR comparing
them with these theoretical results.

4. Conclusions

Size controlled synthesis of FeCo nanoparticles was done
using microemulsion method. The main parameters which
determine the particle size are water to surfactant molar ratio
(𝑅) and molar concentration of metal salts. By increasing the
former the size ofmicelles increases leading to larger terminal
nanoparticles and by raising the latter the number of formed
nuclei increases leading to smaller terminal nanoparticles.

Size dependency of magnetic properties including 𝑀
𝑠

and 𝐻
𝑐
was investigated. The observed increase of 𝑀

𝑠
with

size is due to the disappearance of the magnetic dead layer
in larger nanoparticles. But the observed change in coer-
civity is due to the transition between various size regimes

and consequently the magnetization reversal mechanisms.
Based on the variations of coercivity the superparamagnetic-
ferromagnetic and single domain-multi domain transition
sizes were determined.

Then the magnetic losses were calculated at transition
points based on the Stoner-Wohlfarth and LRT models. For
W4 sample which is at the single domain-multi domain
ferromagnetic transition point the anisotropy field,𝐻

𝑐,(𝑇=0K),
and SAR were calculated using the Stoner-Wohlfarth model.
The results are comparable to the highest reported in the
literature. It should be noted that the results are applicable
only when 𝑥

0
𝐻max ≥ 𝑥0𝐻𝑐,(𝑇=300K,𝑓=100KHz) ≈ 70mT.

But for W3 sample at superparamagnetic-single domain
ferromagnetic transition the approximate SAR was obtained
very lower than that of W4 sample. Based on the large
obtained theoretical SAR it could be concluded that W4
sample (with mean size of 9 nm) has a high potential to
be used in magnetic hyperthermia treatment. Future experi-
ments such as calorimetry could assay the theoretical results
of the present research.
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The silver nanoparticles are synthesized by electrodeposition in ultradilute Ag+ concentration electrolyte under high overpotential.
The as prepared Ag nanoparticles, with the sizes ranging from 20 to 30 nm, are arrayed orderly and formed dendritic morphology.
The formation of this special dendritic nanoparticle structure can be contributed to the relatively high growth rate and the
preferential growth directions along ⟨111⟩ due to the high overpotential, as well as the relative small number of Ag+ ions arriving
at the Ag crystal surface per unit time due to the ultradilute Ag+ concentration. Surface enhanced Raman scattering (SERS)
experiments reveal that the as-prepared dendritic Ag nanoparticles possess high SERS properties and can be used as a candidate
substrate for practical SERS applications to detect the Rhodamine 6G molecules.

1. Introduction

The surface enhanced raman scattering (SERS) is a technique
that can determine an enhancedRaman signal when a Raman
active-molecule is close to an appropriate metallic substrate
surface [1]. Recently this technique has been developed into
a valuable tool for chemical and biological sensing due to its
high level of sensitivity and high spectroscopic precision [2–
4]. Raman signal amplification depends on electromagnetic
and chemical enhancement which arises from the interac-
tion between molecules and the active substrate of metal
nanostructures [5, 6]. Previous studies have demonstrated
that coinage metals, in particular, Ag, usually provide much
stronger SERS enhancements than alkali metals or transition
metals because the surface-plasmon resonance of these free-
electron metals can be effectively excited by visible light [7–
9]. Thus the nanostructured Ag are important candidates
for practical SERS applications. Usually the unique physical
and chemical properties of noble metal nanoparticles are
highly dependent on their size, shape, and environment of
the particles [10]. As a result, great attention has been directed
toward the control of the noble metal nanoparticles size, size
distribution, and their morphology. So far, many methods of
preparing SERS-active Ag substrates have been extensively

explored in order to obtain substrates with high enhance-
ment ability and stability [11–13]. Here we report the newly
synthesized arrayed dendritic Ag nanoparticles through a
simple electrodeposited method and their application as a
SERS substrate.

2. Experimental Procedure

The dendritic Ag nanoparticles were synthesized by electro-
chemical depositionmethod at room temperature. A classical
three-electrode setup (Iviumstat electrochemical analyzer,
Ivium Technology) was used to carry out the electrochemical
experiments. All chemicals were of reagent grade and were
usedwithout further purification.Highly dilutedAg

2
SO
4
was

used to guarantee the nanostructure of the as-deposited prod-
ucts and the pH value of the plating solution was adjusted by
adding H

2
SO
4
to keep a suitable electrical conductivity. ITO

glass sheets were used as the working electrodes on which
the nanostructured Ag was deposited. A silver-silver chloride
electrode was chosen as the reference and a pure Pt sheet
positioned parallel to the ITO glass was used as the counter
electrode. A salt bridge was used between the cell and the
reference electrode.
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Figure 1: The SEMmicrograph of Ag nanostructures deposited in 0.5mM Ag
2
SO
4
at different potentials: (a) 0V, (b) −0.1 V, and (c) −0.25V.

The microstructure of the as-prepared nanostructured
Ag was inspected by a Hitachi S-4800 scanning electron
microscope (SEM) equipped with an X-ray energy dispersive
spectroscopy (EDX). Surface enhancedRaman scatteringwas
measured from 400 to 1700 cm−1 at room temperature by a
Brucher VERTEK 70 Raman spectrometer with a 514.5 nm
Ar ion laser.The laser power focused on the sample is 50mW
and the acquisition time is 1 second. The Rhodamine 6G
(R6G), which was used as probe molecule, was dissolved
into pure water (18.2MΩ). Before SERS measurements, the
ITO glasses deposited with the dendritic Ag nanoparticles
were immersed in the solution for 2 h for sufficient molecule
adsorption and then were dried in air for 4 hours.

3. Results and Discussion

As we had reported early, the noble metal nanostructures can
be fabricated by electrodepositionmethod in a highly diluted
solution with a special depositionmechanism [14].The shape
of the as-deposited nanostructured noble metals can be
controlled by tuning the depositing potentials. In this study
we firstly studied the electrodeposition of Ag nanostructures
at different potentials in a mixed electrolyte composed of
0.5mM Ag

2
SO
4
and 1M H

2
SO
4
in nanopure deionized

water. Figure 1 shows the morphology of Ag nanostructures
deposited at different potentials. As shown in Figure 1(a),
at deposition potentials of 0V, the Ag particles are formed
with the size of ∼1𝜇m.Withmore negative potential (−0.1 V),
the bamboo-like Ag rods with the diameter of ∼300 nm are

formed, as shown in Figure 1(b), which implies the preferred
growth of the Ag crystals. At an overpotential of −0.25V,
dendritic Ag nanostructures with size scale of ∼200 nm are
obtained, as shown in Figure 1(c).

Then the Ag nanostructures are electrochemically
deposited in more dilute solution. The concentration of
Ag
2
SO
4
decreases to 0.2mM. Figure 2 shows the SEM mi-

crograph of Ag nanostructure electrochemically deposited
at the overpotential of −0.25V. The feather-like Ag dendritic
nanostructure is obtained, as shown in Figure 2(a). The
EDX result (Figure 2(b)) confirms that the as-obtained Ag
nanostructure is only composed of Ag. High-magnification
SEM micrograph (Figure 2(c)) shows that a single Ag
dendrite consists of many subdendrites. Figure 2(d) shows
an ultra-high-magnification SEM micrograph of the Ag
sub-dendrite. It clearly shows that an Ag subdendrite is
composed of Ag nanoparticles with the size of ∼30 nm,
which is arrayed into a dendritic morphology.

The formation of this special dendritic nanoparticle
structure can be contributed to the electrochemical depo-
sition mechanism in ultradilute solution. At the deposition
potential of −0.25V, the overpotential is much negative than
the standard electrode potential of Ag (+0.799V). At this
deposition potential the Ag crystals should have a relatively
high growth rate and the preferential growth direction along
⟨111⟩ [14]. However, the Ag+ in electrolyte are very dilute;
thus the number of Ag+ ions arriving at the Ag crystal surface
per unit time is small. The arrived Ag+ have enough time
to find the coordination sites to decrease the surface energy.
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Figure 2: The SEM micrograph of Ag nanostructure electrochemically deposited in 0.2mM Ag
2
SO
4
with the overpotential of −0.25V: (a)

Low magnification, (b) EDX result, (c) high magnification, and (d) ultra-high magnification.

Thus the spherical Ag nanoparticles are formed. It can be
concluded that the arrayed dendritic nanoparticle structure
is formed due to the high overpotential and the ultradilute
Ag+ concentration.

Figure 3 shows the SERS spectrum of R6G molecules
on dendritic Ag nanoparticles. The concentration of R6G
solution is 10−10M. It can be seen that the SERS intensity
is relatively strong, which implies that these dendritic Ag
nanoparticles have the potential to detect more dilute R6G
solution. It is generally believed that SERS is a highly hetero-
geneous process due to local enhancements at certain “hot
spots” coming from the nanostructure [15]. In this dendritic
Ag nanoparticle, the positions of each Ag nanoparticle are
ordered and relative fixed; therefore the aggregations of Ag
nanoparticles cannot occur. These arrayed Ag nanoparticles
act as the “hot spots,” trapping the analyte in those junctions,
leading to a high SERS activity. It confirms that the as-
prepared dendritic Ag nanoparticles can be used as a high
performance substrate for practical SERS applications to
detect the R6G molecules.

4. Conclusion

In summary, the silver nanoparticles are synthesized by
electrodeposition in ultradilute Ag+ concentration electrolyte

In
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10
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Figure 3: The SERS spectrum of R6G molecules on dendritic Ag
nanoparticles.

under high overpotential. The as-prepared dendritic Ag
nanoparticles possess high SERS properties and can be used
as a candidate substrate for practical SERS applications to
detect the Rhodamine 6G molecules.
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The effects of different heat treatment temperatures on the structure andmagnetic properties ofNd-Fe-B nanocomposite permanent
magnetic alloyswith nominal composition ofNd

9.4
Pr
0.6
Fe
74.5

Co
6
B
6
Ga
0.5
Ti
1.5
C
1.5

have been investigated.Themost practicalmethod
to produce nanostructured metallic materials is rapid solidification. Melt spinning with constant wheel speed of 𝑉 = 40m/s
was employed to produce ribbons. As-spun ribbons were examined by using differential scanning calorimetry (DSC) and X-
ray diffractometer (XRD) with Cu-k𝛼 radiation. The ribbons were annealed at different temperatures in order to extract the best
magnetic properties. The XRD and electron microscopy technique results confirm that grains are in the size of less than 50 nm. In
addition, optimum magnetic properties were obtained at 700∘C annealed temperature.

1. Introduction

Recently, considerable attention has been focused on the
magnetic properties of nanostructured Nd-Fe-B magnet
alloy, which has been prepared by the recrystallization
of either melt-spun or mechanically alloyed materials,
because of their technological properties and unusual scien-
tific behavior [1–6]. Neodymium-iron-boron nanocomposite
magnets consist of a softmagnetic phase (𝛼-Fe or Fe

3
b) and a

hard magnetic phase (Nd
2
Fe
14
B). In these materials the soft

magnetic phase has higher inherent magnetization, and the
hard magnetic phase has a higher anisotropy constant and
higher remanence; therefore, higher energy product will be
achieved in comparison with single phase material because
of exchange coupling between the magnetically soft and
hard phases. In addition, a smaller amount of rare earth

elements are required [7, 8]. The nanocomposite produced
by crystallization of amorphous phase into a mixture of
hard and soft phases mainly Nd

2
Fe
14
B/𝛼-Fe. Usually 𝛼-Fe

tends to grow during annealing and precipitates sooner than
Nd
2
Fe
14
B. It is plainly visible that a uniform distribution

of fine grains is essential for obtaining effective exchange
coupling [9]. Fischer et al. proposed that an optimum
microstructure consists of small soft magnetic grains with
sizes of about 10 nm and hard magnetic grains with a mean
grain diameter of about 20 nm [3]. In order to achieve a signif-
icant enhancement of remanence polarisation (𝐽

𝑟
) and to pre-

serve a high intrinsic coercivity in isotropic nanocrystalline
Nd
2
Fe
14
B-based magnets, a mean grain size of less than

20 nm is required [10]. Furthermore, it was found that the
size and volume fraction of𝛼-Fe andNd

2
Fe
14
B can bemanip-

ulated by thermal processing and by elemental substitution,
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Figure 2: X-ray diffraction patterns of as-spun ribbon.

leading to the increase of the magnetic properties, for
example, Br and (BH)max of the fully processed materials [6].
In recent years various investigations have been carried out
in order to increase magnetic properties by changing the heat
treatment parameters. In this research effect of heat treatment
on the structure and magnetic properties of melt-spun
Nd
9.4
Pr
0.6
Fe
74.5

Co
6
B
6
Ga
0.5
Ti
1.5
C
1.5

has been investigated.

2. Experimental Procedure

An alloy with the nominal composition of
Nd
9.4
Pr
0.6
Fe
74.5

Co
6
B
6
Ga
0.5
Ti
1.5
C
1.5

was prepared by the
vacuum arc melting (VAR) method under purified Ar
atmosphere. The ingot was produced by this method
remelted for four times in order to get the homogeneity.
The melt spinning method was used to produce amorphous
ribbons in the nanometer scale by a constant wheel speed
of V = 40m/s. The chamber Ar pressure was 930mbar and
the ejection pressure was 0.3 bar, and the orifice diameter
of quartz tube was 0.5mm. The as-spun ribbon was sealed
in a quartz tube under 4.5 × 10−4mbar vacuum, after that
annealed at four different temperatures (600∘C, 650∘C,
700∘C, and 750∘C) for 10 minutes, and then cooled in water.
The structure of the ribbons was preliminarily examined
using X-ray diffraction (XRD) with monochromatic Cu-
K𝛼 radiation before and after annealing. Crystallization
evolution and determination of crystallization temperature
of the as-cast sample were monitored using differential
scanning calorimetry (DSC) on SDT 2960 TA instruments in
an Ar atmosphere. Demagnetization curves were measured
by using a vibrating sample magnetometer (VSM) after
magnetizing the ribbons with a pulsed magnetic field of at
least 1.5 T.

3. Results and Discussion

Figure 1 shows the DSC traces for crystallization of
Nd
9.4
Pr
0.6
Fe
74.5

Co
6
B
6
Ga
0.5
Ti
1.5
C
1.5

alloy. It is noticeable
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Figure 3: XRD patterns of Nd
9.4
Pr
0.6
Fe
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Co
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Ti
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1.5

rib-
bon after thermal treatment at different temperature for 10 minutes.

that there is only one exothermic peak which means
that the prior precipitation of 𝛼-Fe was inhibited
and crystallization of both 𝛼-Fe and Nd

2
Fe
14
B occurs

simultaneously. Powder X-ray diffraction patterns of as-
quenched Nd

9.4
Pr
0.6
Fe
74.5

Co
6
B
6
Ga
0.5
Ti
1.5
C
1.5

ribbons are
shown in Figure 2. The XRD scans of the as-spun ribbons
can be used to qualitatively estimate the amount of glass
formation [6]. As it was mentioned before the wheel speed is
constant and because of the straight relation between cooling
rate and wheel speed it can be concluded that the cooling rate
in our experiment is constant so the formation of amorphous
structures is due to change of critical cooling rate necessary
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Figure 4: FESEMmorphologies of Nd
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at (a) 600∘C, (b) 650∘C, (c) 700∘C, and (d) 750∘C annealed ribbons for
10 minutes.
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annealed ribbon at different annealing temperature for 10 minutes.

to form an amorphous structure from the melt. The XRD
pattern of ribbons after a thermal treatment from 600∘C to
750∘C is shown in Figure 3. It can be seen that the annealed
samples consist of a hard magnetic Nd

2
Fe
14
B phase and soft

magnetic 𝛼-Fe phase and TiC phase have precipitated as well
as the hard and soft magnetic phases. It was found that the
amounts of soft and hard phases are increasedwith increasing
temperature, suggesting that the enhancement of crystallinity
was due to the heat treatment. Figure 4 shows the surface
microstructure of annealed samples. As can be seen, the
darker parts of the micrographs are Nd

2
Fe
14
B and the lighter

parts are related to 𝛼-Fe phase. Obviously, the micrographs

indicate that grain growth is occurring. The average grain
size of a sintered body was measured over 200 grains by the
linear intercept method. The results are shown in Figure 5;
the 𝛼-Fe grains have not been changed significantly during
annealing, except the slight increase and decrease, which are
related to the experimental errors with size of ±2 nanometer.
Thus, heat treatment has not any effect on grain growth of
the soft magnetic phase; on the other hand the Nd-Fe-B
grain size increases with the increase of the heat treatment
temperature. Magnetic properties of annealed ribbons were
measured by alternate gradient force magnetometer (AGFM)
with maximum applied field of 1.5 Tesla. The hysteresis
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Table 1: Magnetic properties of annealed ribbon at different annealing temperature for 10 minutes.

Composition Annealing temperature (K) 𝐽
𝑟
/𝐽
𝑠

Hc (KAm−1) (BHmax) (KJ/m
3)

Nd9.4Pr0.6Fe74.5Co6B6Ga0.5Ti1.5C1.5

600 0.58 202 36.70
650 0.61 233 48.15
700 0.64 245 60.48
750 0.57 177 28.50

loop results are illustrated in Figure 6, the calculated data
are summarized in Table 1, and Figure 5 demonstrates the
dependence of magnetic properties on the temperature
of annealing. As can be seen magnetic properties of the
composition differ by changing the annealing temperature;
for Nd

9.4
Pr
0.6
Fe
74.5

Co
6
B
6
Ga
0.5
Ti
1.5
C
1.5

annealed ribbons
the best magnetic properties achieve at 700∘C. Generally,
the grain growth which occurs at the higher temperatures
leads to deterioration in the magnetic properties [11]; hence,
heat treatment at 750∘C leads to inferior properties than
those for 700∘C annealing temperature. Furthermore, the
𝐽
𝑟
/𝐽
𝑠
values are close to one another due to soft phase’s grain

size similarity [12]. The maximum energy product (BHmax),
which is sensitive to exchange coupling and grain size, was
enhancedwith anneals temperature increases until 700∘Cdue
to more suitable exchange coupling at higher temperatures
[13]. But after 700∘C decreases because of hard phase extra
grain growth, the maximum energy product (BHmax) of the
nanocomposite magnets depends sensitively on the form of
nanostructure, for example, phases present, crystallite size,
and defects present [14]. However, this is not the whole story
since, in comparing the ribbons with the same composition,
the 700∘C annealed ribbon has improved maximum energy
product (BHmax), due tomore uniform grain size distribution
and higher quality crystallineNd

2
Fe
14
B grains.The coercivity

of the ribbons increased to 700∘C, and then it decreased due
to optimum exchange coupling at 700∘C, leading the best
coercivity at this temperature.

4. Conclusion

The relationship between annealing temperature,
microstructure and magnetic properties of
Nd
9.4
Pr
0.6
Fe
74.5

Co
6
B
6
Ga
0.5
Ti
1.5
C
1.5

nanocomposite alloys
was interpreted by XRD, DSC, and FESEM analysis. It has
been generally found that the crystallization behaviour
of amorphous Nd

9.4
Pr
0.6
Fe
74.5

Co
6
B
6
Ga
0.5
Ti
1.5
C
1.5

alloy
strongly depends on the heat treatment temperature.
Additionally, it has been found that increase of annealing
temperature leads to grow of Nd-Fe-B grains but does not
have any effect on 𝛼-Fe grain size. It is plainly visible that
magnetic properties increase significantly with heating rate
up to 700∘C and then will decrease. The best magnetic
properties were obtained at 700∘C annealing temperature.
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